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ABSTRACT

Optical imaging is most favorable for dyes that absorb in the near-IR region
because tissue is more permeable to light >750 nm. A particular set of cyanine dyes
localize and persists in almost all solid tumors (e.g. glioblastoma, hepatocellular
carcinoma, non-small lung cancer, breast cancer etc) for days, relative to healthy tissue.
Remarkably, these tumor seeking dyes also absorb above 750 nm (in near-infrared
region, NIR) where penetration of light is at maximum (up to 10 mm).

Early work described in this dissertation focuses on conjugation of a small
molecule which targets TrkC* cancer cells, overexpressed in metastatic breast cancer,
with a near-infrared zwitterionic cyanine dye for deep tumor imaging. The newly
developed probe maintained the specific targeting to TrkC* 4T1 metastatic breast tumor
cells as well as TrkC* metastatic breast tumor tissue. However, as the work progressed,
we shifted our attention to using tumor seeking dyes as delivery agents, i.e. formation of
theranostics for optical imaging and therapy.

This dissertation presents mechanistic work to exploring reactions of these tumor
seeking dyes with different nucleophilic amino acids. It was observed that only thiol
presenting amino acids (i.e. cysteine) substitute the meso-chlorine of these dyes under
physiological conditions. Human serum albumin, the most abundant protein in the
human body, and other thiol presenting proteins were also labeled by this technique.

This dissertation explores the possibility of covalently binding a fluorophore for
in vivo optical imaging to a kinase inhibitor (dasatinib) where the particular fluorophore

chosen for this study, a heptamethine cyanine (Cy) derivative, tends to accumulate in



tumors. Our preliminary results are promising; we have been able to, (i) enhance the
ICso of Kl after conjugating with tumor seeking dyes; and, (ii) deliver Kl specifically to
cancer cells over normal cells.

This dissertation also discusses work on synthesizing a small library of iodine
incorporated tumor seeking dyes for PDT with absorbance around 800 nm region and
good photophysical properties. The N-substituents of these cyanines were varied to
adjust their charges and polarities, and to accommodate conjugation to other entities (e.g.
biomolecules or fragments to expand their theranostic modalities). Thus, it was possible
to optimize their photocytotoxicities without compromising their other desirable

characteristics for PDT.
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CHAPTER I
INTRODUCTION

Historically, fluorescence imaging facilitates tracking cellular movement of
organelles or protein expression levels.! It works by attaching a fluorescence molecule
with a protein or target of interest and then irradiating at the absorption wavelength of the
fluorophore and observing it under the microscope at optimum fluorescence wavelengths
(Figure 1-1).2 Penetration of light through tissue depends on where it lies in the
electromagnetic spectrum. As the wavelength of absorbance of light increases from
ultraviolet (UV) to near infrared (NIR) region, the less it is reflected from the surface,
and instead absorbed and scattered by the organelles.® Hence, fluorophores that absorb in
the near infrared region are ideal due to maximal penetration of light of those

wavelengths through the tissue.

mostly reflacted  mostly scattere deep tissue

ultrayiolet visible light near-infrared
( - 650 nm)\\ (650 - 900 nm)
d
% imagin
ging

Figure I-1. Penetration of different wavelengths of light through tissue is dictated by
where it lies in the electromagnetic spectrum



Fluorescence guided optical imaging in medicine is becoming increasingly
important, especially in oncology. Approximately 45% of all cancer patients are cured
by surgery.* Survival rate is higher for tumor patients after surgery, more than any other
technique.® Radiative imaging techniques like magnetic resonance imaging (MRI), single
photon emission computed tomography (SPECT) and positron emission tomography
(PET), computed tomography (CT) are currently used to diagnose cancer patients, but
these techniques lack real time diagnosis capability. On the other hand, fluorescence
guided surgery (FGS) uses non-invasive and radiation-less technique for intraoperative
imaging.®

For a fluorophore to be used in FGS, it should have the following characteristics:
(i) absorbs in NIR region, (ii) high fluorescence quantum yields and extinction
coefficients, (iii) non-toxic to organs in the body, and (iv) selectively localize in tumor
cells relative to normal healthy ones. Unfortunately, most common fluorescent dyes (e.qg.
BODIPY, FITC and DAPI) do not absorb in the NIR region. NIR fluorophores can be
organic or inorganic. Inorganic fluorescent quantum dots have potential cytotoxicity
issues arising from use of elements like cadmium, tellurium and selenium, and their
surface coating complication, costly preparation and difficulties in quantification and
reproducibility.”® Amongst organic dyes heptamethine cyanine dyes fulfil the above

criteria.

Small Molecule Targeted Fluorescent Imaging
Ideally, active targeting helps deliver drugs or other cytotoxic payloads to tumor

sites with minimal consequences to normal healthy tissues.® Small molecules and
2



monoclonal antibodies (mAbs) are mostly exploited for active targeting. Interest in
mADbs the most prevalent area of active targeting because antibody development reliably
gives products that bind strongly to specific targets overexpressed on cell surface
membranes.'®!* On the other hand, mAbs have significant limitations due to their large
size. Firstly, the penetration of mAbs is limited by their size, hence they tend to be
unable to penetrate to the core of tumors where the cells are most aggressive.*>!?
Secondly, due to strong binding to their receptors, mAbs are slowly cleared out of the
body (half-life in days) and tend to accumulate in liver and kidneys.** Thirdly, mAbs can
have immunogenic response which might affect their pharmacokinetic properties.’®
Lastly, it is costly to produce mAbs on a large scale, the purity might vary from batch to
batch and their shelf life is limited.

In some cases, shortcomings of mAbs in active targeting can be overcome by
using small molecules instead. Small molecules targeting receptors overexpressed on cell
surface include folic acid,’®'” RGD peptides,'®'° biotin®® and prostrate specific
membrane antigen (PSMA) inhibitors??? (Figure 1-2). Our group developed a bivalent
small peptide molecule which mimics the beta turn of tropomyosin receptor C (TrkC),%
25 which is overexpressed in several different cancers including metastatic breast

cancer,?528 melanoma,?*-3! glioblastoma®* and neuroblastoma.®>



carbonic anhydrase 9 (CA9)
e.g. non small lung cancer

: prostate-specific membrane
‘y antigen (PSMA)

r e.g. prostate cancer

folate receptors (FR) !
e.g. ovarian cancer tropomyosin receptor kinase (Trk)
e.g. metastatic breast cancer, neuroblastoma, melanoma

Figure 1-2: Various cell surface receptors are expressed on different cancer types that
can be targeted by multiple small molecules

Previous work in the group has used BODIPY?*" and aza-BODPIY* fluorophores
for in vivo imaging. As described above, imaging in visible light is hampered by
excessive scattering, less penetration and high tissue autofluorescence. In this work, a
zwitterionic cyanine dye, with absorption in NIR region (~780 nm) was used for in vivo
imaging. A zwitterionic dye was chosen because some literature indicates that charge
neutral dyes tend to have the lowest binding with normal tissues and organs, and are

rapidly cleared from the body.3940

Mode of Uptake Tumor Seeking Cyanine
ICG, the only FDA approved NIR dye, is non-selective to tumors; its main

applications are for determining blood flow and liver clearance. However, there are
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similar cyanine dyes A — D (Figure 1-3) that do accumulate in tumors in preference to
normal tissues and organs,**** and do not require mAb or small molecule targeting
groups.

Cyanines (A — D) are well suited for in vivo imaging because they have
absorption and emission maxima in NIR region (700-900 nm) and have high extinction
co-efficients.**” They tend to specifically localize solid tumors (e.g. prostate,*® gastric,*
kidney,>, hepatocytes,® kidney,> lung,>? and glioblastoma®?) and persist there for long
days. Preferential uptake of these dyes in cancer cells over normal cells has been credited
to organic anion transporting polypeptides (OATPs)***® which is overexpressed in
cancerous cells under hypoxic environment,**°® but that hypothesis is tested in work
described here. Dye A was chosen for case study, and its reactivity was measured with
various side chains of amino acids at physiological conditions, and the role of meso

chlorine of A was explored.

HO3S SO3H

indocyanine green (ICG)

Figure 1-3: Structures of ICG, the only FDA approved cyanine and other other tumor-
targeted cyanines dyes reported in the literature are shown



HO3S CO.H

IR-780, D

Figure 1-3: Continued

Tumor Targeted Cyanines as Drug Carrier

Before our studies, there were only few reports in literature wherein dyes A — D
have been conjugated with cytotoxic drugs (Figure 1-4), specifically with monoamine
oxidase inhibitors (Ac, Ai),>"° faresnyl transferase inhibitor (Cf),*® a mustard agent

(An)®! and gemcitabine (Cg).°>® Results from these studies suggests conjugation of



cytotoxic drugs tends not to unduly influence the tumor localization properties of the

parent dye, implying some active uptake mechanism.

X=0H, A
X =¢, Ac; i, Ai; n, An

Cl NH
O~ __NH
SN
\\ cl g |
AN \N

CIIN\LCI

c i
clorgyline isoniazid nitrogen mustard
(MAQ inhibitor) (MAOQ inhibitor)

OH F

gemcitabine farnesylthiosalicylic acid
(RAS and mTOR inhibitor)

Figure I-4. Structures of the known drug conjugates with A and C.



We saw opportunities to conjugate kinase inhibitors with tumor seeking dyes.
Kinases modulates protein function by adding phosphate groups.®> There are a total of
518 kinases in the human genome but little is known about the majority of them.®
Recent advances in science have shed light on the importance of kinases in signaling
pathways leading to growth, survival and motility of cells. A kinome wide study
unraveled the significance of kinase signaling pathways in different diseases including
cancer.®* There is strong evidence linking abnormal kinase activity with carcinogenesis
and metastases of various cancer types. Since the approval of first kinase inhibitor
(imatinib, Gleevec®) towards CML in 2001, at least 40 kinase inhibitors have been FDA
approved.

This dissertation discusses our effort in selecting a kinase inhibitor (dasatinib,
SRC promiscuous) with a solvent exposed nucleophilic handle and conjugating it with A.
Tests were done to determine the binding constant of the conjugate and in vitro assay to
prove its effectiveness. Preliminary in vitro data of other solvent exposed kinase
inhibitors (palbociclib, ribocilcib, crizotinib and ceritinib) on multiples cancer cell lines

are reported in Appendix G.

Photodynamic Therapy

The first FDA-approved photodynamic therapy (PDT) agent appeared 20 years
ago, and since then seven more have been approved.> There are three main components
in photodynamic therapy: (i) photosensitizer (PS), (ii) light, and (iii) oxygen. After
administration in the body, the PS is allowed to accumulate in the cancer region, after

which light of a certain wavelength is irradiated on it. Upon irradiation, photosensitizers
8



are excited from their ground state and through a cascade of processes it transfers the
energy to ubiquitous triplet oxygen generating singlet oxygen (Figure 1-5).6° This Oz is
very reactive and can harm the nearby cell.
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Figure I-5. Mechanism of singlet oxygen generation after irradiation of correct
wavelength of light.

Most FDA approved PDT agents are based on porphyrin rings which absorb
around 650 nm (Figure 1-6).%% Previously, our lab has worked with PDT active
BODIPY®" cores but, as mentioned above, they usually absorb in visible light region
where penetration of light is not optimal. Hence, this dissertation shows our efforts in
synthesizing a series of novel heptamethine cyanine dyes with incorporation of a heavy
atom. The core of the molecule was structures A-D. The photophysical properties and in

vitro assays were conducted to prove the effectiveness of the new dyes.
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Figure 1-6. Commonly used photosensitizers for photodynamic therapy.
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CHAPTER II
A ZWITTERIONIC NEAR-INFRARED DYE LINKED TRKC TARGETING AGENT

FOR METASTATIC BREAST CANCER

Introduction

Development of imaging probes that selectively associate with metastatic tumor
cells expands useful diagnostic tools for the therapeutic assessment of the cancer
treatment.%8° For the breast cancer, there is an emerging demand for imaging probes that
are capable for the recognition of metastatic breast tumor cells not just normal breast
tumor, with the increased academic and clinical efforts in the fighting against late-stage
breast cancer.”%’* Tropomyosin kinase receptor C (TrkC) has been identified as a
characteristic regulator of breast cancer cell growth and metastasis and tends to be
overexpressed in metastatic breast tumor cells.?”"> Consequently, it is a potential target
for active targeting of metastatic breast cancer.

Most often, monoclonal antibodies (mAbs) are used as targeting agents.”>"
Small-molecule alternatives, however, have advantages with respect to cost, reagent
stabilities, immunogenic effects, circulation times in the course of patient imaging, and,
most important superior permeation into solid tumors.®®" Consequently, the focus of our

research is on small molecules for active targeting of TrkC.

"®Reprinted with permission from “A Zwitterionic Near-infrared Dye Linked TrkC
Targeting Agent For Imaging Metastatic Breast Cancer” by Zhen Yang, Syed
Muhammad Usama, Feng Li, Kevin Burgess and Zheng Li, Med. Chem. Commun. 2018,
9, 1754-1760. DOI: 10.1039/C8MDO00190A. Reproduced by permission of The Royal
Society of Chemistry.
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Targeting TrkC with small molecules has featured a bivalent targeting fragment (I'Y-1Y,
blue color throughout diagrams in this paper).3¢"7" In this work, that fragment, “TY-1Y”",
was covalently linked to a zwitterionic cyanine dye (purple color throughout) to give a
near-infrared probe for TrkC targeted imaging. Polar, zwitterionic characteristics of the
dye were anticipated to foster the aqueous dissolution for in vivo administration, and
simultaneously diminish net-charges that might otherwise induce non-specific binding.*
Since the intrinsic structure of I'Y-1Y fragment was preserved, we hypothesized that final

assembly of the probe would maintain its characteristics of TrkC targeting.

Results and Discussion

Probe Design: Motivation for these studies came from positive results obtained in
a study of the photodynamic therapy (PDT) agent A in mice impregnated with 4T1
mouse breast tumors.®” In that work, one single dose of 10 mg/Kg followed by
illumination for 10 min caused near complete regression of the primary tumor over 28

days and inhibited metastatic spread relative to untreated control animals.

H OH
TrkC targeting -
groups Hiz/:\
N N
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PDT agent

The next step in our research has been to develop a TrkC-targeted compound for
optical imaging in vivo. Agent A, and especially its non-iodinated analog, stained 4T1
cells (that are TrkC*) well in culture,”® but it is unsuitable for in vivo imaging because it
absorbs light maximally at 530 nm. Dyes that absorb above 700 nm are preferred for in
vivo imaging because tissue is most permeable to light above that wavelength, hence the
fluorophores can be excited in more deeply situated tumors. Consequently, we designed

and studied agent B.46:"®

HO

in vivo imaging
Amax 633 nm

The outcome of our studies on B was a mixed success.® Agent B selectively

accumulated in the TrkC* 4T1 tumors (relative to an isomeric, non-TrkC targeting,

13



control similar to that shown below). That observation means that the different linker and
spacing of the TrkC-targeting groups in B relative to A did not perturb its honing ability;
other work has shown that is not always the case.”” On the other hand, a shortcoming was
that B absorbs at 633 nm which, though more appropriate than 540 nm in A, is still not a
long enough wavelength. Another shortcoming was that B accumulated about three
times more in the liver than in the tumor, and it had a long residence time there (still
observed after 48 h).

Based on the studies outlined above, the current study was initiated to change the
fluorophore completely, to a hydrophilic cyanine dye as in 1. Structure 1 has the same
IY-1Y targeting arrangement as our original lead A, and a more water-soluble
fluorophore than B that absorbs light maximally at around 760 nm. Consequently, the
visibility of this probe in vivo should be superior to A and B, and we anticipated that it
would be less retained in the liver than the lipophilic aza-BODIPY system B. The
parameter that could not be anticipated was the effect of the targeting groups in 1 offset
by the pharmacokinetic influence of the cyanine fragment. Important work, particularly
by Henary and co-workers, on distribution of cyanine dyes in vivo enables some
predictions to be made with more confidence,3®4042438081  put  nevertheless,

experimentation is necessary.

14



TrkC targeting
groups //Z/\

T\Y

N__N

\r
HN \/%\O/tcargo

Probe Synthesis and Optical Properties: The IY-1Y targeting group has been
made many times previously in these labs, but for the current study a modified procedure
was developed to facilitate synthesis on a larger scale. Details of the modified route are
given in the supporting material, and the concept is outlined in Scheme 11-1. The last step
involved a coupling of the targeting fragment C with the activated cyanine part D.82 The
innovation in the modification was in the construction of C. Previously 1Y-piperazine
fragments had been added to the triazine, but that step did not scale well. Instead, the
current route involves SNAr reaction of tyrosine-derived azide, then click reaction to

build up the I'Y-1Y fragment in layers.
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OH OH

Scheme I1-1. Retrosynthetic route to probe 1 illustrating an improved route to the 1'Y-1Y
fragment.
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The following electronic spectral data summarize the key points from the full
analysis shown in the supporting. Probe 1 had an extinction coefficient of 140,000 L mol
Yem™ and a quantum yield of 5.6% (in 7.4 PBS buffer); these data are typical of the
strong absorption from the cyanine fragment and indicate an excellent overall brightness.
Maximal absorption and emission were observed at 760 and 780 nm (in pH 7.4 PBS
buffer), ideal for optical imaging.

Compound 2 is an isomer of 1 with the targeting amino acids inverted (YI-Y1);

this was a useful control in the cellular studies that are now described.

YI-YI 0

does not bind :
TrkC )Kl/\/
N/\‘ (\N I

OH

cargo =

I\/Ie3+N N Me3

Probe Behavior in Live Cell and Tissue Studies: Probe 1 was first tested for
binding cells stably transfected with TrkC; data obtained (Figure Il-1a, horizontal row)
show the cells did bind the probe, whereas the parent NIH 3T3 cells do not express this
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receptor (Figure I1-1b). Control experiments (Appendix Figure A-S1-3), demonstrated
that the control probe 2 did not stain TrkC* or wild type (TrkC’) NIH 3T3 cells, and
neither did the parent cyanine dye without the targeting group. Confocal studies at a
higher magnification revealed 1 tends to localize in the lysosomes (Figure 1l-1c and d),
just as natural neurotrophins to when they are imported via the TrkC receptor.2® In
histology studies with commercial samples from breast cancer patients, metastatic breast

cancer tissue was stained but not normal tissue (Figure Il-1e and f).

red channel blue channel merge

NucBlue Merge

Figure 11-1. a Probe 1 binds NIH3T3 TrkC* cells, but not to NIH3T3 WT cells (b).
Confocal experiments revealed 1 colocalizes: ¢ with LysoTracker Green; and, d not with
MitoTracker Green. Histology study of 1 with: e metastatic breast cancer tissue (invasive
ductal carcinoma); and, f normal breast tissue (adjacent normal breast tissue). Throughout
the blue channel is to detect nuclear staining with Nuc Blue.
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Figure 11-1. Continued

In Vivo Imaging with Probe 1: Mouse 4T1 breast tumor is a well-established
animal model for study of human metastatic breast cancer. 8 In this study, murine 4T1
tumor cells were subcutaneously injected into BALB/c nu/nu mice to create 8-10 mm
diameter metastatic breast tumor xenografts. After intravenous injection of the imaging
probe, NIR fluorescence images of the tumor-bearing mice were captured at various time
points after injection of 1 (Figure 11-2). The 4T1 tumors were clearly visualized through
the fluorescence differences displayed from tumor to muscle background as early as 15
min post injection of the targeting agent. Moreover, the agent 1 rapidly cleared from the
body; fluorescence intensities of the tumor dropped from 15 min to 1 h, and further at 3
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h, and almost to background at 24 h. Compared to TrkC targeting agent B, the retention

time of the 1 was much shorter, presumably because of the more hydrophilic nature of the

zwitterionic dye.

~
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Figure 11-2. a In vivo NIR fluorescence images of 4T1 tumor-bearing mice at 15 min, 1
h, 3 h, and 24 h post-injection of the targeting agent. White arrows in indicate the
tumors, and the circles mark ROI study of tumor for the quantification analysis in b. b
Quantification of fluorescence in the tumors. Data shown represent mean + SD (n = 3 per

group).

To further validate tumor uptake of the targeting agent, internal organs of the
imaged mice were collected for ex vivo imaging. The relatively higher fluorescence
intensities displayed in tumors, compared to muscle background, indicated the selective
update of the targeting agent by the tumors (Figure 11-3a). Trk receptors play important
roles in the mammalian nervous system, and tends to exhibit high expression of TrkC
receptor.® So far we did not observe uptake in the mice brain and spinal cord, we believe
that the charge of the probe make it difficult to penetrate into the central nervous system.
A Kinetic curve of the tumor uptake extracted from ex vivo imaging data corresponded to
that from in vivo imaging (Figure 11-3b). Uptake of the targeting agent in tumor reached
its peak half an hour after the injection, then clearance from the body dominated.
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Figure 11-3. a Representative ex vivo fluorescence images of: 1 heart, 2 lung, 3 liver, 4
kidney, 5 spleen, 6 gastrointestine, 7 muscle, 8 tumor, 9 brain, 10 spinal cord, collected
from the mice at 30 min, 3 h, 6 h and 24 h post-injection of the targeting agent. White
arrows mark the tumors. b Quantification of fluorescence in the tumors. Data shown
represent mean + SD (n = 3 per group).
Probe 1 localized in the TrkC expressing tumors, as anticipated, providing a way to stain
them with NIR fluorescence. In retrospect, the observation that the probe was washed out
of the system relatively rapidly can be attributed to the polarity of the cyanine dye.
However, the observation of the rapid washout from tumors in vivo surprised us, for two
reasons. First, the cell imaging data in this paper prove that probe 1 is selectively
imported into the TrkC* cells. Secondly, at least some members of the parent dye system
E (particularly where R* and R? contain carboxylate or sulfonate functionalities) tend to
localize in many types of solid tumors.5%26-88 Further experiments are in progress to try
to understand these apparent inconsistences.
Conclusions

In this work, an imaging probe that incorporated with the TrkC targeting agent

and zwitterionic NIR dye was reported for imaging metastatic breast cancer. In vitro and

in vivo imaging studies showed the specific association of the TrkC targeting probe with
21
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4T1 tumors. This study is helpful for further development of a TrkC targeting agent for

theranostics of metastatic breast cancer.
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CHAPTER IlI
SITE-SPECIFIC LABELING OF PROTEINS WITH NEAR-IR HEPTAMETHINE

CYANINE DYES

Introduction

Hydrophilic near-infrared (NIR) fluorescent dyes are valued for in-depth imaging
in tissues, and heptamethine cyanines, or Cy-7 dyes, which absorb in the NIR region
(700-900 nm), are amongst the most widely used #. Indocyanine green (ICG, Figure 111-
1), the only FDA-approved Cy-7 dye, has been widely used in medical and clinical
diagnostics. 90-°2

Many applications of Cy-7 dyes require that they be covalently conjugated to, for
example, antibodies, cell surface targeting peptides/biomarkers, and small molecule
substrates. This is often achieved by modifying Cy-7 derivatives with coupling
functionalities such as maleimide, succinimide esters, isocyanates, or sulfonyl halides.
The challenge with strategies like this is balancing the demands of experimental
convenience with selectivity towards targeted amino acid types. Extensive modifications
to Cy-7 dyes can also alter their solubility and photophysical properties.®

Figure 111-1 shows dyes featured in this study. Probes of this type, i.e., with a 1-
chloro-2,6-disubstituted cyclohexane (i.e., MHI-148, IR-780, IR-783, and DZ-1) 8194%

are known for their tumor localizing properties.*®5%% Therefore, these Cy-7 dyes are

potential carriers of cytotoxic payload for combined cancer targeted therapy and

9Reprinted with permission from “Site-Specific Labeling of Proteins with Near-IR
Heptamethine Cyanine Dyes” by Chen-Ming Lin, Syed Muhammad Usama and Kevin
Burgess, Molecules. 2018, 23, 2900. DOI:10.3390/molecules23112900.
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imaging.>3°75%%0 conjugation process. Specifically, when investigating in vitro reactions
and cell lysates featuring MHI-148, it was found to covalently bind to several proteins
with high selectivity as evidenced by gel electrophoresis and NIR imaging at around 800
nm.

We hypothesized that the meso-Cl of MHI-148 was substituted by nucleophilic
functional groups of amino acids (cysteine, serine, tyrosine, and lysine) of proteins. This

paper provides data to support this hypothesis and understand the selectivity.

a b c
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(CHz)aSOs (CHals Blue Shift Red Shift

Figure I111-1. Structures of: a ICG; b cancer-tissue-targeting Cy-7 dyes and their meso-
substituted derivatives; and c¢ graphical representation of the effects of meso-substitution
on electronic spectra.
Results and Discussion

Syntheses of Amino-Acid-Substituted Cy-7 Dyes: Reactions under controlled
conditions were used to test if nucleophilic substitution of the chloride of MHI-148
possibly occurred in DMF solvent. Thus, several amino acids with different nucleophilic
side-chains (N-acetyl-L-cysteine, N-acetyl-L-tyrosine, Na-acetyl-L-lysine, Ne-acetyl-L-
lysine, and L-proline) were reacted with MHI-148 under conditions that were varied to

force the reactions to proceed. The corresponding amino-acid-substituted Cy-7 dyes were

indeed formed (Scheme IlI-1); these were isolated, characterized (see supplementary
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materials for NMR and mass spectrometry), and later used as standards for comparison of
high-performance liquid chromatography (HPLC) retention times. Serine was excluded

from these experiments because alcohol hydroxyl groups are known to not substitute the

meso-Cl without complications.?1%
H O
o
O+ °y ¥
ST
)a (\a
o HO,C 1a, 78% CO,H HNJOH
Q
O+ w40
N* NF / Z N\\L\
)a (\Wa
HOQC/U COH 0 HOZC COZH

1b, 38%

o 4

0

k HO,C MHI-148 COH
( (iii)

g g /
HO: C CO H HOZC COZ
z 1e, 11%, unstable 2 1c, 18%

Scheme 111-1. Preparation of amino-acid-substituted Cy-7 dyes. (i) N-acetyl-L-cysteine
(1 eq.), 'ProNEt (1.5 eq.), DMF, 25 °C, 1 h (i) N-acetyl-L-tyrosine (1 eq.), NaH, DMF, 25
°C, 18 h (iii) proline (1 eq.), 'Pr2NEt (1 eq.), DMF, 60 °C, 2 h (iv) Ne-acetyl-L-lysine (1
eq.), 'PrNEt (1 eq.), DMF, 60 °C, 20 h (v) Na-acetyl-L-lysine (1 eq.), 'Pr.NEt (1 eq.),
DMF, 60 °C, 20 h.

N-Acetyl-L-cysteine was the most reactive nucleophile of the five amino acids
studied. In the presence of Hiinig’s base, MHI-148 was completely converted to the thiol-

substituted product within 1 h at 25 °C in DMF (0.1 M 1:1 dye:Cys-derivative, LC-MS
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analyses). Four other amino acid nucleophiles studied required a stronger base (Tyr)
and/or elevated temperatures (Pro and Lys), and even then, a significant amount of
unreacted MHI-148 was observed after several hours. Na-Acetyl-L-lysine reacted faster
than those three, giving the substituted product 1e, which can be isolated by reversed-
phase flash chromatography; however, significant decomposition was observed (color
change from blue to pink) in organic solvents after only 20 min. The instability caused by
delocalization of a lone pair of elections by primary amine at meso position is also
reported by other groups;1% Overall, the data indicated the meso-Cl substitution reactivity
was thiol > phenol > 2° amine > 1° amine, which corresponds to the observations in the
literature 1%, At this stage, we did not know if these reactivities would also be observed
in aqueous media, but preferential conjugation of MHI-148 to Cys residues seemed more
likely.

Optical Properties of Amino-Acid-Substituted Cy-7 Dyes. Figure I11-2 shows
absorbance and fluorescence of compounds la-d in 10 mM PBS buffer. The S- or O-
substituted compounds (1a and 1b) had absorbance and fluorescence spectra similar to
those of MHI-148. Significant red-shifts of absorbance and fluorescence were observed
for both N-substituted Cy-7 dyes (1c and 1d), which have been attributed “>1% to
conjugation of the nitrogen lone pair with the Cy-7 core. Interestingly, the peaks for the
N-substituted products are significantly broader, implying more vibrational fine

structures than the S- or O-substituted products.®
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Figure 111-2. Normalized absorbance and fluorescence of compounds la-d (6 uM, 37
°C) in pH 7.24 10 mM PBS buffer. a compound 1a: Amax abs 783 nm (blue), Amax emiss 809
nm (red). b compound 1b: Amax abs 766 nm (blue), Amax emiss 791 nm (red). ¢ compound 1c:
}\,max abs 578 nm (blue), }\.max emiss 648 nm (I’ed). d Compound ld }\,max abs 658 nm (blue), )\.max
emiss 748 nm (red).

Meso-Cl Functionality of Cy-7 Dyes Is Essential For Cys-Selective Protein
Labeling: Vimentin, a structural protein, was chosen for study because it has only one
Cys residue (C328). Vimentin (1 pg, 1 uM) was incubated with Cy-7 dyes containing
meso-Cl (MHI-148, IR-780, IR-783, and DZ-1; 10 uM) and with Cy-7 dyes without
meso-Cl (ICG and 1a) for comparison (throughout, 10 uM in 50 mM pH 7.24 HEPES
buffer at 37 °C for up to 24 h). An equal amount of the samples (100 ng) was
electrophoresed under reducing conditions, and the gel was analyzed using an NIR

imager. Only the Cy-7 dyes containing meso-Cl reacted to give a band observable at 800

nm (Figure 111-3).
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Figure 111-3. Near-infrared (NIR) fluorescent gel image of a vimentin (1 uM) incubated
with different cyanines (10 uM) in 50 mM pH 7.24 HEPES buffer at different incubation
times; b vimentin (1 uM) incubated with IR-780, IR-783, and DZ-1 in the same buffer as
a for 24 h. CBB-G250 staining indicated an equal amount of protein (100 ng) was loaded
into gel.

Further evidence for the superior reactivities of Cys side-chains over other
nucleophilic amino acid residues was obtained via competition experiments. Thus, MHI-
148 (200 uM) in 50 mM pH 8.0 HEPES buffer was incubated with equimolecular
amounts of five amino acids (Scheme I11-2) at 37 °C, and the reaction was monitored by
HPLC up to 27 h. Prototypes of this experiment were intended to measure relative rates,
however, only formation of the Cys-product 1a occurred (HPLC spike with the standard
from Scheme I11I-1 (Figure 111-4) and LC-MS analyses). Under these conditions,
approximately 32% of MHI-148 was substituted and 68% remained after 15 h. The
reaction did not go to completion due to equilibrium of the reaction or due to oxidation of

cysteines in aqueous conditions. This observation implied amine, alcohol, and phenol

side-chains in the protein did not react with the dye.
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Scheme 111-2. Competition study of MHI-148 with amino acids in aqueous buffer.

Blocking experiments were performed to be absolutely sure that the vimentin Cys
was the reactive group for coupling to MHI-148 in aqueous buffer at 37 °C. Thus,
maleimide-blocked protein 19107 \was formed by incubating vimentin with 6-
maleimidohexanoic acid (6-MA; 18 h in 50 mM pH 7.24 HEPES buffer at 37 °C).
Vimentin and the thiol-blocked vimentin were incubated with MHI-148 for different
incubation times, then analyzed using SDS-PAGE gel electrophoresis. Figure Ill-4c
shows that the concentration of MHI-148 covalently bound to vimentin progressively
increased (NIR fluorescence at ~800 nm), whereas no fluorescent band was observed for

the thiol-blocked vimentin.
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Figure 111-4. High-performance liquid chromatography (HPLC) analysis of a 200 uM of
each amino-acid-conjugate standard la—d in 50 mM pH 8.0 HEPES buffer; b Kinetic
study for 200 uM of MHI-148 with 200 uM of each amino acid (N-acetyl-L-Cys, N-
acetyl-L-Tyr, Na-acetyl-L-Lys, Ne-acetyl-L-Lys, and L-proline) in 50 mM pH 8.0
HEPES buffer incubating at 37 °C; ¢ NIR fluorescent gel image of vimentin or 6-MA-
blocked vimentin (1 puM) incubated with MHI-148 (1 uM) in 50 mM pH 7.24 HEPES

buffer at different incubation times.

Overall, based on all the experiments above, we concluded that MHI-148
selectively bind the only free Cys in vimentin, C328, in aqueous buffer at 37 °C, and
went on to calibrate the efficiency of binding. Thus, NIR fluorescence (>800 nm) in gel
electrophoresis was quantitative for vimentin (1 uM in 50 mM pH 7.24 HEPES buffer)
when incubated with of MHI-148 (0-30 uM, 3 h at 37 °C). Fluorescence intensities of the
salient band saturated at 10 uM (Figure 1l1-5a), which means the tested fluorescent
compound can quantitatively label the protein at a 10:1 ratio within 3 h when incubated

under these conditions in HEPES aqueous buffer. Experiments to test sensitivity revealed
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labeled vimentin was detectable at concentrations as low as 1 ng on our gel imaging

apparatus (Figure I11-5b).

a increased concentration of MHI-148 b decreased loading of MHI-148-vimentin
—— E——
conc. 0.0 0.1 03 1.0 3.0 10 30 (mM) 100 30.0 10.0 3.00 1.00 (ng)

Figure 111-5. NIR fluorescent gel image of a vimentin (1 pM) incubated with different
concentrations of MHI-148 in 50 mM pH 7.24 HEPES buffer for 3 h at 37 °C b 10:1
concentration ratio of MHI-148: vimentin sample was loaded into 10% SDS-PAGE gel
with different amounts of vimentin sample.

Labeling of Other Proteins Using MHI-148: Several proteins with and without
free Cys residues were labeled to test the robustness of the method developed for
vimentin. NEDDS8-activating enzyme (NAE)!%, Ubc1!®, and PCSK9'? contain free
thiols (reduced Cys residues), whereas NEDD8%® (no Cys in sequences), truncated
SUPAR (residues 1-281, 12 disulfides)!!, and EGFR (25 disulfides)!*? have none. Figure
I11-6 shows that only the proteins containing sulfhydryl groups reacted under the standard

conditions. NAE consists of two subunits (APPBP1 and UBA3) which each contain free

Cys; hence, two NIR fluorescence bands were observed for that sample.
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NEDD8 Ubc12 uPAR NAE PCSK9 EGFR

Figure 111-6. NIR fluorescent gel image of diverse proteins (4 uM) incubated with MHI-
148 (4 uM) for 3 h using 50 mM pH 7.24 HEPES buffer at 37 °C.
Conclusions

MHI-148 can label proteins that have free Cys residues such as serum albumin!*3
and vimentin. Other Cy-7 dyes containing meso-Cl were only used to label vimentin in
this work, but it would be unsurprising if they can be used. It seems clear that this
methodology could be applied with a high probability of success to conveniently
conjugate meso-Cl NIR dyes to antibodies, monobodies, and nanobodies to form
selective agents for optical imaging in vivo. Traditional conjugation techniques tend to
require  modification of the dye to include maleimide or succinimide

functionality!?”114115 byt the method developed here circumvents that process.
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CHAPTER IV
ON THE MECHANISMS OF UPTAKE OF TUMOR-SEEKING CYANINE DYES

Introduction

Indocyanine green (ICG, A), a heptamethine cyanine or “Cy-7” dye, is the only
near-IR FDA-approved optical marker for clinical use.!*®" |CG is used in surgical
procedures because of its favorable safety profile,*>%61® and because it is fluorescent
with an absorbance maximum around 750 nm. Below 750 nm, excitation of dyes
obscured by more than a few millimeters of tissue becomes impractical with even the
highest laser powers acceptable in surgical settings. To calibrate, penetration of light of

wavelength 800 nm is twice that of light of 630 nm.**

indocyanine green (ICG)

Fluorophore A can be used in surgery, but it is not disposed to especially
accumulate in cancer tissue. In fact, ICG collects in the liver and gastrointestinal tract,
and tends to mostly wash out of the body within a few hours.>® However, at least in

animal models, other heptamethine cyanine dyes like 1-Cl and B — D do accumulate in

13Reprinted with permission from “On the Mechanisms of Uptake of Tumor-Seeking
Cyanine Dyes” by Syed Muhammad Usama, Chen-Ming Lin and Kevin Burgess,
Bioconjugate Chem. 2018, 29, 3886-3895. DOI: 10.1021/acs.bioconjchem.8b00708.
Copyright 2018 American Chemical Society.
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solid tumors (e.g. prostate,*® gastric,*® kidney,*® hepatocytes,>* lung cancer, and
glioblastoma®®) but not in normal cells and tissue.5°#-88% Moreover, fluorophores B — D
tend to persist in those tumors; they can still be observed there after 1 — 2 days. There is
an enormous amount of literature on antibody drug conjugates (illustrative reviews!%120),
and a growing volume on small molecules that target tumor tissue conjugated to
cytotoxic species (illustrative reviews®121), Consequently, the potential importance of
near-IR dyes that localize in, apparently, any solid tumor is immense; they can be used
for in vivo experiments,®® have the potential in image guided surgery,'!’” and can be
conjugated to cytotoxic substances for theranostic approaches (near-IR imaging and
chemotherapy,®”%! in this case). These tumor seeking near-IR dyes at the very least

complement targeted approaches, and in some cases could surpass them.

1-ClI
MHI-148, IR-808
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Many reports (for example®®50-5356868894)  explain  the “tumor-seeking”
characteristics of fluorophores 1-Cl and B — D in terms of uptake via the Organic Anion
Transporter Proteins (OATPs).>**® Hypoxia (common in compressed solid tumors)
triggers activation of HIFla, and promotes OATPs overexpression in cancer tissue
relative to levels found in normal cells.***® The natural role of OATPs is to mediate
influx of organic anions and some neutral materials that are important to cells (e.g. bile
salts, steroids, bilirubin, and thyroid hormones).  This diversity of substrates means
OATPs are not particularly selective and, coincidentally, these receptors also import
some drug structures and fluorophores 1-Cl, B — D.1?*1* Tq balance this ion influx,
OATPs efflux intracellular bicarbonate, glutathione, and glutathione adducts.
Consequently, OATPs can promote influx of fluorophores 1-Cl, B — D into cells, without
pumping the same ones out.

A discovery by chance in our laboratory led us to question the assumption that

import via the OATPs predominantly accounts for the tumor-seeking characteristics of
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fluorophores 1-Cl, B — D. In the event, data presented in this paper indicates that OATPs
are a mechanism of import in ex vivo cellular experiments, but an alternative mechanism
accounts for the persistent fluorescence of tumors in animal experiments featuring

fluorophores of this category.

Results and Discussion

Observation of a Fluorescent Protein in Cell Lysates after Treatment With
Fluorophore 1-Cl: The following is a typical literature procedure for treatment of cancer
cells with fluorophore 1-Cl. The cells (in our case a leukemia line, K562) are suspended
in RPMI-1640 medium with 10 % FBS added, then seeded to 24-well plates. Various
concentrations of 1-Cl in the same medium are added to the cells to give final
fluorophore concentrations of 0 - 30 uM. After 20 h incubation at 37 °C, the cells are
collected, and washed twice with ice-cold PBS buffer.

In a particular experiment in our laboratory, RIPA lysis buffer containing of 1%
of a pan protease inhibitor was added to the cells after the procedure outlined above. The
cell samples were gently shaken on ice for 30 min, and the lysates were centrifuged to
remove cell debris. Supernatants were collected and the protein concentrations were
determined using a colorimetric protein assay kit. Equal total protein amounts were
electrophoresed under reducing conditions on 15% SDS-PAGE. The gel was washed
with de-ionized water, then analyzed with an imager designed to detect the near IR
fluorescence (>800 nm); this gave a conspicuous fluorescent band at over 50 KDa. We

were surprised by the selectivity with which this band formed, excited by the prospect of
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identifying this fluorescent conjugate (Figure 1V-1a), then, later, amused by the result

(Figure 1V-1b).

a increased concentration of 1-Cl

conc. 0.0 0.1 03 10 3.0 10 30 (mm)

Figure IV-1. a NIR-fluorescent gel image (>800 nm) of K562 cell lysate prior treated
with different concentrations of 1-Cl for 20 h in RPMI-1640 medium containing 10%
FBS. b Lane 1, K562 cell lysates treated with 10 uM of 1-Cl as in a. Lane 2, K562 cell
lysates treated with 10 uM of 1-Cl as in a except serum-free RPMI-1640 medium was
used. Lane 3, 10 uM of 1-Cl incubated with RPMI-1640 medium containing 10% FBS
for 20 h as in a but without cells. Lane 4, 10 uM of 1-Cl as in a, except no cells were
used and 10 uM BSA was added in their place. Staining the gel with Coomassie Blue
G250 showed an equal amount of protein was loaded into each well (Fig S10).
Electrospray ionization (ESI) mass spectra of: ¢ free HSA; and d ESI MS of 1-ClI
covalently bound to HSA; formed by reacting the two components in a 2.5:1 ratio (1 M
HEPES buffer).
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Figure IV-1. Continued.
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Figure IV-1. Continued.

After a few false starts, we hypothesized the pronounced fluorescent band in the
gel shown in Figure 1V-1a was derived from bovine serum albumin (BSA) in the FBS
medium. Consistent with this assertion, Figure 1\VV-1b shows the band from the lysate was
not formed when FBS was excluded from the culture medium (lane 2), but it was formed
when FBS was present without cells, or when only BSA was added (i.e. no cells and no
FBS; lanes 3 and 4, respectively). Albumin concentrations in FBS vary between 20 — 36
mg/mL;*?5127 assuming a conservative mid-range figure of 25 mg/mL BSA in FBS, this
corresponds to 384 uM. Thus, cellular experiments involving 10 uM 1-CI would have
almost a forty-fold excess of BSA (384 uM) to react with.

In a control experiment, human serum albumin (HSA) was reacted with 2.5

equivalents of 1-Cl at 37 °C in 1 M HEPES buffer. This 1-Cl:albumin molar ratio was
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selected because it is approximately that used in cell culture experiments to probe uptake
of this dye. Figure IV-1c shows the ESI mass spectra of HSA, and 1d shows that a
product formed when HSA combined with 1-Cl; the molecular mass formed correspond
to a 1:1 covalent adduct between 1-ClI (after loss of Cl) and HSA. This is consistent with
the fact that HSA has one free Cys residue (and 34, oxidized, i.e. disulfide-linked, Cys
residues).

At this stage we hypothesized that the 1:1 covalent adduct is formed by
displacement of the meso-Cl from 1-Cl by a nucleophile on HSA, and that nucleophile
was probably the free Cys thiol. Three derivatives of 1 (Figure 1V-2a) that had meso-
functionalities that cannot readily be leaving groups were made and reacted with HSA to
test a meso-leaving group was required for covalent binding. It emerged that ICG (A), 1-
H, 1-Me, and 1-Ph do not react with HSA at 37 °C in aqueous buffer (Figure C-S4 and C-
S7), under the conditions that 1-Cl does combine with HSA (Figure 1V-2b); in fact,
nearly all the 1-Cl is consumed after 72 h.

At this stage it seemed probable that 1-Cl reacts with a free thiol on albumin. To
exclude the possibility that other nucleophilic amino acid side-chains might be involved
(e.g. Lys, Tyr, Ser) experiments were performed using HSA that was first treated with 6-
maleimide-hexanoic acid to selectively block free thiols.'?312° Unexpectedly, this
experiment still gave a fluorescent band, but we concluded that there was some 1-CI non-
covalently bound to albumin, and this became covalently bound after the protein had been
reduced for loading onto the gel. To test this assertion the experimental design was
modified in the following way. HSA was first completely reduced with tris(2-

carboxyethyl)phosphine (TCEP) to break all its disulfide bonds, then the product was
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thiol-blocked using 6-maleimidohexanoic acid, and finally this sample was treated with
1-Cl. This approach is imperfect because it tests the interaction of 1-Cl with reduced
albumin, but it is sufficient to prove that O- and N-based nucleophilic side-chains
(specifically those not derived from cysteine) of the reduced protein did not combine with

1-Cl. Thus, binding of free Cys to 1-Cl is implicated in the covalent binding step (Figure

IV-2d).

HO,C COzH

when X = CI, 1-CI; H, 1-H; Me, 1-Me; Ph, 1-Ph

Figure 1V-2. a Structures of 1-Cl and meso-blocked derivatives. b Analytical HPLC

analyses for reactions of 0.5 mM HSA with 0.2 mM 1-Cl (in 1 M HEPES buffer pH 7.4)
at 37 °C.
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Figure 1V-2. Continued.

Non-covalent interactions of the dyes 1 with HSA were also explored. Thus, 10

uM solutions of ICG, 1-Cl, 1-H, 1-Me and 1-Ph were mixed with varied concentrations
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of HSA and the interaction was followed by UV spectroscopy. Absorbance saturation
was observed for 1-Cl at a 1:1 ratio with HSA, but for the other compounds, none of
which have a leaving group at the meso-position, saturation was achieved at around 1.5
equivalents of HSA (Figure C-S5 and C-S6).

Uptake of Fluorophore 1-Cl and 1-HSA into Cells: Figure 1V-2b indicates that
albumin and 1-Cl at approximately the ratio typically used in cell culture experiments
(2.5:1.0, see above) react over time periods that are similar to the span of a typical cell
culture experiment. Consequently, we set out to test first where the fluorescent signal
localizes in cells if albumin is excluded from the medium, then to determine if 1-HSA is
imported and, if so, where it localizes.

Figure V-3 shows confocal images for uptake of 1-Cl into a human glioblastoma
cell line (U87-MG) cultured in a medium without albumin. Under these conditions, the
dye was imported into the cells after 30 min incubation, and localized in the

mitochondria.
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Figure 1V-3. Uptake of 1-Cl (20 uM) into U87-MG cells incubated in serum free
medium for 30 min. Colocalization with trackers for mitochondria, lysosome, ER and
Golgi are featured. Images were taken using Olympus confocal microscope at 60x/1.2

water immerse objective after 30 min of incubation. Most colocalization was seen with
the mitochondria.
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Figure 1V-4. Uptake of 1-HSA (20 uM) into U87-MG cells incubated in serum free
medium. Colocalization with trackers for mitochondria, lysosome, ER and Golgi was
featured. Images were taken using Olympus confocal microscope at 60x/1.2 water
immerse objective after 30 min of incubation. Most colocalization was seen with
lysosome and Golgi.
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As far as we are aware, without exception, the evidence for OATPs mediated
uptake of 1-Cl in tissue culture is based on the same experimental format. Briefly, cells
are allowed to attach to imaging chamber overnight in a medium containing BSA at 37
°C, 1-Cl is added in the same medium, and after 30 min at 37 °C the cells are collected,
and washed twice with ice-cold PBS buffer. Microscopy is then used to qualitatively
monitor the uptake. This protocol is performed side-by-side with two similar
experiments but where the medium contains the pan-OATP inhibitor BSP
(bromosulfophthalein),** or in which the cells were treated with an agent to induce
hypoxia (DMOG, dimethyloxalylglycine®®:!3?). Under these conditions, BSP suppresses
the fluorescence observed in the cells (presumably by inhibiting OATP-mediated uptake),
whereas under hypoxic conditions for which OATPs are overexpressed, the fluorescence
uptake was increased. We were intrigued to explore how 1-HSA would behave under
these conditions because the data above indicates that at least partial conversion of 1-ClI
to 1-HSA occurs in these types of cellular experiments featuring aloumin in the medium.
These experiments would reveal if 1-HSA was imported into the cells and, if so, how its

uptake responds to the pan-OATP inhibitor, BSP.
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Figure IV-5. Experiments to test uptake of 1-HSA (20 uM) into U87-MG cells (grown in
DMEM medium supplemented with 10% FBS, i.e. containing approximately 0.038 mM
BSA). a Without any blocking agents or abnormal conditions; b pre-treated with 250 uM
BSP to block OATPs for 10 min; c after the cells were pretreated with 1 mM DMOG for
24 h to induce hypoxia; and, d when the cells were maintained at 0 °C for 30 min to
retard active transport. All images were collected using an Olympus confocal
microscope at 20x magnification.
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Data in Figure 1V-5 shows that 1-HSA is imported into the glioblastoma cells
(first row). Import of 1-HSA is conspicuously increased when the cells are pretreated
with pan-OATP inhibitor, BSP. Hypoxic and normoxic cells import about the same
amount of fluorescence from 1-HSA (rows 3 and 1), but cooling the cells to retard active
transport mechanisms also diminishes uptake of fluorescence from 1-HSA. Whereas 1-ClI
uptake in the cell was enhaced in hypoxia condition but reduced in presence of BSP or at
low temperatures, implying the uptake was dependent on active transport via OATPs
(Figure C-S8). Collectively these data shows uptake of 1-HSA is enhanced by active
transport mechanisms, but not via the OATPs. Figure C-S9 shows data from similar
experiments that show 1-HSA uptake was: (i) not inhibited by an inhibitor of clathrin
mediated endocytosis (PitStop2);'*® but it was by, (ii) a micropinocytosis inhibitor
(amiloride);*** and by, (iii) an inhibitor of lipid raft endocytosis (MBCD).1%®

Albumin (Figure 1V-6; from PDB 1A06) has 14 disulfide bonds and one unique,
free cysteine residue, Cys34. It is present in high concentrations in the blood where is
acts as a carrier for small molecules, many of which non-covalently bind one of the two
binding sites indicated. Consequently, electrophilic small molecules might react with
Cys34 directly, or possibly associate with one of the binding sites then be relayed to that
free thiol. Albumin is known to be imported into cells via several mechanisms**® and
particularly into cancer cells!¥"* though, to the best of our knowledge, this does not

include OATP-mediated pathways.
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Figure 1V-6. HSA structure from PDB 1A06. Figure S1 depicts the HSA with different
helical structures and binding domains whereas Figure C-S2-S4 shows diagrams
emphasizing cysteine 34 pointing outside in the solvent.

Both non-covalent and covalent binding to albumin have dramatic effects on the
pharmacokinetics of small molecules.’**4° Some small molecule drugs associate with
albumin;!* this can be problematic if they are not released, but in other situations it is an
advantage due to the prolonged half-life of the compound in the blood. Small molecules
also have been covalently bound to albumin via Cys34 to improve their
pharmacokinetics.**® This is frequently achieved by attaching a maleimide functionality
to the small molecule and either reacting it with HSA#2143 or simply allowing the drug to
combine with HSA in situ in a novel prodrug approach.*#414¢  Albumin itself has been
estimated to have a turn-over rate of over 20 days in humans,'*° so it seems likely that

most covalent small molecule-to-albumin adducts would be long-lived in vivo.
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Albumin is the most abundant protein in the blood, being present at around 35 —
50 g/L or 0.53 — 0.73 mM (human and mouse). We estimate (see supporting) that by
injecting 1-Cl into a 25 g mouse at 10 mg/Kg (a typical dose in an in vivo experiment
featuring this dye), then the initial concentration in the blood would also be in the same
range, ~0.53 mM. After the injection, clearance mechanisms would rapidly decrease the
amount of free 1-Cl in the blood; consequently, excess albumin is always present. Our
data indicates that 1-Cl would be converted to 1-HSA (and presumably to lesser amounts
of adducts with other serum proteins like LDL) reasonably quickly.

There does not appear to be published in vivo work on the lifetime of 1-Cl in the
blood, but a very careful study of derivative E has reported the half-life of this compound
in mice to be 36 min. Formation of covalent adducts to aloumin and other serum proteins
with free thiols'™® must account, at least in part, for the rapidly decreasing 1-Cl
concentration in the blood in that study. Assuming the same half-life for 1-Cl, and
considering that the blood circulates in about one minute, it is reasonable to conclude
some 1-CI does enter cancer cells in vivo shortly after administration iv. However, once
inside the cells then 1-Cl encounters high concentrations of other nucleophilic thiols,
notably, glutathione. In unpublished work, performed in parallel to this, we have also
proved 1-Cl has a similar reactivity towards Cys as to albumin, so it seems likely that this
chloride would be short lived inside cells. However, the fluorescence observed inside
tumors in vivo persists for days.>0:60.94
Conclusions

The observations outlined above explains why heptamethine cyanine dyes with a

meso-chloride tend to be much longer-lived in tumors than Cy-7 derivatives without a
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meso-chloride, e.g. ICG.8 Thus, the weight of the evidence points to short-term (~30
min) accumulation of 1-Cl in cancer tissue in vivo, but, after this, transformation into
covalent adducts with biomolecules possessing free thiols, particularly including serum
proteins in the blood. Albumin adducts would be especially favored, because of the
abundance of the high blood concentrations of this protein. This accounts for persistent
fluorescence from cancer tissue in vivo after injection of 1-Cl. Various factors might
contribute to persistent localization of covalent adducts formed in situ, e.g. 1-albumin,
including slow efflux, and the EPR effect.

The data interpretation outlined above is consistent with many observations in the
literature. Our assertion that 1-Cl and similar Cy7 dyes with meso-chlorines (e.g. B — D)
probably have parallel pharmacokinetics, is consistent with observations that describe of
these types of fluorophores being retained in tumor tissues (e.g. kidney, brain, breast, and
liver) for many days (e.g. 5 — 20 d);>0°1.6188% jn fact, for periods that are comparable
with the half-life albumin in vivo (20 d). Conversely, ICG (no meso-chlorine) is cleared
in vivo in < 24 h,5188% and a direct analog of 1, but substituted at the meso position, i.e.
E, was not observed to be retained in an embedded prostate tumor.** We thank a referee
for pointing out that another group has observed an immediate UV Amax red-shift for 1-Cl
when added to albumin in vitro, followed by a gradual blue-shift to another Amax after 1.5
h.!  Those researchers did not attempt to explain that observation, but it is easily
interpreted in the light of our work. We suggest under those conditions 1-Cl rapidly

forms a non-covalent adduct with albumin, that is slowly transformed into a covalent one.
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Increased uptake of 1-HSA by the pan-OATP inhibitor BSP (Figure 1V-5)
surprised us, but, in retrospect, perhaps it should not have. BSP is an old small molecule
that rose to fame as a probe for testing liver function; it binds albumin®®? as well as
inhibiting OATPs.2>® In fact, molecules like this tend to bind several proteins non-
selectively, so much that they are described by some as a PAIN (Pan Assay Interference
compound).’> BSP is an inexpensive and convenient probe for testing inhibition of
OATPs, and in many cases it may be the only logistically feasible option to do so.
However, BSP has limitations associated with its interactions with other receptors on
cells, and proteins in tissue culture medium, and data from cell uptake experiments using
this probe should not be over interpreted.

Small molecules attached to albumin in covalent adducts can be fluorescein
derivatives as in the conjugate manufactured by Orpegen Pharma (Heidelberg, Germany)
for intraoperative fluorescence staining of brain tumors during surgery.'®>!% Related to
this, the prospect of conjugating near-IR dyes to albumin for optical imaging has been
described in a patent application,®” but without the realization that 1-Cl could be
combined simply via direct displacement of the meso-Cl via Cys34 in that protein.
Moreover, there is growing interest in drugs conjugated to 1-CI°*®! (like F).5%® 1t is

reasonable to assume that these too would combine with albumin in situ when injected
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into the blood; this might be advantageous insofar as it would generate theranostics for
optical imaging and therapy with largely predictable, and extended, blood plasma life-

times in vivo.

7 = \
. pe
HO,C X clorglyine

F (MAO inhibitor)

Data presented here also explains some observations in the literature, and some
misconceptions to be avoided. For instance, a recent paper noted exceptionally different
photophysical properties of a dye related to 1-Cl in the presence and absence of
albumin;**8 it may be that a covalent adduct is implicated. With regards to pitfalls, there
are two quite different ways to go about making drug-adducts with the core of cyanine 1.
When peripheral carboxylic acids are used to make amides or esters, e.g. E, then these
will accumulate in tumors and persist there for a long time as albumin and similar
adducts. However, conjugation of drugs to 1-Cl via displacement of the meso-chloride!®®

is likely to give products that persist for much shorter times in tumor tissue.
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CHAPTER V
A NEAR-IR FLUORESCENT DASATINIB DERIVATIVE THAT LOCALIZES IN
CANCER CELLS
Introduction

Dasatinib (Sprycel®) is a tyrosine kinase inhibitor (TKI) clinically used to treat
Philadelphia chromosome, chronic myeloid leukemia, and acute lymphoblastic leukemia
(https://www.cancer.gov/about-cancer/treatment/drugs). According to clinicaltrials.gov,
dasatinib (alone or in combination with other chemotherapy agents) features in over 120
clinical trials for different types of cancers, including pancreatic, non-small cell lung
carcinoma, and bone metastases of breast cancer. However, dasatinib’s efficacy is
diminished by cell-efflux,'%%-%4 and, eventually, acquired resistance via mutations in and
around the tyrosine kinase active site.

Dasatinib inhibits multiple kinases, including Bcr-Abl and members of the Src-
family. While polypharmacology®®1¢7 is sometimes desirable, poor selectivity may lead
to side-effects. Indeed, dasatinib tends to reduce counts for platelets, red and white blood
cells; these physiological effects may account for anemia, pulmonary edema, and heart
function complications that are observed in some patients receiving this drug.686°
Two strategies to increase efficacy of Kls are possible. One of these features structural

modifications that reduce off-target interactions. The other focuses on conjugating the

170Reprinted with permission from “A Near-IR Fluorescent Dasatinib Derivative That
Localizes In Cancer Cells”, Syed Muhammad Usama, Bosheng Zhao and Kevin Burgess,

Bioconjugate Chem. 2019, 30, 1175-1181. DOI: 10.1021/acs.bioconjchem.9b00118.
Copyright 2019 American Chemical Society.
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drug to agents (typically antibodies, but sometimes small molecules) that bind cell-
surface receptors and enhance intracellular drug concentrations in cancer cells relative to

healthy ones, increasing therapeutic indices. Research described in this paper was
initiated to explore the second strategy. Additionally, we wanted to make a derivative of
dasatinib that would target cancer cells and be near-IR fluorescent. We hypothesized
this fluorescence could be used to track the conjugate in cell studies and would have
potential in theranostic applications involving optical imaging and tumor suppression in
vivo with improved localization in cancer cells. One possibility was to conjugate a near-
IR dye and a small molecule targeting group to a Kl, but more compact molecular
designs are preferred. The innovation in this study is to form conjugates with a special
sub-set of heptamethine cyanine (Cy7) dyes, A — C, that are known to enhance delivery
of the conjugate into solid tumors and show no systemic toxicity in mice, i.e. they are

both targeting and fluorescent, 57-59:60515361

55



The following text outlines some salient literature on dyes A — C. First these
water-soluble fluorophore absorb at around 780 nm with high extinction coefficients, and
fluoresce at around 800 nm with acceptable quantum vyields, i.e. they have excellent
characteristics for optical imaging in vivo.***” Cellular and in vivo studies indicate A
localizes in many different types of cancer lines and in solid tumors (e.g. prostate,*®
gastric,*® kidney,>®) but not in normal cells and tissue.®®%6-8.9 preferential uptake of A in
cancer cells is mediated by Organic Anion Transporting Polypeptides (OATPs).>*
Specifically, hypoxia (common in solid tumors) triggers activation of HIFla, which
promotes OATPs expression,**°® and these receptors influx organic anions and some
neutral materials that are important to cell metabolism (e.g. bile salts, steroids, bilirubin,
and thyroid hormones). To balance this ion influx, OATPs efflux intracellular
bicarbonate, glutathione, and glutathione-adducts. Consequently, OATPs can promote
influx of suitable small molecule organics into cancer cells, including some drug
structures and the cyanine dyes A, B, and C shown above, without pumping them out.
Our group is interested in the design of small-molecules that bind cell surface receptors
and increase the concentration of the drug in cancerous cells, relative to healthy
ones.5”7717L172 \We saw the potential of conjugates formed by tethering cyanine dyes like

A or C to kinase inhibitors (KIs) such as dasatinib. Such conjugates might be
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preferentially delivered into cancerous over healthy cells via the OATPs, and their
desirable near-IR fluorescence properties would facilitate intracellular imaging so uptake
of the conjugate could be tracked. Conversely, it was not clear that conjugate 1 would
retain their inhibition activity against SRC kinases, but we estimated the probability that
they would retain their activity as high enough to justify syntheses and a series of cell
studies. In the event the data collected on these conjugates are interesting, those studies

are reported here.

Results and Discussion

Design, Synthesis, and Characteristics of the Conjugate 1. There are crystal
structures of dasatinib D complexed with the cellular sarcoma kinase (cSrc)'’3, Abelson
kinase (Abl) 1" and Lck/Yes novel kinase (Lyn).1” In these structures, the hydroxyl
group of the KI projects into solvent, while the heterocyclic scaffold binds the kinase
active site (Figure V-1). On the basis of this observation we hypothesized that kinase
inhibitors could be added to that hydroxyl group without major perturbations to their
efficacy. Consequently, we designed conjugate 1 which conjugates dasatinib to cyanine
A via the solvent-exposed hydroxyl group. We hypothesized 1 might be selectively
imported into cancer cells via the OATPs, and transport the kinase inhibitor fragment
with it. Once inside the cell, 1, being larger and more polar than dasatinib alone, might

be less vulnerable to efflux via mechanisms featuring P-glycoprotein and alike.6%-164
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Figure V-1. a Structure of dasatinib D and the KI-Cy 1. Crystal structures of D bound to three
of its target kinases, i.e. b to Abl (PDB: 2GQG); ¢ to cSrc (3G5D); and, d to Lyn (2ZVA). All
three structures show the hydroxy group of D is solvent exposed.
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Figure V-1. Continued.

Conjugate 1 was prepared by coupling dasatinib with the parent cyanine dye in a
1:1 stoichiometry as described in the supporting material. In water with 0.1% Kolliphor
EL (to prevent aggregation), 1 was observed to have a maximal absorbance at 796 nm,

and emission at 815 nm (Figure D-S1). The fluorescence quantum yield of 1 (8 %) and
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extinction coefficient of 205,480 M-~tcm™* which is typical of near-IR Cy7 dyes, hence the
conjugate 1 has brightness (® X emax) Similar to parent dye A.

Cell Studies: Cell studies were performed on HepG2 human hepatocellular
carcinoma (HCC) cell line, for the following reasons. First, even though dasatinib is not
approved for treatment of HCC, it is a logical therapeutic to test since signaling via the
Src kinases!’® is heavily implicated in this disease.!®!’” Indeed, dasatinib has featured in
cellular,*’” preclinical, and clinical trials for HCC (NCT00459108, NCT00835679,
NCTO00382668). Second, while non-invasive optical imaging of the liver is impractical
because it is a deeply imbedded organ, surgical intervention is often practiced for
advanced liver cancer, hence development of a theranostic that selectively stains
cancerous tissue in a diseased liver could potentially assist excision with negative
margins while simultaneously suppress tumor growth and metastases.

KinaseSecker™ assays were used to determine ICsp values of 1 with Src and Lyn.
This is a competition binding assay in which change in luminescence signal is measured
by displaced of active site displacement probe by inhibitor. Observed ICso values, for 1
were 184 nM (Src) and 556 nM (Lyn), whereas the corresponding values for D were 12
nM (Src) and 18 nM (Lyn). Thus, conjugation of dasatinib with A perturbed the affinity
of the kinase inhibitor part for the parent kinases, but still significant binding was
observed (Figure D-S1b and c).

Figure V-2a shows cytotoxicity data for HepG2 cells treated with 1, D, A, and a
mixture of {A + D} where the concentrations of 1, D, A, A-fragment and D-fragment
were equal throughout. Conjugate 1 (blue line; ICso 5.4 + 0.4 uM) decreased cell

viability by almost an order of magnitude relative to the parent kinase inhibitor D (red
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line; ICso 34.0 £ 4.95 uM), the cyanine dye A (green line; ICso 18.9 + 1.35 uM), and
relative to a mixture of A and D unconjugated at the same concentrations (purple line;
ICs0 14.9 + 0.9 uM). A cell proliferation assay was performed to determine effect of 5
uM 1, D, A, and A + D on HepG2 cells. Compound 1 inhibited cell growth more than D,
A, or A + D (Figure D-S1d). Treatment with 1 caused the cells to change shape in the
short term, and most died after 48 h, whereas those treated with the dasatinib D alone
were largely unperturbed (Figure V-2b). Figure V-2c shows average speed of scratch
closure from wound healing experiments to simulate cell migration; DMSO (control) and
A had comparable effects on the average speed of migration, but rate of recovery was less

in the experiments featuring 1 and D.
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Figure V-2. a Viabilities of HepG2 cells induced by 1, D, A, and {A plus D} after
incubating with the test compounds for 48 h in the dark, before an AlamarBlue test for
cell viability. b Morphology of HepG2 cells at 10X/0.4 treated with 5 uM of A and 1. ¢
Influence of DMSO (blank), A, 1, D at 1uM on a wound healing assay featuring HepG2
cells.
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Figure V-2. Continued.

Dasatinib is designed to curb the proliferation of cancer cells, rather than be
cytotoxic in the way that early cancer drugs are. In fact, the free dye A showed slightly
more cytotoxicity than dasatinib (Figure VV-2a). Thus, beside the attributes of a near-IR
labeled kinase inhibitors outlined above, for HepG2 cells there may be some toxicity of

the dye itself that synergizes with the effects of the dasatinib component.
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Confocal images of HepG2 cells treated with 1 indicated that the conjugate
internalized more in mitochondria than lysosomes (Figure V-3). The parent dye A also
localizes in mitochondria,*®%%% hence this data indicates 1 is imported by the same
mechanism, or that the link is broken in cells to liberate the free dye. Localization in
mitochondria is characteristic of lipophilic, positively charged, organic materials, like A.
Moreover, import through OATPs receptors is more often associated with localization in

the mitochondria than endocytosis.

mitochondria tracking | lysosome tracking |

mitochondria stain

| ST VI W—— v— )
1 fluorescence 1 fluorescence

Figure V-3. Confocal imaging of HepG2 cells treated with 1 and MitoTracker Green,
Pearson’s co efficient 0.72 (left column) or 1 and LysoTracker Green, Pearson’s co
efficient 0.56 (right). Nuclei stained with NucBlue are included in the merged images in
the bottom row. The images were taken at 60x/1.20 water immersed objective.
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Figure V-3. Continued.

A series of experiments were undertaken to determine the mechanism of uptake of
1 into HepG2 cells. Figure V-4a shows the fluorescence of cells incubated with 1 for 30
min, washed, then visualized under a 775/46 nm filter (710/40 nm excitation); this
experiment provides a calibration point for subsequent ones in the same Figure, in which
uptake through the OATPs is blocked, or their expression is enhanced. Thus,
significantly less fluorescence uptake was observed when the experiments were repeated
under exactly same conditions except that a pan-OATP inhibitor (bromosulfophthalein,
BSP),'* was included in the medium (Figure V-4b). Conversely, the near-IR
fluorescence of the cells was significantly increased if DMOG (dimethyloxalylglycine),
132131 an inducer of hypoxia, was added to the medium instead. OATP uptake is energy
dependent (ATP mediated) hence it shuts down after incubation at low temperatures.t’®
Thus, in the light of the data above, it is unsurprising that uptake of the near-IR
fluorescence was suppressed when the cells were incubated at 0 °C (Figure D-S3).

Figure V-4d shows quantitation of this data via flow cytometry.
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Figure V-4. Uptake of 1 under: a normal condition; b in the presence of the pan-OATP
inhibitor BSP (250 uM); ¢ under hypoxia conditions induced by 1 mM DMOG; d
quantification via flow cytometry, and scale bar 275 um, throughout.

Finally, induction of intracellular Src phosphorylation was probed in a blotting
assay. HepG2 cells were incubated with 1, D, A for 24 h before lysis. Total cell lysates
were calibrated and subjected to SDS-PAGE followed by blotting with mAbs. 1 was

shown to inhibit phosphorylation of Src family kinases in a dose-dependent way, though

not as effectively as D. Dye A does not inhibit Src phosphorylation (Figure V-5).
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Figure V-5. Western blot analysis of HepG2 cell lysates treated with 1, D and A. Total
protein calibrated by BCA protein assay.
Conclusions

To date eight papers that feature conjugates of A with cytotoxic materials which
preserve the meso-chloride functionality. These include two different experimental
monoamine oxidase inhibitors,°*° an experimental faresnyl transferase inhibitor,%® a
mustard agent®! and gemicitabine.®>® However, there are no reports of conjugation of A
or relevant analogs to kinase inhibitors. The therapeutic window for kinase inhibitors is
arguably wider that for conventional cytotoxic drugs. Consequently, the merits of active
targeting are perhaps less obvious for kinase inhibitors than for generally cytotoxic
materials. However, we believe the prospect of cyanine-drug conjugates binding to
albumin, permeating into the tumor, then being retained there as an albumin complex is
an exciting possibility with respect to potential therapeutic applications.

Kinase inhibitors have problems associated with efflux from cells'’®82 and
acquired resistance.’®® Consequently, they may be less susceptible to these undesirable
characteristics because they become covalently bound to kinases are now highly

topical. 187 We see a complementary potential here since conjugate 1 is actively
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imported into cells and the fluorescence is retained in cells for at least 24 h. These data
indicate that in conjugate 1 either dasatinib must be cleaved to be active, or 1 can inhibit
phosphorylation by SRC kinases, but less effectively than dasatinib itself. We think the
data in Figure V-5 indicating 1 has a greater effect on cell viability may be attributable to
the conjugate being retained in cells for longer than the parent inhibitor, perhaps
circumventing efflux mechanisms that expel dasatinib form the cells. It is also possible
that the inhibitor is more effective because the fluorophore directs it to the mitochondria.
An alternative explanation, that the conjugate has a greater effect on other kinases, seems
much less likely.

Conjugate 1 is based on near-IR dyes in the series A — C; these dyes are known to
localize in many different solid tumors (e.g. prostate,*® gastric,*® kidney,).
Consequently, research described in this paper highlights opportunities for testing
conjugates of other kinase inhibitors with tumor-targeting cyanine dyes in models for

other types of cancers.
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CHAPTER VI
OPTIMIZED HEPTAMETHINE CYANINES FOR PHOTODYNAMIC THERAPY

Introduction

Photodynamic therapy, PDT, relies on illumination of sensitizers absorbed in
tissue.>188.18% Appropriate sensitizers populate triplet excited states with long half-lives
(relative to singlet states), which therefore have time to react with endogenous oxygen.
That interaction transforms ubiquitous 30 into its extremely reactive singlet state.
Singlet oxygen destroys tissues via several oxidative mechanisms and this effect can be
used in various ways, including for cancer therapy.56:190:191

A significant attribute of PDT is that it is spatially targeted. This is because the
areas to be illuminated can be controlled, singlet oxygen can only be generated there, and
10, is so reactive that tissue damage is effectively confined in those regions (the half-life
of singlet oxygen in tissue has been estimated to be 3.5 us,'%1% hence its effects in PDT
are localized to within about 155 nm of the illuminated area).l®+1% Overall, these
combined effects widen the therapeutic window of PDT relative to agents that are not
targeted.

The main weakness of PDT is that light must permeate through tissue to excite the
sensitizers. At best, light only traverses through about 1 cm in tissue, so PDT is only

viable for destruction of cells on or near tissues accessible to surface illumination, or via

1%Reprinted with permission from “Optimized Heptamethine Cyanines For
Photodynamic Therapy” by Syed Muhammad Usama, Sopida Thavornpradit and Kevin
Burgess, ACS Appl. Bio Mater. 2018, 1, 1195-1205. DOI: 10.1021/acsabm.8b00414.
Copyright 2018 American Chemical Society.
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fiber-optic devices delivered through needles into deep tissue. In both cases, it is
necessary to treat around the area targeted in case there are outbreaks, e.g. tumor
growths, that were undetectable; in other words, to maintain a “negative margin” around
the legion. The optimal wavelength range for excitation of sensitizers in PDT is from
approximately 750 to around 850 nm. Tissue is relatively opaque to light of <750 nm
than to longer wavelengths (penetration of light wavelength 800 nm is twice that of light
630 nm),* whereas above 850 nm the quanta do not have enough energy to form singlet
oxygen.t¥’

Characteristics of ideal PDT sensitizers include: (i) strong absorption in the 750 —
850 nm range; (ii) high quantum vyield for singlet oxygen generation; (iii) low dark
cytotoxicity for the agent and its metabolites; (iv) photostability; (v) solubility in agqueous
media; and, (vi) an intrinsic tendency to localize in cancer cells over healthy ones. In our
view, and in the opinion of others,'®"1% the most limiting restriction on the available
hydrophilic PDT sensitizers is: (i) strong absorbance in the 750 — 850 nm range combined
with (ii) efficient generation of singlet oxygen. This assertion is supported by review of
sensitizers for PDT that are either FDA-approved (i.e. in the US; five total, Porfimer
sodium, ALA, MAL, HAL, BPD-MA), and/or those approved in other countries (three
total, mTHPC, NPe6, AlPcS4; Figure VI-1), all of which have absorption maxima well
below the desired 750 — 850 nm range {the aminovulinate derivatives (ALA, MAL, and
HAL) are transformed into porphyrins in situ, which have absorption maxima below the
desired range}. Studies that feature hydrophilic sensitizers that do not absorb strongly in
the 750 — 850 nm range are unlikely to improve upon the clinically approved substances,

despite the fact that the greatest potential for improvements in the area are associated
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with facilitating PDT for non-superficial tissue. There is some interest in modified
bacteriochlorins, a few of which do absorb above 750 nm.*18.200  However, the
efficiency of PDT sensitizers is directly related to the product of their extinction
coefficient and quantum vyield for singlet oxygen production, and even the most
promising bacteriochlorins have lesser values for both these parameters relative to the

heptamethine cyanine dyes considered here.

CO,Na COpNa | _

porfimer sodium, Photofrin®
I max 630 NM, €72 3000 Mt cm™?t

0
H,N WOH
0

5-aminolevulinic acid (ALA), Levulan®
I, 635 nm, €., 5000 Mt cm?

O

H,N o

O

methyl aminolevulinate (MAL), Metvix®
1,.,570-670 nm

Figure VI-1. Photosensitizers clinically approved for PDT treatment.
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hexaminolevulinate (HAL), Cysview®
l,.570-670 nm

benzoporphyrin derivative monoacid ring A (BPD-MA), Visudine®
l,..689 nm, e... 34,000 M1 cm1?

HO

OH

meta-tetra(hydroxyphenyl)chlorin (m-THPC), Foscan®
l,.,652 nm, e,.. 35,000 M1 cm?

Figure VI-1. Continued
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N-aspartyl chlorin e6 (NPe6), Laserphyrin®
l,.. 664 nm, e, 40,000 Mt cm?

‘O3S SOz

"03S

aluminium phthalocyanine tetrasulfonate (AlPcS4), Photosense®
l,. 676 nm, e,.. 200,000 M1 cm™

Figure VI-1. Continued.

Heptamethine cyanine (“Cy7”) dyes (A Figure VI-2) tend to absorb in the 750 —
850 nm range, but there has been relatively few reported attempts to modify them for use
in PDT.188201-208 Indocyanine green (ICG) is particularly relevant because it is FDA-
approved for optical imaging, but, typical of cyanines for PDT, it has an extremely low

quantum yield for singlet oxygen production (0.077).2%° Heptamethine cyanines B, with
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a six member carbocyclic ring, have increased rigidity, leading to increase in
fluorescence quantum yield and decrease in aggregation relative to the parent systems A.
Some systems containing framework B (without heavy atoms) can be photosensitizers,
but their quantum yields for singlet oxygen production are also low.>286210.211 | g patent,
iodinated systems B for PDT have been described, with no evidence that they were
actually made.  Another patent covered diiodinated indozalines specifically for
conversion into class A cyanine dyes for PDT, but no examples with type B systems were
reported. While this work was in progress, Callan and co-workers published on a
diiodinated Cy7 derivative that has a significantly higher efficiency for O,-production
than those mentioned previously (this compound is later numbered 2bb, see Figure VI-3

below for structure and explanation of numbering scheme in this paper).??

X =H,ClI, Br

when R! = R?; symmetrical cyanine
R! # RZ unsymmetrical cyanine

Figure VI-2. Basic structures of heptamethine cyanine dyes. A does not have a
cyclohexyl ring whereas B has it.
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Cyanines with different N-alkyl substituents are desirable because they facilitate
optimization for PDT effects (it is known the N-alkyl substituents can have an
influence).528:210211 However, unsymmetrical Cy7 analogs are significantly harder to
make than symmetrical ones. In fact, there are only a few experimental procedures for
making unsymmetrical cyanine dyes, and they are all small-scale, low-yielding
procedures.®%213 |t is therefore unsurprising that unsymmetrical Cy7 analogs for PDT are
at least rare, and indeed may not have been reported to date.

This manuscript reports syntheses of 10 new cyanine dyes to test for PDT.
Throughout, they retain some near-IR fluorescence properties (emission maxima around
780 nm) hence they are dual mode theranostics (for fluorescence detection of tumor
tissue locations, and for therapy). We show that these sensitizers also have properties
that are conducive to import into cancer cells. They include compounds that are
symmetrical and unsymmetrical, containing zero, one or two iodine atoms (hereafter
labeled with the numbers 0, 1, and 2). Photophysical properties of these compounds,
including quantum yields of singlet oxygen generation, have been measured and
compared to the literature standard mentioned above (2bb). Two Cy7 derivatives were
shown to be significantly more photocytotoxic than the others. These two particular
compounds were tracked via confocal microscopy to determine sites of localization in
cells, particularly in mitochondria since compounds that accumulate there can be
especially effective in cancer therapy.?'* Preferred cell uptake mechanisms for one of

these compounds were also established.
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Results and Discussion

Syntheses: Symmetrical cyanine dyes are typically prepared by double
condensation reactions (Scheme E-S1a), while the few protocols for unsymmetrical ones
available describe stepwise, different, conjugation processes (E-S1b). The problem with
the stepwise route is that the products tend to be contaminated by symmetrical impurities,
hence the yields of the isolated, pure unsymmetrical products tend to be low. Others
have noted that this difficulty is accentuated for type B cyanine dyes.?*® In this work it
was found to be a considerable advantage to perform the first condensation to give the
hemi-cyanines at 50 °C (a significantly lower temperature than used in published
procedures) then to purify via flash chromatography on silica. Using this modification, it
was possible to obtain gram amounts of pure (usually >95 % by analytical HPLC)
materials after preparative HPLC or MPLC on C18 reverse phase supports. The products
prepared are shown in Figure VI-3 where the numbers 0 — 2 denote the number of iodines
on the scaffold, and the suffixes describe the N-substituents. Of these, the iodinated

compounds are new except our “literature standard” 2bb.??

aa, bb, cc

Figure VI-3. Cyanines prepared in this work with zero, one or two iodines with different
side chains are notated 0,1 and 2 respectively. The synthesis of these compounds is
described in Appendix Figure E-S2- S4.
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aa, bb, ab, ac, bc aa, bb, cc, ab, ac, bc

where R! and R? are

a:}’f\/\/\cozH b= SN ~S03 o 2N

Figure VI-3. Continued.

Photophysical Properties: Rates of singlet oxygen production for the compounds
0 — 2 are shown in Figures E-Sla — c, respectively. There appears to be no correlation
between the polarities or acidities of the side-chain (a, b, and c¢) combinations and the
amounts of singlet oxygen produced. Figures E-S2a — c indicate there is a similar lack of
correlation for the photostabilities of these dyes, and, in any event, photostabilities did
not vary much with N-substitution (tw» between around 12 and 32 min), except compound
2bc was somewhat more resilient to excitation, especially over the early stages.

Singlet oxygen production and photostability data described above is summarized
with other photophysical data in Table VI-1. All the dyes absorb maximally between 794
and 812 nm and fluorescence with maxima in the range 811 — 827 nm. Their
fluorescence quantum vyields are low (0.044 — 0.095) but their high extinction coefficients
(ca 100,000 — 340,000) means these dyes are bright (brightness = quantum yield x
extinction coefficient, Table E-S2), as expected for Cy7 dyes. The data indicates that

compounds with a sulfonic acid in the N-substituent tend to have higher extinction
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coefficients, presumably due to increased water solubility and less aggregation in
aqueous media. Broadly speaking, compounds 2 tend to have higher quantum yields for
singlet oxygen production than 1, than 0, i.e. the most iodinated fluorophores produce the
most singlet oxygen, again as expected from heavy atom effects. The presence of two
iodines facilitates transitions between singlet and triplet states that would be forbidden in
simpler systems, and less facile in monoiodo-compounds. Singlet oxygen generation
increased by approximately four-fold on addition of first iodine and two-fold with the

addition of second iodine atom (average for compounds: 0, 0.091; 1, 0.370; 2, 0.689).216

compound R! R?  Aabs Aem Emax o2 0} i
1
(nm)  (hm)  (Micm?) (F02)

a a 79 815 235120  0.076 0.058
0 b b 812 827 340920 0.095 0.070

c 803 818 100080  0.077 0.144
a a 803 819 209480 0.071 0.379
b b 79 812 208600  0.072 0.347
1 a b 812 823 211800  0.069 0.272
a ¢ 803 819 199960  0.077 0.403
b ¢ 812 827 200240  0.071 0.449
a a 7% 811 229200 0.044 0.627
b b 812 825 252000 0.065 0.686
2 c ¢ 813 827 148360  0.047 0.591
a b 812 825 268560  0.063 0.790
a c¢ 803 816 180680  0.069 0.675
b c¢c 803 819 248960  0.062 0.767

Table VI-1. Spectroscopic properties of compound 0, 1, and 2 dissolved in PBS buffer
(pH 7.4).2 Fluorescence quantum yields vs ICG (® = 0.13 in DMSO) as a standard. °'O»
guantum yield measured using ICG (® = 0.077) as a reference.
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Cell Studies - Light and Dark Toxicities: Throughout, the photocytotoxicity
experiments described below were performed using inexpensive LEDs that generate a
light flux of only 2.28 Jlcm?. Choice of low-flux light sources was deliberate to
emphasize the effectiveness of the featured photosensitizers.

Compounds 2, i.e. the ones that afforded the most singlet oxygen when
illuminated, were incubated with HepG2 cells in the absence of light for 48 h to examine
viability under those conditions. In the event, there was little difference; all the
compounds had 1Cso values in the 7 — 23 uM range (Figure E-S3). However, differences
in the characteristics of the compounds became more prevalent in photocytotoxicity
experiments. Thus, HepG2 cells were incubated with compounds 2 for 1 h, washed, then
illuminated in fresh media at 780 nm (3.8 mW/cm? LED) for 10 min, incubated for 24 h,
then tested for viability (AlamarBlue). Throughout this paper, the Thor Lab LED780E
used has maximum absorbance around 780+10 nm, which covers the maximum
wavelengths for most of the synthesized compounds. Figure VI-4 shows data for
compounds 2 organized from least to most photocytotoxic. All the compounds were
significantly more photocytotoxic (red bars) than dark controls (blue bars) in which the
illumination step was omitted. The di-n-propyl compound 2cc, was less photocytotoxic
than the known, disulfonic acid, sensitizer 2bb, but all the others were more so. The
following observation is to compare the best (2ac) with the standard (2bb): more than 50
% of the cells remained in the experiments featuring treatment with 2bb at 10 uM, but
under the same conditions 2ac (sulfonic acid and propyl N-substituents) killed almost all

of the cells. At 6 uM, 2ac killed more than half the cells in this assay.
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Figure VI-4. Light and dark cytotoxicity of compounds: a, 2cc; b, bb; c, aa; d, ab; e, bc;
and f, ac determined after irradiation under 780 nm LED or kept in dark as control (see
text for details).

Localization of the Sensitizers in Cancer Cell: Confocal microscopy experiments

were undertaken to visualize favored organelles for accumulation of the two most
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photocytotoxic of the featured sensitizers: i.e. 2ac and 2bc. Both dyes readily permeated
into HepG2 cells. Both 2ac and 2bc colocalized to some degree with LysoTracker green,
and much more with MitoTracker green (Figures VI-5 and VI-6, respectively). In fact,
similar localization studies were performed for all the series 2 compounds reported in this
paper. All of them accumulated mostly in the mitochondria and less in the lysosome,
with the exception of the control 2bb, which was found mostly in the lysosome and less
in the mitochondria (Figure E-S4). This observation is consistent with the greater

positive charges of these particular sensitizers in the series.

nucleus

Figure VI-5. Confocal imaging of 2ac with a MitoTracker Green (Pearson’s R value:
0.70); and b LysoTracker Green (0.68). 2ac internalized more in mitochondria than
lysosome.
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Figure VI-5. Continued

nucleus nucleus

Figure VI-6. Confocal imaging of 2bc with a MitoTracker Green (Pearson’s R value:
0.89); and b LysoTracker Green (0.54). 2bc internalized more in mitochondria than
lysosome.



mitochondria

Figure VI1-6. Continued.

Some class B dyes are known to localize in solid tumor tissue (e.g. prostate,*®
gastric,*® kidney,*® lung,%?and glioblastoma,>*%¢ and in liver tumor tissues®) but not in
normal cells and tissue.®®26-8894  Evidence from several studies suggest this is because
those particular fluorophores are uptaken by the organic anion transporter proteins

(OATPs).>** These OATP cell surface receptors are overexpressed on solid tumors;
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their natural function is to influx organic anions (and some neutral materials) that are
important to cells (e.g. bile salts, steroids, bilirubin, and thyroid hormones), and, to
balance this ion influx, OATP receptors efflux intracellular bicarbonate, glutathione, and
glutathione adducts. We inferred that OATP-mediated uptake of the iodinated dyes in
series 2 imparts the potential for enhanced tumor uptake over healthy tissues that do not
express these receptors. Consequently, a series of fluorescence studies were undertaken
to establish a mechanism of uptake of 2ac into HepG2 cells (Figure VI-7).

Figure VI-7 compares the fluorescence uptake by HepG2 cells treated with 2ac
alone (i.e. no blocking, Figure VI-7a), with the fluorescence when the same cell type but
treated first with a pan-inhibitor OATPs (there are several sub-types within this category,
but the inhibitor is believed to inhibit all; Figure VI-7b),>** and finally (Figure VI-7c)
with HepG2 cells treated with an agent to induce hypoxia and therefore to promote
expression of HIF1a leading to enhance expression of OATPs.**% Data in Figure VI-7
shows there is less uptake of 2ac when the OATPs are inhibited, and more when their

overexpression is enhanced (quantification is provided in Appendix Figure E-S5).

b OATPs blocked

Figure VI-7. Uptake of 2ac under: a normal conditions; b blocked by a pan-OATP
inhibitor BSP (bromosulfophthalein); and, ¢ under hypoxia conditions induced by
DMOG (dimethyloxalylglycine). Scale bar 275 um.
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OATPs upregulated

Figure VI-7. Continued

Derivatives of the parent cyanine dyes that are too lipo- or hydrophilic tend not to
localize in tumor tissue. Calculations physiochemical properties were performed using
Marvin (17.21.0, ChemAxon; supporting Table E-S1) to examine if substitution of iodine
atoms on to the cyanine framework impacts these types of properties. Relative to the
non-iodinated cyanines 0, the mono- and di-iodinated ones 1 and 2 had insignificant
differences in calculated polar surface areas. Addition of one then another iodines (from
0 to 1 to 2) somewhat increased the calculated LogP and LogD values for the compounds,
but only by around one or two log units, i.e. probably not enough to cause significant
changes in their pharmacokinetic properties. LogD (and LogP) data are important
because others have singled this out as important for biodistribution of Cy7 derivatives.*2
Callan’s sensitizer, 2bb, has no convenient function groups to facilitate its conjugation to
biomolecules or other fragments to expand theranostic modalities, except displacement of
the meso chloride via Srnl or SNAr mechanisms. Consequently, we were curious to

probe the effects of substituting that same chloride with nitrogen, oxygen, and sulfur
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nucleophiles, hence three test compounds were made (See supporting) giving compounds

3bb, 4bb, and 5bb (Table VI1-2).

3bb 4bb 5bb
compound Aabs Aem d

(hm)  (m)  (‘02)°

2bb 812 825 0.686

3bb 793 816 0.382
4bb 667 800 -

5bb 820 832 0.298

Table VI-2. Absorption and emission maxima of the meso-substituted compounds 3bb —
5bb (synthesis described in Supporting Figure E-S5), and quantum yields for singlet
oxygen generation. ® 10, quantum yield measured using ICG (® = 0.077) as a reference.
Table VI-2 shows that the absorption and emission maxima of the N-substituted
compound 4bb is blue-shifted relative to 2bb by 145 nm, whereas the O- and S-
substituted ones were much less affected by this change. These observations are

consistent with literature reports on the structurally similar, but non-iodinated,

cyanines.*?81  Unfortunately, we were not able to make a true comparison of quantum
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yields for singlet oxygen production because the LED we used (780 nm) was appropriate
for excitation of 2bb and the O- and S-substituted compounds 3bb and 5bb, but gave
effectively no excitation of the “blue-shifted sensitizer” 4bb.  However, these
experiments do show the quantum vyields of singlet oxygen production for O- and S-

substituted compounds 3bb and 5bb were approximately half that of 2bb.

Conclusions

Callan et al reported the first near-IR cyanine sensitizer in the open literature; this
was a milestone in the area, and the work reported here builds on those studies. Thus, a
slight refinement of literature syntheses of unsymmetrical cyanines facilitated preparation
and studies of the series 0, 1, and 2 molecules, some of which might not have been
conveniently accessible otherwise. The only iodinated compound in series 1 and 2 that
has been reported in the open literature prior to this work was 2bb.

Most of the new compounds featured here in series 2 (specifically: aa, ab, ac, and
bc) were more photocytotoxic than the literature control 2bb. Moreover, unlike 2bb, the
novel sensitizers accumulated in the mitochondria. Mitochondria targeting is particularly
important for PDT in cancer, because where sensitizers accumulate is of comparable
importance to the number of reactive oxygen species it produces. Targeting mitochondria
makes cells particularly sensitive to PDT,%2!* so this tends to explain why most of the
compounds in series 2 were more photocytotoxic than 2bb. The observation that 2bb
localized in the lysosome, in preference to the mitochondria, might correlate with the
observation that this compound is uniquely has two sulfonates making it the most

hydrophilic member of series 2. Consistent with this, the parent disulfonate dye with no
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iodines, Obb also accumulates mostly in the lysosomes. However, mitochondria targeting
in not the only factor involved. Compound 2cc also localized at mitochondria, but it was
one of the least potent photosensitizers in series 2. We suggest the explanation for this is
that more of this relatively hydrophilic dye is retained in the membrane, and this is not
accounted for in relative colocalization studies that only consider the dye inside the cell.
Finally, uptake of photosensitizers via over-expressed OATPs is potentially useful
for targeting PDT agents, most of which have a dual function, i.e. they are theranostics
for, imaging and therapy. Parenthetically, we note that 2bb is less suitable for
conjugation to other agents than the novel member of series 2 that have a carboxylic acid
side-chain(s) (denoted a). In other words, 2bb is not amenable to the typical mode of
conjugation of fluorescent dyes to biomolecules (e.g. mAbs) via amide bond coupling,
but the compounds developed here are. Data in Table VI-2 shows that conjugation by
meso-substitution would be possible, but the absorption maxima would be blue-shifted
for secondary amine nucleophiles (c.f. 4bb), and if S- and O-nucleophiles were used (c.f.
3bb and 5bb) researchers could anticipate that singlet oxygen production would be cut by

around 50%.
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CHAPTER VII
CONCLUSIONS

This dissertation featured theranostic agents for cancer. A small molecule
targeting TrkC receptors on metastatic breast cancer was conjugated with zwitterionic
cyanine dye for deep tumor imaging. Zwitterionic cyanine dye was selected because of
their net neutral charge which helps clearance out of the body quickly without getting
stuck in the organs. Moreover, this dissertation discusses an innovative one step method
to specifically label cysteines with near-infrared dyes on proteins. As a proof of concept,
this procedure was applied to label several proteins containing free cysteines e.g. human
serum albumin (HSA) vimentin, NAE, PCSK9 etc. Thus, proving our methodology is
easy, simple, precise and eliminates use of tedious multistep procedures. In addition to
this, the work on displacing meso-Cl with cysteines helped in deciphering the mechanism
behind long tumor retention time associated with tumor-targeted cyanine dyes. It also
sheds lights on the importance of meso-Cl of cyanine dyes and its reactivity with HSA.
Later on, these dyes were conjugated with dasatinib, SRC promiscuous kinase inhibitor,
to specifically deliver dasatinib to cancer cells. This targeted delivery helped in
increasing the therapeutic effect of the conjugate. Furthermore, heavy atom (iodine) was
incorporated into these targeted cyanines to extract photodynamic therapy (PDT) in near-
infrared region. A library of photosensitizers was synthesized that showed good
photophysical properties and high singlet oxygen quantum vyields. This dye showed in

vitro photocytotoxicity with negligible dark toxicity.
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APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER II
General Experimental Procedures: All reactions were carried out under an inert
atmosphere (nitrogen or argon where stated) with dry solvents under anhydrous
conditions. Glassware for anhydrous reactions was dried in an oven at 140 °C for
minimum 6 h prior to use. Dry solvents were obtained by passing the previously degassed
solvents through activated alumina columns. Yields refer to chromatographically and
spectroscopically (1H-NMR) homogeneous materials, unless otherwise stated. Reagents
were purchased at a high commercial quality (typically 97 % or higher) and used without
further purification, unless otherwise stated. Analytical thin layer chromatography (TLC)
was carried out on Merck silica gel plates with QF-254 indicator and visualized by UV.
Flash column chromatography was performed using silica gel 60 (Silicycle, 230-400
mesh). *H and 3C spectra were recorded on a 400 MHz spectrometer and were calibrated
using residual non-deuterated solvent as an internal reference. Detailed synthesis
information is provided in supporting materials. The abbreviations or combinations in the
supporting materials thereof were used to explain the multiplicities: s = singlet, d =
doublet, t = triplet, g = quartet, m = multiplet, dd = doublet of doublet, ddd = doublet of

doublet of doublets.
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In-Vitro Assays: NIH3T3-WT cells (from American Type Culture Collection) were
cultured on 75 cm? culture flasks in Dulbecco’s Modified Eagle Medium/nutrient mixture
F-12 (DMEM/F12, Sigma Chemical, St. Louis, MO) supplemented with 10 % FBS.
NIH3T3-TrkC cells were obtained and cultured. Cells were cultured in a humidified

incubator at 37 °C with 5 % CO2 and 95 % air.

Fluorescence Microscopy: Intracellular localization of the NIH3T3 cells was measured
using Olympus Fluoview FV1000. The images were taken at 60x/1.20 water immersed
objective. Lysosome, Mitochondria and Nucleus were stained using Lysotracker Green
DND 26, Mitotracker Green FM and, NucBlue respectively were bought from Life
Technologies. 488 nm laser was used for green channel, 405 nm laser was used for
nucleus and 633 nm laser was used for compound 1 and 2. Rest of the fluorescence

images were taken using Evos FL Imaging System (Thermofisher) at 10x/0.4.

Intracellular localization: Briefly, 50,000 cells were seeded on 4 well chambers (Nunc
Lab-Tek) and allowed to adhere overnight. The cells were incubated with 20 puM of
compound 1 and 2 for 30 mins, washed twice with PBS, incubated with organelle stains
according to manufacturer’s instructions. The cells were washed twice again and stained

with NucBlue for 10 mins
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Histology on patient’s tissues: Slide of human malignant melanoma tissue microarray
(BR243w) was purchased from US Biomax, Inc., the array includes 13 cases of
malignant melanoma and 12 cases of adjacent normal cells. The slide was transferred to a
xylene bath for 10 min and then rehydrated in two changes of fresh absolute ethanol for 7
min each. Excess liquid was shaken off and the slide was incubated in fresh 90%, 70 %
ethanol then water for 7 min each. The slide was washed in two changed of PBS for 5
min each, then incubated with PBS containing 4 % BSA for 30 min. The tissues were
rinsed with PBS and incubated again in two changed of PBS for 5 min each. Compound 1
solution in 4 % PBS/BSA was added to the slide and incubated overnight at 4 °C. The
slide was rinsed twice in PBS, then in water (10 min each). Then the slide contained 1
was mounted in permanent mounting media with DAPI (Vector) and incubated at 4 °C
for 4 h. The tissues were imaged with an Evos FL Imaging System. Throughout, digital
images were captured with a 20x/ 0.45 excitation at 730 nm for 1 and 405 nm for DAPI.

Animal model: Murine breast cancer 4T1 cells were obtained from American Type
Culture Collection and cultured as protocol suggested, i.e. in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37 °C in
humidified atmosphere with 5% CO. Upon 80% confluence, cells were collected and
suspended into PBS, and then subcutaneously injected into 6 weeks BALB/c nu/nu
mouse (Charles River) at 2 x 10° cells per 100 uL per mouse. Then mice were fed for two
weeks to allow tumor growth reaching to 8-10 mm for the imaging study. Animals were
handled according to a protocol approved by Houston Methodist Research Institute

Animal Care and Use Committee.
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In vivo and ex vivo fluorescence imaging: The fluorescence imaging was performed
using IV1S200 imaging system, and quantified the ROI study by Living Imaging software
(Xenogen, CA). Excitation and emission filters were set at 745 nm and 800 nm,
respectively, for imaging acquisition. For injection, the synthesized agent was firstly
prepared as 1 mM stock solution in DMSO, and then diluted into 10 nmol per 100 pL in
PBS for each mouse. Upon intravenous injection via tail vein, the mice (3 per group)
were anesthetized to allow imaging acquisition accomplished. As to ex vivo imaging,
mice (3 per group) were euthanized as animal protocol described at various time points
after injection of the targeting agent, and internal organs (i.e. heart, lung, liver, kidney,
spleen, gestrointestine, tumor, muscle, brain, spinal cord) were collected for ex vivo
imaging acquisition. Upon the imaging acquisition, ROI analysis and quantification of
the fluorescence signals were performed with Living Imaging software.

All reactions were carried out under an argon atmosphere. Reagents were purchased
at a high commercial quality (typically 97 % or higher) and used without further
purification, unless otherwise stated. High field NMR spectra were recorded with Bruker
Avance |11 at 400 MHz for *H, and 100 MHz for *3C and were calibrated using residual
non-deuterated solvent as an internal reference (CDCls: *H NMR = 7.24, 3C NMR =
77.0, MeOD: *H NMR = 3.30, 3C NMR = 49.0, DMSO-ds: *H NMR = 2.50, 1*C NMR =
39.5). The following abbreviations were used to explain the multiplicities: s = singlet, d =
doublet, t = triplet, g = quartet, quint = quintet, dd = double doublet, dt = double triplet,
dg = double quartet, m = multiplet, br = broad. Electrospray ionization mass
spectrometry (ESI-MS) data were collected on triple-stage quadrupole instrument in a

positive mode. Flash chromatography was performed using silica gel (230-400 mesh).
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LC-MS analyses were collected from Agilent 1260 Infinity Quaternary LC and Agilent
6120 Quadrupole LC/MS modules using Poroshell 120 EC-C18 2.7 uM (4.6 x 50 mm)
column in 5-95% CHsCN/water gradient with 0.1% formic acid over 10 minutes. Prep
HPLC was performed on Agilent 1260 Infinity in 50-90 CH3CN/water gradient with
0.1% TFA over 20 mins. All statistical analyses were carried out by Graphpad Prism

version 6.0 (Graphpad Software

General Experimental Procedures

Synthesis of 1 and 2
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Scheme A-S1. Synthesis of IY-1Y Fragment (C)
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(i) BOP, Et;N, DMSO
12h, 25 °C
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(ii) TFA: DCM
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Scheme A-S2. Synthesis of 1
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Scheme A-S4. Synthesis of 2

'BuO

O'Bu
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Synthesis Procedure

Synthesis of C:

Compound 4, 7 8, 11 were synthesized according to previous procedure?.

Synthesis of tert-butyl (2-(2-(2-((4,6-dichloro-1,3,5-triazin-2-
yl)amino)ethoxy)ethoxy)ethyl)carbamate (3)

At 0 °C, N-Boc- 2,2'-(ethylenedioxy)diethylamine (218.5 mg) and cynuric chloride
(162.1 mg) were added together followed by DIPEA (306.5 uL) and stirred for 1 hr.
Progress of reaction was monitored by TLC. After completion of reaction, the solvent
was revomed under vacuum. The crude was taken to next step without further
purification.

LRMS (ESI-) m/z calcd for C14H23CI2NsO4 (M+H)* 396.1; found 396.7

Synthesis of tert-butyl (2-(2-(2-((4,6-bis(4-((S)-2-azido-3-(4-
hydroxyphenyl)propanoyl)piperazin-1-yl)-1,3,5-triazin-2-
yl)amino)ethoxy)ethoxy)ethyl)carbamate (5)

3 (0.88, 348.48), 4 (586.1 mg) and K2COs (364.8 mg) were add together in DMSO
(10mL) and stirred at room temperature for 24 h. . Progress of reaction was monitored by
TLC. After completion of reaction, the solvent was removed. The crude was taken to next
step without further purification.

LRMS (ESI+) m/z calcd for C40HssN1s0s (M+H)* 874.4; found 874.4
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Synthesis  of  (2S,2'S)-1,1'-((6-((2-(2-(2-aminoethoxy)ethoxy)ethyl)amino)-1,3,5-
triazine-2,4-diyl)bis(piperazine-4,1-diyl))bis(2-azido-3-(4-hydroxyphenyl)propan-1-
one) (6)

TFA:DCM (1:1, 10 mL) was added to crude 5 and stirred for 1.5 h. Progress of reaction
was monitored by TLC. After completion of reaction, the solvent was removed.

LRMS (ESI+) m/z calcd for CssHa7N1506 (M+H)* 774.3; found 774.4.

Synthesis of di-tert-butyl ((1S,1'S,2S,2'S)-(((2S,2'S)-((6-((2-(2-(2-
aminoethoxy)ethoxy)ethyl)amino)-1,3,5-triazine-2,4-diyl)bis(piperazine-4,1-
diyl))bis(3-(4-hydroxyphenyl)-1-oxopropane-1,2-diyl))bis(1H-1,2,3-triazole-1,4-
diyl))bis(2-methylbutane-1,1-diyl))dicarbamate (C)

Under inert atmosphere 6 (680.24 mg) and 7 (223.1 mg) were dissolved in tBuOH:H.0O
(1:1, 5 mL), followed by CuSO4 (44 mg) and Na ascorbate (139.46 mg). The reaction was
stirred for 24 hrs at room temperature. The solvent was removed and the crude was
purified by prep HPLC (280 mg, 32%).

'H NMR (400 MHz, MeOD) § 8.00 (s, 2H), 7.03 (d, J = 8.4 Hz, 4H), 6.70 (dd, J = 8.4,
3.7 Hz, 4H), 6.07 (t, J = 7.7 Hz, 2H), 3.69 (qd, J = 10.5, 4.5 Hz, 18H), 3.56 — 3.38 (m,
7H), 3.14 (d, J = 4.9 Hz, 2H), 1.90 — 1.77 (m, 2H), 1.44 (d, J = 4.3 Hz, 18H), 1.10 (ddd, J
=35.2, 14.8, 7.4 Hz, 2H), 0.96 — 0.85 (m, 7H), 0.81 (d, J = 6.8 Hz, 5H).

13C NMR (101 MHz, MeOD) § 167.03, 156.74, 156.52, 156.39, 148.46, 130.19, 125.67,
121.69, 117.68, 115.15, 114.79, 78.99, 69.96, 69.95, 68.54, 66.50, 60.55, 51.88, 44.90,
43.30, 41.69, 40.38, 39.26, 39.08, 37.61, 27.79, 27.38, 25.72, 24.87, 14.57, 13.75, 10.40,

10.23.
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HRMS (ESI+) m/z calcd for CsoHgsN17O10 (M+H)* 1196.6978; found 1196.6959.

Synthesis of 10

Synthesis of tert-butyl (2-(2-(2-((4,6-bis(4-((2R,3R)-2-azido-3-
methylpentanoyl)piperazin-1-yl)-1,3,5-triazin-2-
yhamino)ethoxy)ethoxy)ethyl)carbamate (9)

1 (645.48 mg), 8 (881.35 mg) and K>COz (675.79 mg) were add together in DMSO (10
mL)and stirred at room temperature for 24h. . Progress of reaction was monitored by
TLC. After completion of reaction, the solvent was removed. The crude was taken to next
step without further purification.

LRMS (ESI+) m/z calcd for CasHsoN150s (M+H)* 774.4; found 774.4

Synthesis of (2R,2'R,3R,3'R)-1,1'-((6-((2-(2-(2-aminoethoxy)ethoxy)ethyl)amino)-
1,3,5-triazine-2,4-diyl)bis(piperazine-4,1-diyl))bis(2-azido-3-methylpentan-1-one)
(10)

TFA:DCM (1:1, 10 mL) was added to crude 9 and stirred for 1.5 h. Progress of reaction
was monitored by TLC. After completion of reaction, the solvent was removed.

LRMS (ESI+) m/z calcd for C29Hs1N1504 (M+H)* 674.4; found 674.4.

Synthesis of di-tert-butyl ((1S,1'9)-(((2R,2'R,3R,3'R)-((6-((2-(2-(2-
aminoethoxy)ethoxy)ethyl)amino)-1,3,5-triazine-2,4-diyl)bis(piperazine-4,1-
diyl))bis(3-methyl-1-oxopentane-1,2-diyl))bis(1H-1,2,3-triazole-1,4-diyl))bis(2-(4-

(tert-butoxy)phenyl)ethane-1,1-diyl))dicarbamate (12)
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Under inert atmosphere 10 (771.73 mg) and 11 (452.3 mg) were dissolved in tBuOH:H>0O
(1:1, 5 mL), followed by CuSO4 (57.5 mg) and Na ascorbate (184.24 mg). The reaction
was stirred for 24 hrs at room temperature. The solvent was removed and the crude was
purified by prep HPLC (560 mg, 55%).

IH-NMR (400 MHz, D;0:CD3CN (7:3)) & 7.88 (s, 2H), 7.08 (d, J = 8.4 Hz, 4H), 6.85 (d,
J =8.4 Hz, 4H), 5.62 (d, J = 10.2 Hz, 2H), 5.02 (t, J = 7.3 Hz, 3H), 4.06 (s, 3H), 3.89 (s,
7H), 3.72 — 3.59 (m, 10H), 3.56 (s, 4H), 3.33 (dt, J = 3.3, 1.6 Hz, 4H), 3.21 — 3.09 (m,
4H), 3.08 — 2.98 (m, 1H), 2.40 (d, J = 3.6 Hz, 2H), 1.38 (s, 20H), 1.29 (s, 18H), 1.04 (d, J
= 6.6 Hz, 10H), 0.88 (d, J = 7.0 Hz, 5H).

13C-NMR (101 MHz, D,O:CDsCN (7:3)) 7.88, 7.09, 7.07, 6.86, 6.84, 5.63, 5.60, 5.04,
5.02, 5.00, 4.06, 3.89, 3.74, 3.73, 3.71, 3.70, 3.68, 3.56, 3.34, 3.33, 3.33, 3.33, 3.32, 3.20,
3.19, 3.17, 3.15, 3.15, 3.13, 3.09, 3.07, 3.06, 3.04, 1.38, 1.29, 1.05, 1.03, 0.89, 0.87.
HRMS (ESI+) m/z calcd for Ce7H10sN17010 (M+H)* 1308.8230; found 1308.8259
Synthesis of 1 and 2:

Synthesis of D was done as reported in literature?.

IH NMR (400 MHz, D20) & 8.52 (d, J = 7.8 Hz, 2H), 8.30 (d, J = 8.2 Hz, 1H), 8.17 (d, J
= 8.2 Hz, 1H), 8.00 (d, J = 8.2 Hz, 3H), 7.94 (s, 2H), 7.49 (s, 1H), 7.35 (s, 3H), 6.43 (s,
1H), 4.19 (s, 4H), 3.71 — 3.62 (m, 4H), 3.35 (s, 21H), 2.99 (d, J = 19.6 Hz, 3H), 2.50 —
2.33 (m, 6H), 1.32 (s, 12H)

13C NMR (101 MHz, D20) & 172.78, 169.04, 149.06, 143.47, 140.99, 134.31, 133.45,
130.90, 130.42, 129.89, 129.11, 127.29, 120.08, 119.28, 110.87, 101.17, 63.35, 53.40,
48.78, 40.84, 27.22, 24.61, 21.08

LRMS (ESI+) m/z calcd for Ca9He3N4OsS2" 899.4; found 900.6.
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Synthesis of  2-((E)-2-((E)-4'-((2-(2-(2-((4,6-bis(4-((S)-2-(4-((1S,2S)-1-amino-2-
methylbutyl)-1H-1,2,3-triazol-1-yl)-3-(4-hydroxyphenyl)propanoyl)piperazin-1-yl)-
1,3,5-triazin-2-yl)amino)ethoxy)ethoxy)ethyl)carbamoyl)-6-(2-((E)-3,3-dimethyl-5-
sulfonato-1-(3-(trimethylammonio)propyl)indolin-2-ylidene)ethylidene)-3,4,5,6-
tetrahydro-[1,1'-biphenyl]-2-yl)vinyl)-3,3-dimethyl-1-(3-
(trimethylammonio)propyl)-3H-indol-1-ium-5-sulfonate (1)

BOP (22 mg), C (38 mg), D (30 mg) EtsN were added in 1 mL DMSO and stirred for 12
hr. After removal of DMSQO. The crude was cooled on ice for 10 mins. TFA:DCM (1:1, 1
mL) was added to the mixture and stirred for 1 hr. Solvent was removed on vacuum and
purified by reverse phase prep HPLC. (40 mg, 60%).

IH-NMR (400 MHz, D20:CD3CN (7:3)) & 8.43 (d, J = 15.4 Hz, 3H), 8.28 (d, J = 8.7 Hz,
2H), 8.15 — 8.03 (m, 3H), 7.90 — 7.82 (m, 3H), 7.62 — 7.39 (m, 6H), 7.29 (d, J = 8.2 Hz,
6H), 6.97 (s, 5H), 6.37 (d, J = 44.0 Hz, 5H), 3.72 (tdd, J = 31.9, 20.7, 11.9 Hz, 34H), 3.31
(s, 18H), 2.91 (s, 3H), 2.66 (s, 2H), 2.42 (s, 4H), 2.28 — 2.17 (m, 7H), 2.05 — 1.80 (m,
6H), 1.68 (s, 3H), 1.54 (dt, J = 19.4, 7.8 Hz, 10H), 1.34 (s, 12H), 1.13 (s, 7H), 1.04 (d, J
= 6.2 Hz, 10H).

13C-NMR (101 MHz, D,O:CDsCN (7:3)) & 185.11, 168.45, 167.65, 162.80, 162.46,
162.11, 161.76, 155.88, 155.46, 153.79, 146.04, 144.08, 142.16, 141.98, 130.93, 129.71,
127.81, 127.19, 126.14, 124.39, 121.18, 118.27, 115.86, 115.36, 114.84, 112.78, 112.46,
110.79, 63.41, 62.75, 61.21, 53.51, 53.34, 51.76, 48.80, 43.33, 40.86, 39.91, 39.20, 37.53,
37.39, 28.88, 27.22, 26.12, 25.81, 25.45, 24.67, 22.33, 21.06, 14.60, 13.65, 10.59, 10.32.

HRMS (ESI+) m/z caled for Ce7H10sN17010 (M+H)* 1876.9906; found (M/2+H)+
938.9998
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Synthesis of  2-((E)-2-((E)-4"-((2-(2-(2-((4,6-bis(4-((2R,3R)-2-(4-((S)-1-amino-2-(4-
hydroxyphenyl)ethyl)-1H-1,2,3-triazol-1-yl)-3-methylpentanoyl)piperazin-1-yl)-
1,3,5-triazin-2-yl)amino)ethoxy)ethoxy)ethyl)carbamoyl)-6-(2-((E)-3,3-dimethyl-5-
sulfonato-1-(3-(trimethylammonio)propyl)indolin-2-ylidene)ethylidene)-3,4,5,6-
tetrahydro-[1,1'-biphenyl]-2-yl)vinyl)-3,3-dimethyl-1-(3-
(trimethylammonio)propyl)-3H-indol-1-ium-5-sulfonate (2)

BOP (21.67 mg) , 12 (86.32 mg), D (30 mg) EtsN (6.83 uL) were added in 1 mL DMSO
and stirred for 12 hr. After removal of DMSO. The crude was cooled on ice for 10 mins.
TFA:DCM (1:1, 1 mL) was added to the mixture and stirred for 1 hr. Solvent was
removed on vacuum and purified by reverse phase prep HPLC (35 mg, 56%).

IH NMR (400 MHz, D20:CDsCN (7:3)) 6 8.51 — 8.32 (m, 5H), 8.15 (dd, J = 33.1, 12.0
Hz, 3H), 8.03 (d, J = 16.6 Hz, 2H), 7.87 (s, 1H), 7.81 — 7.71 (m, 2H), 7.67 (s, 1H), 7.50
(s, 2H), 6.98 (d, J = 8.2 Hz, 5H), 6.72 (d, J = 14.7 Hz, 1H), 6.52 (d, J = 13.8 Hz, 1H),
5.89 (s, 2H), 5.12 (dd, J = 10.2, 5.5 Hz, 3H), 4.45 (d, J = 7.1 Hz, 2H), 4.25 (s, 3H), 4.14 —
3.81 (m, 30H), 3.83 — 3.68 (m, 6H), 3.66 (dd, J = 13.6, 5.4 Hz, 4H), 3.49 (dd, J = 25.1,
12.0 Hz, 5H), 3.47 — 3.37 (m, 18H), 3.35 — 3.25 (m, 4H), 3.28 (d, J = 6.3 Hz, 2H), 3.14
(s, 1H), 3.02 (s, 2H), 2.74 — 2.43 (m, 7H), 2.39 — 2.27 (m, 6H), 1.67 (d, J = 19.9 Hz, 2H),
1.64 — 1.57 (m, 3H), 1.54 (dd, J = 20.1, 10.0 Hz, 3H), 1.46 (d, J = 5.9 Hz, 6H), 1.36 (d, J
=17.5 Hz, 2H), 1.24 (dd, J = 19.6, 6.9 Hz, 13H), 1.11 — 1.01 (m, 5H).

13C NMR (101 MHz, D,0:CD3sCN (7:3)) & 168.84, 167.56, 162.53, 162.18, 161.83,
161.48, 155.98, 155.66, 143.41, 141.92, 130.92, 129.60, 129.39, 128.02, 127.31, 126.56,

12412, 121.21, 120.22, 115.75, 115.40, 112.49, 107.09, 70.10, 69.46, 68.78, 64.09,
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63.50, 53.57, 53.44, 50.12, 49.43, 48.73, 44.04, 43.56, 40.60, 40.05, 37.92, 37.76, 27.37,
27.27, 27.03, 26.38, 24.44, 22.75, 21.19, 17.50, 14.95, 12.37, 10.26.

HRMS (ESI+) m/z caled for Ce7Hi0sN17010 (M+H)™ 1876.9906; found (M/2+H)+
938.9980
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Compound Characterization

2-((E)-2-((E)-4'-carboxy-6-(2-((E)-3,3-dimethyl-5-sulfonato-1-(3-
(trimethylammonio)propyl)indolin-2-ylidene)ethylidene)-3,4,5,6-tetrahydro-[1,1"-
biphenyl]-2-yl)vinyl)-3,3-dimethyl-1-(3-(trimethylammonio)propyl)-3H-indol-1-ium-

5-sulfonate (D)

'H NMR (deuterium oxide:acetonitrile-ds)

483 2R B % REERENM H8 ITH
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13C (deuterium oxide:acetonitrile-ds)
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di-tert-butyl ((1S,1'S,2S,2'S)-(((2S,2'S)-((6-((2-(2-(2-
aminoethoxy)ethoxy)ethyl)amino)-1,3,5-triazine-2,4-diyl)bis(piperazine-4,1-
diyl))bis(3-(4-hydroxyphenyl)-1-oxopropane-1,2-diyl))bis(1H-1,2,3-triazole-1,4-

diyl))bis(2-methylbutane-1,1-diyl))dicarbamate (C)

jj:_iso ocHN//Z/\

N
N N o
o
\r
NH
i\;
) NH,
H NMR (methanol-d4)

5 110 105 100 95 S0 85 80 75 70 65 60 H(SS . 50 45 40 35 30 25 20 15 10 05 00 0
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13C NMR (methanol-ds)
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135 DEPT (methanol-da)
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2-((E)-2-((E)-4"-((2-(2-(2-((4,6-bis(4-((S)-2-(4-((1S,2S)-1-amino-2-methylbutyl)-1H-
1,2,3-triazol-1-yl)-3-(4-hydroxyphenyl)propanoyl)piperazin-1-yl)-1,3,5-triazin-2-
yl)amino)ethoxy)ethoxy)ethyl)carbamoyl)-6-(2-((E)-3,3-dimethyl-5-sulfonato-1-(3-
(trimethylammonio)propyl)indolin-2-ylidene)ethylidene)-3,4,5,6-tetrahydro-[1,1"-
biphenyl]-2-yl)vinyl)-3,3-dimethyl-1-(3-(trimethylammonio)propyl)-3H-indol-1-ium-

5-sulfonate (1)
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13C NMR (deuterium oxide:acetonitrile-da)
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di-tert-butyl

((1S,1'S)-(((2R,2'R,3R,3'R)-((6-((2-(2-(2-

aminoethoxy)ethoxy)ethyl)amino)-1,3,5-triazine-2,4-diyl)bis(piperazine-4,1-

diyl))bis(3-methyl-1-oxopentane-1,2-diyl))bis(1H-1,2,3-triazole-1,4-diyl))bis(2-(4-

(tert-butoxy)phenyl)ethane-1,1-diyl))dicarbamate (12)

O'Bu
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'H (methanol-da)
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13C (methanol-da)
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135 DEPT (methanol-da)
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2-((E)-2-((E)-4"-((2-(2-(2-((4,6-bis(4-((2R,3R)-2-(4-((S)-1-amino-2-(4-
hydroxyphenyl)ethyl)-1H-1,2,3-triazol-1-yl)-3-methylpentanoyl)piperazin-1-yl)-
1,3,5-triazin-2-yl)amino)ethoxy)ethoxy)ethyl)carbamoyl)-6-(2-((E)-3,3-dimethyl-5-
sulfonato-1-(3-(trimethylammonio)propyl)indolin-2-ylidene)ethylidene)-3,4,5,6-
tetrahydro-[1,1'-biphenyl]-2-yl)vinyl)-3,3-dimethyl-1-(3-

(trimethylammonio)propyl)-3H-indol-1-ium-5-sulfonate (2)
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13C NMR — (deuterium oxide:acetonitrile-ds)
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Supporting Figures

red channel blue channel merge

Nuc Blue

-

Figure A-S1: a. 1 binds to NIH3T3 TrkC cells stronger than 2 (b)

red channel blue channel merge

Figure A-S2:a. 1 and b. 2 does not bind to NIH3T3 WT cells.
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red channel blue channel merge

- NucBlue
- Merge

Figure A-S3. Free zwitterionic cyanine (D) does not bind to a. NIH3T3 TrkC or b.
NIH3T3 WT cells.
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APPENDIX B
SUPPORTING INFORMATION FOR CHAPTER IlI

General Information
All reactions were carried out with dry solvents under anhydrous conditions under an

inert atmosphere (argon). Glassware was dried in an oven at 140 °C for a minimum of 6 h
prior to use for all reactions. IR-783 and IR-780 were purchased from Sigma Aldrich
(Atlanta, GA, USA) and abcr GmBH (Karlsruhe, Germany), respectively, and DZ-1 and
MHI-148 were synthesized according to literature protocol >3%49:19 A|| other reagents
were purchased at a high commercial quality (typically 97% or higher) and used without
further purification, unless otherwise stated. Products were purified using a reverse-phase
column on a preparative high-performance liquid chromatography (prep HPLC) (Agilent,
Santa Clara, CA, USA-) obtained from solid-phase synthesis in 10%-95% MeCN/water
with 0.05% trifluoroacetic acid over 20 min. High-field NMR spectra were recorded with
Bruker Avance I1 (Billerica, MA, USA) at 400 MHz for H, and 100 MHz for 3C for all
compounds. All spectra were calibrated using residual nondeuterated solvent as an
internal reference (MeOD-ds: *H-NMR = 3.30, 33C-NMR = 49.0, DMSO-ds: *H-NMR =
2.50, BC-NMR = 39.5). The following abbreviations were used to explain the
multiplicities: s = singlet, d = doublet, t = triplet, g = quartet, quint = quintet, dd = double
doublet, dt = double triplet, dg = double quartet, and m = multiplet. Electrospray
ionization mass spectrometry (ESI-MS) data were collected on a triple-stage quadrupole
instrument (Thermo Scientific, Waltham, MA, USA) in a positive mode. All statistical
analyses were carried out by GraphPad Prism version 6.0 (GraphPad Software, La Jolla,

CA, USA).
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Synthesis and Characterization

2-((E.)-2-((E)-2-(((R)-2-acetamido-2-carboxyethyl)thio)-3-(2-((E)-1-(5-
carboxypentyl)-3,3-dimethylindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-

1-(5-carboxypentyl)-3,3-dimethyl-3H-indol-1-ium (1a)

To a solution of MHI-148 (25.0 mg, 0.04 mmol) in DMF (1.00 mL), N-acetyl-L-
cysteine (5.98 mg, 0.04 mmol) and 'ProNEt (9.41 pL, 0.06 mmol) were added and the
reaction was stirred at 25 °C for 1 h. Solvent was removed under a stream of nitrogen gas
and purified by preparative reversed-phase HPLC (10%-95% CH3CN/water containing

0.05% TFA). Compound was lyophilized to obtain green solid (23.4 mg, 78%).

IH-NMR (400 MHz, MeOD) § 8.77 (d, J = 13.9 Hz, 2H), 7.49 (d, J = 7.3 Hz, 2H), 7.45—
7.36 (m, 2H), 7.27 (dd, J = 14.9, 7.6 Hz, 4H), 6.28 (d, J = 13.8 Hz, 2H), 4.55 (dd, J = 7.5,
5.3 Hz, 1H), 4.15 (t, J = 6.9 Hz, 4H), 3.40 (dd, J = 13.4, 5.3 Hz, 1H), 3.12 (dd, J = 13.4,
7.5 Hz, 1H), 2.75-2.54 (m, 4H), 2.31 (t, J = 7.3 Hz, 4H), 1.98-1.92 (m, 2H), 1.95 (s, 3H),
1.90-1.80 (m, 4H), 1.74 (s, 12H), 1.72-1.64 (m, 4H), 1.55-1.45 (m, 4H).

13C-NMR (100 MHz, MeOD) & 177.23, 173.86, 173.21, 172.93, 157.83, 146.46, 143.72,
142.48, 134.54, 129.83, 126.27, 123.46, 112.00, 102.20, 54.36, 50.51, 50.49, 49.85,
44.97,39.51, 34.61, 28.44, 28.02, 27.38, 25.65, 22.75, 22.03.

HRMS calculated for C47HsoN307S*™ (M)*: 810.4146; found 810.4166.

6-((E.)-2-((E)-2-(2-(4-(2-acetamido-2-carboxyethyl)phenoxy)-3-((E)-2-(1-(5-
carboxypentyl)-3,3-dimethyl-3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en-1-

ylidene)ethylidene)-3,3-dimethylindolin-1-yl)hexanoate (1b)
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NaH (0.89 mg, 0.04 mmol) was added to a solution of N-acetyl-L-tyrosine (8.25 mg,
0.04 mmol) in DMF (1.00 mL) and the reaction was stirred at 25 °C for 30 min. MHI-148
(25.0 mg, 0.04 mmol) was then added to the above reaction and the reaction was stirred
for an additional 18 h at 25 °C. Solvent was removed under a stream of nitrogen gas and
purified by preparative reversed-phase HPLC (10%-95% CHsCN/water containing
0.05% TFA). Compound was lyophilized to obtain green solid (12.2 mg, 38%).

IH-NMR (400 MHz, MeOD) & 8.01-7.92 (m, 2H), 7.36 (t, J = 7.8 Hz, 4H), 7.31-7.15
(m, 6H), 7.05 (d, J = 8.7 Hz, 2H), 6.13 (d, J = 14.2 Hz, 2H), 4.54 (dd, J = 9.1, 5.2 Hz,
1H), 4.09 (t, J = 7.3 Hz, 4H), 3.14 (dd, J = 14.0, 5.2 Hz, 1H), 2.84 (dd, J = 14.2, 9.2 Hz,
1H), 2.73 (t, J = 5.8 Hz, 4H), 2.30 (t, J = 7.3 Hz, 4H), 2.04 (t, J = 7.3 Hz, 2H), 1.84 (s,
3H), 1.83-1.73 (m, 4H), 1.67 (dd, J = 15.1, 7.5 Hz, 4H), 1.46 (t, J = 7.7 Hz, 4H), 1.33 (s,
12H).

13C-NMR (100 MHz, MeOD) § 177.20, 174.59, 173.75, 173.05, 165.43, 160.25, 143.57,
143.34, 142.51, 132.96, 132.16, 129.76, 126.19, 123.40, 123.20, 115.75, 111.94, 100.93,
55.48, 50.27, 44.85, 37.62, 34.59, 28.25, 27.96, 27.33, 25.63, 25.21, 22.48, 22.39.

HRMS calculated for Cs3sHesN3Os* (M)*: 870.4688; found 870.4675.

1-(5-C.arboxypentyl)-2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-3,3-
dimethylindolin-2-ylidene) ethylidene)-2-((S)-2-carboxypyrrolidin-1-yl)cyclohex-1-
en-1-ylvinyl)-3,3-dimethyl-3H-indol-1-ium (1c)

To a solution of MHI-148 (25.0 mg, 0.04 mmol) in DMF (1.00 mL), L-proline (4.26

mg, 0.04 mmol) and 'ProNEt (6.27 uL, 0.04 mmol) were added and the reaction was

stirred at 60 °C monitored by Agilent LC-MS. The reaction reached equilibrium after 2 h
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and the solvent was removed under a stream of nitrogen gas and purified by preparative
reversed-phase HPLC (10%-95% CHsCN/water containing 0.05% TFA). Compound was
Iyophilized to obtain blue solid (5.18 mg, 18%). *H-NMR (400 MHz, DMSO) & 7.42 (d, J
= 7.3 Hz, 2H), 7.28 (t, = 7.7 Hz, 2H), 7.11 (d, J = 7.7 Hz, 2H), 7.04 (t, J = 7.2 Hz, 2H),
5.68 (d, J = 12.4 Hz, 2H), 4.96 (d, J = 7.3 Hz, 2H), 4.02-3.97 (m, 1H), 3.90-3.87 (m,
4H), 2.76-2.57 (m, 3H), 2.46-2.29 (m, 3H), 2.28-2.18 (m, 1H), 2.20 (t, J = 7.3 Hz, 4H),
2.09-1.98 (m, 3H), 1.79-1.70 (m, 2H), 1.70-1.62 (m, 4H), 1.57 (s, 6H), 1.61-1.48 (m,
4H), 1.54 (s, 6H), 1.45-1.30 (m, 4H). 3C-NMR (100 MHz, DMSO) § 174.29, 172.71,
166.02, 158.00, 142.99, 139.74, 136.52, 128.11, 123.13, 122.28, 122.00, 109.00, 94.22,
64.69, 56.49, 46.93, 42.26, 33.52, 30.04, 29.59, 28.65, 28.11, 26.70, 25.81, 24.22, 20.65.

HRMS calculated for C47HeoN3Os" (M)*: 762.4477; found 762.4457.

2-((E.)-2-((E)-2-(((S)-5-acetamido-1-carboxypentyl)amino)-3-(2-((E)-1-(5-
carboxypentyl)-3,3-dimethylindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-

1-(5-carboxypentyl)-3,3-dimethyl-3H-indol-1-ium (1d)

To a solution of MHI-148 (25.0 mg, 0.04 mmol) in DMF/H20 (1:1; 1.00 mL), Ne-
acetyl-L-lysine (6.96 mg, 0.04 mmol) and 'ProNEt (6.27 pL, 0.04 mmol) were added and
the reaction was stirred at 60 °C monitored by Agilent LC-MS. The reaction reached
equilibrium after 20 h and the solvent was removed under a stream of nitrogen gas and
purified by preparative reversed-phase HPLC (10%-95% CHsCN/water containing

0.05% TFA). Compound was lyophilized to obtain blue solid (4.33 mg, 18%).
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IH-NMR (400 MHz, DMSO) & 8.02 (d, J = 9.4 Hz, 1H), 7.78 (d, J = 12.9 Hz, 2H), 7.45
(d, J = 7.2 Hz, 2H), 7.35-7.28 (m, 2H), 7.24 (dd, J = 11.6, 3.9 Hz, 1H), 7.17 (d, J = 8.0
Hz, 2H), 7.09 (t, J = 7.4 Hz, 2H), 7.05-7.00 (m, 1H), 5.85 (d, J = 13.2 Hz, 2H), 4.43 (dd,
J=13.9, 8.8 Hz, 1H), 4.00-3.95 (m, 4jH), 3.68-3.61 (m, 4H), 3.01 (t, J = 5.4 Hz, 2H),
2.56 (dd, J = 13.9, 7.2 Hz, 2H), 2.42-2.33 (m, 2H), 2.20 (dd, J = 13.4, 6.3 Hz, 4H), 1.75
(s, 3H), 1.72-1.63 (m, 6H), 1.60 (s, 12H), 1.52 (dd, J = 14.8, 7.4 Hz, 6H), 1.43-1.34 (m,
8H).

13C-NMR (100 MHz, DMSO) & 174.22, 173.25, 168.88, 167.91, 142.71, 140.05, 128.12,
127.58, 122.74, 122.42, 121.96, 120.58, 109.39, 108.49, 95.36, 47.32, 43.24, 42.35,
38.21, 33.47, 28.99, 28.01, 27.60, 25.94, 25.77, 25.62, 24.45, 24.18, 24.11, 24.05, 22.53,

HRMS calculated for CsoHe7N4O7* (M)*: 835.5004; found 835.4972.

UV-Vis and Fluorescence Analysis

Here, 6 uM of compounds la—d samples in 10 mM PBS buffer was prepared by
diluting their corresponding stock solution (20 mM) in DMSO using pH 7.24 10 mM
PBS buffer. The absorbance and fluorescence of these samples were analyzed using a
Varian Cary 100 UV-Vis spectrometer and Varian Cary Eclipse fluorescence
spectrophotometer, respectively. The excitation wavelength for compounds 1a—d was set
as 740, 720, 580, and 650 nm, respectively. The normalized absorbance and fluorescence

data were plotted using GraphPad Prism version 6.0 (GraphPad Software).
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NIR Gel Image Protocol

Different cyanines (10 uM; 20 mM stock in DMSO) were incubated with vimentin (1
uM; 1 ug) in pH 7.24 HEPES buffer (50 mM) at 37 °C monitored up to 24 h. For this,
100 ng of each cyanine-vimentin conjugate samples was treated under reducing condition
with heating at 95 °C for 10 min and loaded into 15% SDS-PAGE for electrophoresis.
The gel was washed with deionized water (10 min x 3 times), and the gel was analyzed

by an Odyssey imager to detect the NIR fluorescence.

Preparation of Thiol-Blocked Vimentin

Using pH 7.24 HEPES buffer (50 mM), thiol-blocked vimentin was prepared by
incubating 6-maleimide-hexanoic acid (6-MA, 10 uM) with vimentin (1 pg, 1 uM) for 18
h at 37 °C. The thiol-blocked vimentin solution was directly used to incubate with MHI-

148 (1 uM) without further purifications.

Kinetic Study of MHI-148 with Amino Acids in Aqueous Buffer

To a solution of MHI-148 (400 uM) in pH 8.00 HEPES buffer (500 uL), 100 uL of
each amino acid solution (2.00 mM) in pH 8.00 HEPES buffer was added to make a final
concentration of 200 uM of each reagent. The reaction was incubated and shaken at 37
°C and was monitored using HPLC at 600 nm from 0 to 27 h to reach reaction
equilibrium. The data was plotted using GraphPad Prism version 6.0 (GraphPad

Software).
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NIR Gel Image of MHI-148 with Different Proteins

Different proteins, including NEDDS8, Ubcl2, truncated SuPAR (residues 1-281),
NAE, PCSK9, and EGFR (4 uM; 1 ng), were incubated with MHI-148 (4 uM) in pH 7.24
HEPES buffer (50 mM) at 37 °C for 3 h. For this, 500 ng of each protein samples were
treated under nonreducing condition with heating at 95 °C for 10 min and loaded into
10% SDS-PAGE for electrophoresis. The gel was washed with deionized water (10 min x
3 times), and the gel was analyzed by an Odyssey imager to detect the NIR fluorescence.
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Figure B-S1. 'H NMR of compound 1a in Methanol-d4
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Characterization Spectra of Compound 1b
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Characterization Spectra of Compound 1c
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Figure B-S8. 13C NMR of compound 1c in Methanol-d4
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Characterization Spectra of Compound 1d
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Figure B-S10. *H NMR of compound 1d in Methanol-d4
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Coomassie Blue Staining of Diverse Proteins Gel
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Figure B-S13. CBB-G250 staining of SDS-PAGE gel referred to Figure 6.



APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER IV

General Experimental Procedures

All reactions were carried out under an argon atmosphere. Reagents were
purchased at a high commercial quality (typically 97 % or higher) and used without
further purification, unless otherwise stated. High field NMR spectra were recorded with
Bruker Avance 11 at 400 MHz for *H, and 100 MHz for *C and were calibrated using
residual non-deuterated solvent as an internal reference (CDCls: *H NMR = 7.24, 3C
NMR = 77.0, MeOD: *H NMR = 3.30, *C NMR = 49.0, DMSO-ds: *H NMR = 2.50,
13C NMR = 39.5). The following abbreviations were used to explain the multiplicities: s
= singlet, d = doublet, t = triplet, q = quartet, quint = quintet, dd = double doublet, dt =
double triplet, dg = double quartet, m = multiplet, br = broad. Electrospray ionization
mass spectrometry (ESI-MS) data were collected on triple-stage quadrupole instrument
in a positive mode. Flash chromatography was performed using silica gel (230-400
mesh). LC-MS analyses were collected from Agilent 1260 Infinity Quaternary LC and
Agilent 6120 Quadrupole LC/MS modules using Poroshell 120 EC-C18 2.7 uM (4.6 x
50 mm) column in 5-95% CHsCN/water gradient with 0.1% formic acid over 10
minutes. Prep HPLC was performed on Agilent 1260 Infinity in 50-90% CH3;CN/water
gradient with 0.1% TFA over 20 mins. All statistical analyses were carried out by

Graphpad Prism version 6.0 (Graphpad Software).

151



Synthetic Scheme
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Scheme C-S2: Preparation of 1-Cl, 1-H, 1-Me and 1-Ph
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Materials and Methods

Photophysical Properties: ICG was bought from Ark Pharm where as human serum
albumin (HSA) was bought from Sigma Aldrich. HSA was stored in -20 °C and fresh 0.5
mM (33 mg in 1 mL) solution was prepared for experiments.

UV Absorbance with HSA: 10 uM of 1-Cl, 1-H, 1-Me, 1-Ph and ICG was dissolved in
PBS pH 7.4 and different concentrations of HSA were added and stirred for 90 mins in
dark. After which absorbance was determined using Cary-Varian 100 UV-Vis NIR
spectrophotometer.

Kinetics Experiment: 200 uM of 1-Cl, 1-H, 1-Me, 1-Ph and ICG was dissolved in 500
uM of PBS pH 7.4 containing HSA. The reaction mixture was kept in incubator at 37 °C
for up to 72 h and it was observed at different time points using C18 column on Agilent
1200 LC/MS. The detection wavelength was set up at 600 nm to observe ICG, 1-Cl, 1-H,
1-Me, and 1-Ph and their respective conjugate with HSA.

Mass Spec Analysis: 200 uM of 1-Cl, 1-H, 1-Me, 1-Ph and ICG was dissolved in 500
uM of HSA in PBS pH 7.4 for 3 h at 37 °C in an incubator set to shake at 90 rpm.
Afterwards, the mixture was concentrated using 10 kDa (GE Health) cut off filter and
washed thrice with 50 mM ammonium carbonate to replace the solvent.

In-Vitro Assays: U87-MG cells were grown in Dulbecco's Modified Eagle's medium
(DMEM) containing 10% fetal bovine serum (FBS). Cells were grown in an incubator at
37°C, humidified atmosphere containing 5% CO.. Cells were grown in T-75 culture

flask till 70% confluency before splitting into next passage.
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Live Cell Staining: Intracellular localization of dyes with the U87-MG cells was
measured using Olympus Fluoview FV1000. The images were taken at 60x/1.20 water
immersed objective. Lysosome, Mitochondria and Nucleus were stained using
Lysotracker Green DND 26, Mitotracker Green FM and, NucBlue respectively were
bought from Life Technologies. 488 nm laser was used for green channel, 405 nm laser
was used for nucleus and 633 nm laser was used for compound 1-Cl and 1-HSA.
Blocking Experiment: Briefly, 50,000 cells were seeded on 4 well chambers (Nunc
Lab-Tek) and allowed to adhere overnight. The cells were incubated with 20 uM of
compound 2 for 30 mins, washed twice with PBS, and incubated with organelle stains
according to manufacturer’s instructions. The cells were washed twice again and stained
with Nuc Blue for 10 mins.

Mode of uptake of 1-Cl and 1-HSA was determined on using Olympus FVV1000
confocal microscope at 20x/0.75 Briefly, cells were either pre-blocked with 250 uM BSP
for 10 mins or treated with 1 mM DMOG for 24 h before treating with the dye. After 30
mins incubation with 1-Cl and 1-HSA, cells were washed twice with PBS and stained
with NucBlue for 10 mins and taken for imaging.

For endocytosis inhibitors, cells were starved for 20 h and different routes of
endocytosis were blocked using Pitstop (20 uM), Amiloride (1 mM) and MBCD (15
uM) for 15 mins. After 30 mins incubation with 1-Cl and 1-HSA, cells were washed
twice with PBS and stained with NucBlue for 10 mins and were imaged under confocal

microscope as mentioned above.
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NIR Gel Image Protocol

Incubation of 1-Cl with K562 cells: RPMI-1640 with 10 % FBS medium was used for
K562 cell suspensions which were seeded to 24-well plates with 3 x 10° cells/well (500
pL). Various concentrations of 1-Cl (20 mM stock in DMSO) were prepared in the same
medium and added to 24-well plate containing cells (500 pL/well) to make final
concentrations from 0 to 30 uM. After 20 h incubation, the cells were collected, washed
twice with ice-cold PBS buffer, and RIPA lysis buffer (60 puL) containing 1% protease
inhibitor was added to each cell sample. Each cell sample was gently shaken on ice for
30 min, and the lysate samples were centrifuged at 19000 rcf for 25 min at 4 °C to
remove cell debris. The supernatant was collected and the protein concentration was
determined using Pierce BSA protein assay Kit (cat. #23225). Equal total protein
amounts (30 pg) were electrophoresed in a 15% SDS-PAGE. The gel was washed with
de-ionized water (10 min x 3 times), and the gel was analysized by an Odyssey imager
to detect the Near IR fluorescence. The preparation of K562 lysate sample (10 uM of 1-
Cl used) from serum free medium is the same except serum free RPMI-1640 medium
was used.

Incubation of 1-Cl, 1-H, 1-Me, and 1-Ph with HSA: Different cyanines (10 uM; 20
mM stock in DMSO) were incubated with HSA (1 uM; 1 pg) in pH 7.4 HEPES buffer
(50 mM) for 3 h at 37 °C. 30 ng of 1-HSA and 100 ng of other cyanine-HSA conjugates
were treated with reducing condition and loaded into 10 % SDS-PAGE for
electrophoresis. The gel was washed with de-ionized water (10 min x 3 times), and the

gel was analysized by an Odyssey imager to detect the Near IR fluorescence.
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Preparation of Thiol-blocked HSA: Using pH 7.4 HEPES buffer (50 mM), thiol-
blocked HSA was prepared by reducing disulfide bonds of HSA (15 uM) with
incubation of tris(2-carboxyethyl)phosphine) (TCEP, 1.5 mM, 100 fold) for 2 h at 25 °C,
and followed by addition and incubation of 6-maleimide-hexanoic acid (6-MA, 6 mM)

for another 18 h at 37 °C.

Synthetic Procedure

Synthesis of (1E,1'E)-1,1'-(2-chlorocyclohex-1-ene-1,3-diyl)bis(N-
phenylmethanimine) (CI-V.H) 2%

DMF (65 mL, 0.85 mol) was added to a 500 mL round bottom flask and cooled in an ice
bath. POCI3 (55 mL, 0.6 mol) was added dropwise over 10 min and the mixture was
stirred for 30 min. Cyclohexanone (27.5 mL, 0.265 mol) was added and the solution
was refluxed at 100 °C for 1 h. Subsequently, the heating was stopped and the reaction
was cooled down to 0 °C by placing on ice bath. While the mixture was cooling,
aniline/EtOH (1:1 v/v, 90 mL) was added, then the mixture was stirred for 1 h. The
solution was poured to cold H20:conc. HCI (10:1, 110 mL) and allowed to stand for 2 h.
The dark purple solid was collected by filtration and dissolved with methanol. The
product was recrystallized using methyl tert-butyl ether:hexane (1:1) to give purple
crystals (45.78 g, 86%).

'H NMR (400 MHz, MeOD) § 8.66 (s, 2H), 7.50 (s, 3H), 7.49 (d, J = 2.0 Hz, 3H), 7.31
(ddd, J = 8.4, 5.6, 3.0 Hz, 2H), 2.74 (t, J = 6.2 Hz, 4H), 2.00 (s, 2H).

13C NMR (100 MHz, MeOD) & 157.52, 149.00, 139.25, 129.70, 126.59, 118.47, 114.99,

24.19, 19.66.
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General Procedure for X-V.H synthesis: Chloroform (20 mL) was cooled down to 0
°C and N-methyl-N-phenylformide (NMF) (48.6 mL, 0.36 mol, 3eq) was added to it.
POCI3(33.5 mL, 0.36 mol, 3 eq) was added dropwise over 30 mins and stirred for 1 h at
0 °C. Afterwards, either cyclohexene (12.34 mL, 0.12 mol, 1 eq), 1l-methyl-1-
cyclohexene (12.3 mL, 0.10 mmol, 1 eq) or 1-phenyl-1-cyclohexene (10.0 mL, 0.06
mmol, 1 eq) was added and heated at 45 °C for 20 h. The reaction was cooled down at
ice to 0 °C, distilled water (100 mL) was added gently to the reaction mixture, followed
by 8 g of KoCOs and stirred for 10 mins at room temperature. This was followed by
addition of aniline:conc HCI (15:3) in water 8 mL and reaction mixture was stirred for
additional 30 mins. After cooling the reaction mixture KoCOs was added dropwise over
15 mins. The reaction was left at 0 °C for 15 mins for precipitates to form which were
filtered and washed with cold water. To get pure compounds, the products were

precipitated from different solutions as mentioned below.

Synthesis of N-((E)-(3-((E)-(phenylimino)methyl)cyclohex-2-en-1-
ylidene)methylaniline (H-V.H)

Pure compound was precipitated from dissolving the crude material in acetone and
stirred vigorously for 10 mins to give the product. (8 g, 24%)

IH NMR (400 MHz, MeOD) § 8.13 (s, 2H), 7.79 (s, 1H), 7.50 — 7.39 (m, 8H), 7.28 (dd,

J=7.6,6.1Hz, 2H), 2.60 (t, J = 6.2 Hz, 4H), 2.03 — 1.93 (m, 2H).

157



13C NMR (101 MHz, MeOD) & 191.23, 162.19, 151.82, 139.30, 129.81, 129.57, 125.79,
119.16, 118.57, 117.80, 117.49, 21.53, 20.16.

HRMS calculated for C2oH2oN>"* calculated (M+H)*: 289.3940; found 289.1694

Synthesis of N-((E)-(2-methyl-3-((E)-(phenylimino)methyl)cyclohex-2-en-1-
ylidene)methyl)aniline (Me-V.H)

Pure compound was precipitated by dissolving the crude precipitate in acetonitrile and
stirring vigorously for 10 mins to give pure compound. (13 g, 38%)

'H NMR (400 MHz, MeOD) § 8.48 (s, 1H), 7.75 (s, 1H), 7.71 — 7.61 (m, 1H), 7.56 (ddd,
J =153, 10.5, 6.7 Hz, 2H), 7.51 — 7.39 (m, 5H), 7.31 — 7.25 (m, 1H), 2.63 — 2.57 (m,
4H), 2.54 — 2.42 (m, 2H), 2.02 — 1.88 (m, 1H), 1.84 (t, J = 6.3 Hz, 1H).

13C NMR (101 MHz, MeOD) & 162.26, 157.09, 139.75, 129.73, 129.53, 125.76, 122.84,
122.69, 121.64, 120.29, 118.25, 117.79, 23.14, 21.50, 20.03, 13.07.

HRMS calculated for C21H22N>* calculated (M+H)*: 303.4285; found 303.1852

Synthesis  of  N-((E)-(6-((E)-(phenylimino)methyl)-4,5-dihydro-[1,1'-biphenyl]-
2(3H)-ylidene)methyl)aniline (Ph-V.H)

Pure compound was precipitated from dissolving the crude precipitate in acetonitrile and
stirred vigorously for 10 mins to give pure compound. (16 g, 47%)

'H NMR (400 MHz, MeOD) & 8.97 (s, 1H), 7.54 — 7.43 (m, 3H), 7.43 — 7.38 (m, 1H),

7.37 — 7.26 (M, 2H), 7.26 — 7.19 (m, 1H), 7.16 (t, J = 7.9 Hz, 3H), 6.88 (t, J = 7.4 Hz,
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1H), 6.72 (d, J = 8.1 Hz, 2H), 6.60 (s, 1H), 2.59 (t, J = 6.0 Hz, 2H), 2.46 (t, J = 6.1 Hz,
3H), 1.91 — 1.81 (m, 2H).

13C NMR (101 MHz, MeOD) § 191.90, 160.72, 141.84, 136.56, 136.41, 130.20, 130.00,
129.05, 128.16, 127.74, 127.62, 127.53, 121.44, 114.65, 113.80, 23.47, 21.64, 20.70.

HRMS calculated for C2sH24N2" calculated (M+H)*: 365.4920; found 365.2008

Synthesis of 1-(5-carboxypentyl)-2,3,3-trimethyl-3H-indol-1-ium (2) %

In 500 mL round bottom flask, 2,3,3-trimethylindolenine (5.00 g, 31.4 mol) and 6-
bromohexanoic acid (12.3 g, 62.8 mmol) were added to 200 mL of acetonitrile. The
mixture was refluxed for 12 h. Subsequently, the mixture was cooled to room
temperature and acetonitrile was removed under reduced pressure. Subsequently, the
flask was placed in an ice bath, the solid residue was dissolved in 100 mL
dichloromethane, then 300 mL diethyl ether was added to precipitate the product. That
product was collected by filtration and washed with diethyl ether to afford pink crystals
(6.4 g, 72%).

'H NMR (400 MHz, MeOD)  7.91 — 7.84 (m, 1H), 7.79 (dt, J = 7.5, 3.8 Hz, 1H), 7.71 —
7.61 (m, 3H), 4.58 — 4.49 (m, 3H), 2.36 (t, J = 7.2 Hz, 3H), 2.05 — 1.96 (M, 3H), 1.77 —
1.67 (m, 3H), 1.63 (s, 8H), 1.62 — 1.49 (m, 3H).

13C NMR (100 MHz, MeOD) & 196.51, 175.75, 142.02, 141.08, 129.83, 129.14, 123.26,
115.13, 54.56, 32.98, 27.15, 25.66, 23.99, 21.40.

HRMS calculated for C42Hs1CIIN2O4* calculated: 809.2577; found 809.2508
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General synthesis for 1 and 1-analogues: Vilsmeier Haack Reagent X-V.H (1 eq, 3.64
mmol), 2 (2 eq, 7.28 mmol) and NaOAc (1 eq, 7.28 mmol) were dissolved in 100 mL of
absolute ethanol in 250 mL round bottom flask. The mixture was refluxed for 6 h. The
final product was either purified by normal silica column or prep column as mentioned

below.

Synthesis of 1-(5-carboxypentyl)-2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-3,3-
dimethylindolin-2-ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-3,3-
dimethyl-3H-indol-1-ium (1-Cl) &6

Crude product was purified by normal phase flash chromatography with MeOH:CHCl;
(1:25 v/v) to obtain green solid (0.98 g, 48%).

'H NMR (400 MHz, MeOD) & 8.47 (d, J = 14.1 Hz, 2H), 7.54 (d, J = 7.3 Hz, 2H), 7.48 —
7.42 (m, 2H), 7.37 — 7.28 (m, 4H), 6.31 (d, J = 14.1 Hz, 2H), 4.20 (t, J = 7.3 Hz, 3H),
2.75 (d, J = 5.5 Hz, 4H), 2.34 (t, J = 7.2 Hz, 4H), 2.04 — 1.96 (m, 2H), 1.95 — 1.84 (m,
4H), 1.76 (s, 12H), 1.74 — 1.68 (m, 3H), 1.59 — 1.49 (m, 4H).

13C NMR (100 MHz, MeOD) & 175.78, 172.93, 149.82, 144.17, 142.21, 141.23, 128.51,
126.64, 125.18, 122.12, 110.88, 100.91, 49.27, 43.70, 33.19, 26.92, 26.68, 25.96, 24.24,

20.71.

Synthesis of 1-(5-carboxypentyl)-2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-3,3-
dimethylindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-3,3-dimethyl-3H-
indol-1-ium (1-H)
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Crude product was purified by reverse phase column on prep-HPLC {10%
MeCN/90%H,0 — 90%MeCN/10%H20 (containing 0.1% TFA) in 20 mins} to get the
desired product as amorphous green solid (1.06 g, 41%).

'H NMR (400 MHz, MeOD) & 7.78 (s, 2H), 7.48 (d, J = 7.3 Hz, 2H), 7.41 (t, J = 7.6 Hz,
2H), 7.26 (s, 4H), 6.19 (s, 1H), 4.13 (s, 3H), 2.59 (s, 3H), 2.34 (t, J = 7.3 Hz, 4H), 2.04 —
1.89 (m, 3H), 1.87 (dt, J = 15.0, 7.4 Hz, 5H), 1.75 (d, J = 7.4 Hz, 2H), 1.72 (d, J = 6.8
Hz, 12H), 1.70 (d, J = 7.4 Hz, 1H), 1.53 (dd, J = 15.4, 8.4 Hz, 4H).

13C NMR (100 MHz, MeOD) & 175.79, 148.39, 142.38, 140.99, 128.32, 124.52, 121.95,
110.30, 48.85, 43.28, 33.20, 26.60, 25.98, 24.25, 23.58, 21.29.

HRMS calculated for C42Hs3N204*calculated: 649.4000; found 649.3991

Synthesis of 1-(5-carboxypentyl)-2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-3,3-
dimethylindolin-2-ylidene)ethylidene)-2-methylcyclohex-1-en-1-yl)vinyl)-3,3-
dimethyl-3H-indol-1-ium (1-Me)

Crude product was purified by reverse phase column on prep-HPLC {10%
MeCN/90%H>0 — 90%MeCN/10%H20 (containing 0.1% TFA) in 20 mins} to get the
desired product as amorphous green solid (1.56 g, 57%).

'H NMR (400 MHz, MeOD) & 8.19 (s, 2H), 7.50 (d, J = 7.4 Hz, 2H), 7.42 (t, J = 7.3 Hz,
2H), 7.27 (dd, J = 12.3, 7.7 Hz, 4H), 6.25 (d, J = 13.0 Hz, 1H), 4.14 (d, J = 6.6 Hz, 4H),
2.62 (s, 3H), 2.48 (s, 3H), 2.34 (t, J = 7.3 Hz, 4H), 1.97 — 1.83 (m, 6H), 1.77 (d, J = 3.1

Hz, 1H), 1.74 (s, 12H), 1.73 — 1.68 (m, 3H), 1.58 — 1.45 (m, 4H).
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13C NMR (101 MHz, MeOD) & 175.79, 171.45, 156.14, 142.56, 142.42, 140.92, 130.99,
128.39, 124.52, 121.99, 110.32, 99.84, 48.77, 43.38, 33.19, 27.14, 26.50, 26.01, 25.05,
24.26, 21.03, 13.609.

HRMS calculated for C43HssN2O4* calculated: 663.4156; found 663.4145

Synthesis of 1-(5-carboxypentyl)-2-((E)-2-((E)-6-(2-((E)-1-(5-carboxypentyl)-3,3-
dimethylindolin-2-ylidene)ethylidene)-3,4,5,6-tetrahydro-[1,1'-biphenyl]-2-
yhvinyl)-3,3-dimethyl-3H-indol-1-ium (1-Ph)

Crude product was purified by reverse phase column on prep-HPLC {10%
MeCN/90%H,0 — 90%MeCN/10%H20 (containing 0.1% TFA) in 20 mins} to get the
desired product as amorphous green solid (2.0 g, 68%).

'H NMR (400 MHz, MeOD) & 7.70 — 7.56 (m, 3H), 7.42 — 7.32 (m, 5H), 7.24 (ddd, J =
255, 12.5, 6.7 Hz, 8H), 6.20 (d, J = 13.6 Hz, 2H), 4.09 (t, J = 6.7 Hz, 4H), 2.74 (s, 4H),
2.33 (t, J = 7.3 Hz, 4H), 2.15 — 2.03 (m, 2H), 1.87 — 1.75 (m, 4H), 1.75 — 1.64 (m, 5H),

1.53 — 1.44 (m, 4H), 1.21 (d, J = 9.5 Hz, 12H).

13C NMR (100 MHz, MeOD) & 175.78, 171.92, 148.21, 142.24, 140.75, 139.06, 131.24,
129.38, 128.49, 128.32, 128.01, 124.57, 121.93, 110.33, 99.45, 48.50, 43.34, 33.20,
26.59, 26.52, 25.94, 24.25, 21.16.

HRMS calculated for C4gHs7N2O4" calculated: 725.4313; found 725.4306
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NMR Spectra

(1E,1'E)-1,1'-(2-chlorocyclohex-1-ene-1,3-diyl)bis(N-phenylmethanimine) (CI-V.H)

Qg0

8 SaRSILSYRERARAS =] KRR B
aaaaaaaaaaaaaaaa - rirlr -

H

s e S S o T T e e
5 10 105 100 495 9.0 as 80 75 7.0 65 60 55 50 45 40 is io 25 20 15 10 as oo a

163



13C

wel—
SI¥—

SHi—
yar—

sa—
wer—

TEl—

e

ss—

200 190 180 170 160 150 140 130 120 110 100 90 a0 70 60 50 40 30 20 10
1 (pom)

210

164



N-((E)-(3-((E)-(phenylimino)methyl)cyclohex-2-en-1-ylidene)methyl)aniline (H-

V.H)
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N-((E)-(2-methyl-3-((E)-(phenylimino)methyl)cyclohex-2-en-1-

ylidene)methyl)aniline (Me-V.H)
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N-((E)-(6-((E)-(phenylimino)methyl)-4,5-dihydro-[1,1'-biphenyl]-2(3H)

ylidene)methyl)aniline (Ph-V.H)

'H

B $9CYYSIARSIANRLIRHEREE SRheEe Emi
¢ REERRIEOANARANNSYSYGGY EEERE -
e NN
‘ |
|
A |l
[ |
[\ I !
j i A v |
Y - N A e L 4 W W1, S
i : —— -
i N -v 1 !i .-3 E LS B
100 9.5 90 as 8.0 7.5 74 65 60 55 5.0 45 4.0 35 340 25 20 15

1 (ppm)

169



13C

9
—la.n
"y

T
210 200 190 180 170 160 150 140 130 120 110 100 90 a0 70 60 50 40 30 20 10 a
1 (pgm)

HRMS

08091805al #2-34 RT: 0.01-0.15 A 3 NL: 7.14E7
T: FTMS + p ESI Full ms [100.0000-600.0000]

1004

365.2008

290.1535
o] 341.1935
E 276.1380 374.2227

. 358.2281
1730960 2010909 2201410 2624587 ) ) QO“LSQI 3271778 || Al “ 457.2766_473.2502 5142839 538.1842 577.2845 593.9414
A e e I e B e e A o L e e L ML L
100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600
miz

117.1388 136.0756 398.2300  427.2788
L A T T

170



1-(5-carboxypentyl)-2,3,3-trimethyl-3H-indol-1-ium (2)
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1-(5-carboxypentyl)-2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-3,3-

dimethylindolin-2-ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-3,3-

dimethyl-3H-indol-1-ium (1-Cl)

H

¢ b 2 ) T
R 848 g ¢
T — S ————————— i T - T
9.0 as a0 725 70 65 60 55 50 45 40
1 (pom)

173

''''''''

HEERREEBUIANGH

IR SRR



13C

1207~
-

Lo hA

an.mv.

14 o

wer—

LTEr—

aw—
Tl
wEl-—
SRl

v~
ot
awi=

eu—
K-

n

|

90

100
11 (ppm)

174



1-(5-carboxypentyl)-2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-3,3-
dimethylindolin-2-ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-3,3-dimethyl-3H-

indol-1-ium (1-H)
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1-(5-carboxypentyl)-2-(€-2-(€-3-(2-(€-1-(5-carboxypentyl)-3,3-dimethylindolin-2-
ylidene)ethylidene)-2-methylcyclohex-1-en-1-yl)vinyl)-3,3-dimethyl-3H-indol-1-ium

(1-Me)
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1-(5-carboxypentyl)-2-((E)-2-((E)-6-(2-((E)-1-(5-carboxypentyl)-3,3-
dimethylindolin-2-ylidene)ethylidene)-3,4,5,6-tetrahydro-[1,1'-biphenyl]-2-
yhvinyl)-3,3-dimethyl-3H-indol-1-ium (1-Ph)
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Supporting Figures

Figure C-S1. HSA with its different helices and binding sites (PDB 1AO06). Cysteines

are colored in pink.

Figure C-S2. HSA with its different helices and binding sites (PDB 1AQ06). Cysteines

are colored in pink.
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Figure C-S3. cysteine 34 binding site at a, 0% transparency and b, 50% transparency
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Figure C-S4. Kinetics of a, ICG, b, 1-H, ¢, 1-Me; d, 1-Ph in 1 M HEPES buffer pH 7.4.

Only 1-Cl showed an increase in peak with HSA. The kinetics was examined on C18

column using Agilent 1200 series LC/MS at 600 nm.
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Figure C-S5. Absorbance with varied amount of HSA bound at 10 uM of a, ICG, b, 1-

Cl; c, 1-H; d, 1-Me; e, 1-Ph in 10 mM PBS buffer pH 7.4. Ratio of binding is calculated
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at the point where the dye concentration is saturated. ICG bound to 1.5 equivalents of

HSA?8 whereas 1-Cl binds to 1 equivalent of HSA.?!
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Figure C-S6. Absorbance with varied amount (0 — 30 [1M) of HSA bound at 10 uM of

a, ICG, b, 1-Cl; ¢, 1-H; d, 1-Me and e, 1-Ph in 10 mM PBS buffer pH 7.4.
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Figure C-S7. Mass Spec of a, ICG, b, 1-H; ¢, 1-Me; d, 1-Ph in 1 M HEPES buffer pH

7.4. Only the peaks of free HSA peak without any covalent binding was observed.
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a normal

Figure C-S8. Experiments to test uptake of 1-Cl (20 uM) into U87-MG cells (grown in

DMEM media supplemented with 10% FBS, i.e. containing approximately 0.038 mM
BSA). a Without any blocking agents or abnormal conditions; b, pre-blocked with 250
uM BSP to block OATPs for 10 mins; c, after the cells were pretreated with 1mM

DMOG for 24 h to induce hypoxia; and d, when the cells were maintained at 0 °C for 30
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mins to stop active transport. All images were collected using an Olympus confocal

microscope at 20x magnification.

a normal

Nuc Blue

b Pitstop 2

Nuc Blue

¢ Amiloride

Nuc Blue

Nuc Blue Merge

Figure C-S9. Experiments to test for uptake of 1-HSA (20 pM) via endocytosis. All the
experiments feature U87-MG cells incubated in serum free media for 16 h at 37 °C.
Cells pretreated with the following agents before addition of 1-HSA (20 pM): a no

blocking agents or abnormal conditions; b, PitStop2 (20 pM) for 15 min to inhibit clathrin
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mediated endocytosis; ¢, amiloride (1 mM) to inhibit micropinocytosis; and d, MBCD
(Methyl-B-cyclodextrin, 15 M) to inhibit lipid raft endocytosis. All images were

collected using a Zeiss confocal microscope at 20x magnification.

Figure C-S10. CBB G250 staining of gel referred to a. Figure 1a and b. Figure 1b.
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APPENDIX D

SUPPORTING INFORMATION FOR CHAPTER V

General Experimental Procedures

All reactions were carried out under an argon atmosphere. Reagents were
purchased at a high commercial quality (typically 97 % or higher) and used without
further purification, unless otherwise stated. Dasatinib was purchased from AK
Scientific. High field NMR spectra were recorded with Bruker Avance |1l at 400 MHz
for 'H, and 100 MHz for 3C and were calibrated using residual non-deuterated solvent
as an internal reference (CDCls: *H NMR = 7.24, 3C NMR = 77.0, MeOD: 'H NMR =
3.30, *C NMR = 49.0, DMSO-ds: *H NMR = 2,50, *C NMR = 39.5). The following
abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = triplet,
g = quartet, quint = quintet, dd = double doublet, dt = double triplet, dq = double quartet,
m = multiplet, br = broad. Electrospray ionization mass spectrometry (ESI-MS) data
were collected on triple-stage quadrupole instrument in a positive mode. Flash
chromatography was performed using silica gel (230-400 mesh). LC-MS analyses were
collected from Agilent 1260 Infinity Quaternary LC and Agilent 6120 Quadrupole
LC/MS modules using Poroshell 120 EC-C18 2.7 uM (4.6 x 50 mm) column in 5-95%
CHsCN/water gradient with 0.1% formic acid over 10 minutes. Prep HPLC was
performed on Agilent 1260 Infinity in 50-90 CH3CN/water gradient with 0.1% TFA over
20 mins. All statistical analyses were carried out by Graphpad Prism version 6.0

(Graphpad Software).
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Synthesis Scheme
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Scheme D-S1: Synthesis scheme for A
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HATU, Et;N
%

DMF, 12 h

Scheme D-S2. Synthesis scheme of 1 by ester coupling between A and D.

Synthesis Procedure

Synthesis of (1E,1'E)-1,1'-(2-chlorocyclohex-1-ene-1,3-diyl)bis(N-
phenylmethanimine) (V.H) 27

DMF (65 mL, 0.85 mol) was added to a 500 mL round bottom flask and cooled in an ice
bath. POCls (55 mL, 0.6 mol) was added dropwise over 10 min and the mixture was
stirred for 30 min. Cyclohexanone (27.5 mL, 0.265 mol) was added and the solution
was refluxed at 100 °C for 1 h. Subsequently, the heating was stopped and the reaction

was cooled down by placing on ice bath. While the mixture was cooling, aniline/EtOH
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(2:1 v/v, 90 mL) was added, then the mixture was stirred for 1 h. The solution was
poured to cold H20:conc. HCI (10:1, 110 mL) and allowed to stand for 2 h. The dark
purple solid was collected by filtration and dissolved with methanol. The product was
recrystallized using methyl tert-butyl ether:hexane (1:1) to give purple crystals (45.78 g,
86%).

'H NMR (400 MHz, MeOD) & 8.66 (s, 2H), 7.50 (s, 3H), 7.49 (d, J = 2.0 Hz, 3H), 7.31
(ddd, J = 8.4, 5.6, 3.0 Hz, 2H), 3.37 (s, 1H), 2.74 (t, J = 6.2 Hz, 4H), 2.00 (s, 2H).

13C NMR (100 MHz, MeOD) & 157.52, 149.00, 139.25, 129.70, 126.59, 118.47, 114.99,

24.19, 19.66.

Synthesis of 1-(5-carboxypentyl)-2,3,3-trimethyl-3H-indol-1-ium (2) &

In 500 mL round bottom flask, 2,3,3-trimethylindolenine (5 g, 31.4 mol) and 6-
bromohexanoic acid (12.3 g, 62.8 mmol) were added to 200 mL of acetonitrile. The
mixture was refluxed for 12 h. Subsequently, the mixture was cooled to room
temperature and acetonitrile was removed by rotavap. Subsequently, the flask was
placed in an ice bath, the solid residue was dissolved in 100 mL dichloromethane, then
300 mL diethyl ether was added to precipitate the product. That product was collected
by filtration and washed with diethyl ether to afford pink crystals (6.4 g, 72%).

'H NMR (400 MHz, MeOD) & 7.91 — 7.84 (m, 1H), 7.79 (dt, J = 7.5, 3.8 Hz, 1H), 7.71 —
7.61 (m, 3H), 4.58 — 4.49 (m, 3H), 2.36 (t, J = 7.2 Hz, 3H), 2.05 — 1.96 (m, 3H), 1.77 —

1.67 (m, 3H), 1.63 (s, 8H), 1.62 — 1.49 (m, 3H).
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13C NMR (100 MHz, MeOD) & 196.51, 175.75, 142.02, 141.08, 129.83, 129.14, 123.26,

115.13, 54.56, 32.98, 27.15, 25.66, 23.99, 21.40.

Synthesis of 1-(5-carboxypentyl)-2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-3,3-
dimethylindolin-2-ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-3,3-
dimethyl-3H-indol-1-ium (A) &

Vilsmeir Haack Reagent V.H (1.27 g, 3.64 mmol), 2 (2.00 g, 7.28 mmol) and NaOAc
(597 mg, 7.28 mmol) were dissolved in 100 mL of absolute ethanol in 250 mL round
bottom flask. The mixture was refluxed for 6 h. The solvent was removed and the crude
was purified by normal phase flash chromatography with MeOH:CHCl (1:25 v/v) to
obtain green solid (0.98 g, 48%).

'H NMR (400 MHz, MeOD) & 8.47 (d, J = 14.1 Hz, 2H), 7.54 (d, J = 7.3 Hz, 2H), 7.48 —
7.42 (m, 2H), 7.37 — 7.28 (m, 4H), 6.31 (d, J = 14.1 Hz, 2H), 4.20 (t, J = 7.3 Hz, 3H),
2.75 (d, J = 5.5 Hz, 4H), 2.34 (t, J = 7.2 Hz, 4H), 2.04 — 1.96 (m, 2H), 1.95 — 1.84 (m,
4H), 1.76 (s, 12H), 1.74 — 1.68 (m, 3H), 1.59 — 1.49 (m, 4H).

13C NMR (101 MHz, MeOD) & 175.78, 172.93, 149.82, 144.17, 142.21, 141.23, 128.51,
126.64, 125.18, 122.12, 110.88, 100.91, 49.27, 43.70, 33.19, 26.92, 26.68, 25.96, 24.24,

20.71.

Synthesis of -(5-carboxypentyl)-2-((E)-2-((E)-2-chloro-3-(2-((E)-1-(6-(2-(4-(6-((5-((2-

chloro-6-methylphenyl)carbamoyl)thiazol-2-yl)amino)-2-methylpyrimidin-4-
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yl)piperazin-1-yl)ethoxy)-6-oxohexyl)-3,3-dimethylindolin-2-
ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-3,3-dimethyl-3H-indol-1-ium (1)
Cyanine dye A (200.0 mg, 0.29 mmol), triethylamine (48.50 uL, 0.34 mmol) and HATU
(110.2 mg, 0.29 mmol) were added in 2 mL DMF and stirred for 15 min. Dasatinib
(141.52 mg, 0.29 mmol) was added afterwards and stirred for 12 h under argon balloon.
Solvent was removed and the crude was purified by reverse phase column on prep-
HPLC {50% MeCN/50%H>0 — 90%MeCN/10%H>O (containing 0.1% TFA) in 20
mins} to get the desired product as amorphous green solid (32 mg, 9.6%).

'H NMR (400 MHz, MeOD) § 8.46 (dd, J = 13.9, 9.9 Hz, 2H), 8.17 — 8.15 (m, 1H), 7.54
(d, J = 7.6 Hz, 2H), 7.45 (dd, J = 13.6, 7.5 Hz, 2H), 7.29 (dt, J = 14.8, 7.0 Hz, 6H), 6.30
(t, J = 13.8 Hz, 2H), 6.16 (s, 1H), 5.50 (s, 3H), 4.51 — 4.43 (m, 2H), 4.20 (dd, J = 12.0,
7.1 Hz, 4H), 3.98 (s, 3H), 3.53 — 3.40 (m, 5H), 3.37 (s, 1H), 2.74 (d, J = 5.9 Hz, 4H),
2.48 (dd, J = 16.6, 9.2 Hz, 6H), 2.37 — 2.28 (m, 6H), 2.01 — 1.94 (m, 2H), 1.89 (s, 4H),
1.75 (d, J = 2.1 Hz, 12H), 1.69 (dd, J = 14.3, 6.9 Hz, 5H), 1.53 (g, J = 14.7 Hz, 5H).

13C NMR (101 MHz, MeOD) & 175.83, 172.91, 172.56, 162.37, 157.49, 149.80, 144.53,
143.83, 142.27, 142.10, 141.30, 141.15, 128.76, 128.56, 126.93, 126.66, 126.46, 125.40,
125.05, 122.15, 111.04, 110.70, 101.24, 100.53, 83.20, 57.76, 55.32, 53.37, 51.60,
49.39, 49.17, 43.61, 41.02, 33.19, 32.97, 26.96, 26.89, 26.71, 25.99, 25.95, 24.22, 24.04,
20.72, 17.30.

HRMS (calculated): 1152.5062; found 1152.5067
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(1E,1'E)-1,1'-(2-chlorocyclohex-1-ene-1,3-diyl)bis(N-phenylmethanimine) (V.H)
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1-(5-carboxypentyl)-2,3,3-trimethyl-3H-indol-1-ium (2)

/
N+
(0]
OH
'H
(| J‘ A *
S I 1 S S o I
TR T
HRE .4
2.0 as 840 5 70 65 6.0 55 5.0 45 40
11 (oam)

201



13C

& ® BHE B R
B & CERE R : 5 Rifz
] I VN : T N177
|
1
)
\ !
1
g i Ny oy vt o e
T T T T T T T T T T T T T T T T T T ¥ v v
210 200 190 180 170 160 150 140 130 120 10 100 90 a0 70 60 s0 40 30 20 10
1 (oom)

202



1-(5-carboxypentyl)-2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-3,3-
dimethylindolin-2-ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-3,3-

dimethyl-3H-indol-1-ium (A)
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1-(5-carboxypentyl)-2-((E)-2-((E)-2-chloro-3-(2-((E)-1-(6-(2-(4-(6-((5-((2-chloro-6-

methylphenyl)carbamoyl)thiazol-2-yl)amino)-2-methylpyrimidin-4-yl)piperazin-1-

yl)ethoxy)-6-oxohexyl)-3,3-dimethylindolin-2-ylidene)ethylidene)cyclohex-1-en-1-

yhvinyl)-3,3-dimethyl-3H-indol-1-ium (1)
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Photophysical Properties
Fluorescence Quantum Yield Calculation: Fluorescence quantum yield was
determined according to previous literature procedure.?*® The fluorescence emission
spectra of 1 were determined in PBS 7.4 (0.1% CrEL) using Cary-Varian 100 UV-Vis
NIR spectrophotometer. Samples in PBS were excited in 1 cm path length cuvettes at
750 nm and integrated emission (760-900 nm) was quantified, keeping maximum
absorbance below 0.1. ICG in DMSO (Q.Y=0.13) was used as internal standard to do the
calculations. Briefly, the integrated fluorescence intensity was plotted against
absorbance at different concentrations to generate gradient, which is proportional to the
quantum yield of the samples.

Oy = Oy (Gradx/Gradst)(n? x/n’st )
@ represents the quantum yield of the standard, and ®x represents the quantum yield of
the unknown, Grad is the slope of the best linear fit, 1) is the refractive index of the
solvent used and subscript x and st denote unknown and the standard respectively.
In Vitro Assays: HepG2 cells were grown in Dulbecco's Modified Eagle's medium
(DMEM) containing 10% fetal bovine serum (FBS). Cells were grown in an incubator at
37°C, humidified atmosphere containing 5% CO.. Cells were grown in T-75 culture

flask till 70% confluency before splitting into next passage.
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Live Cell Staining: Intracellular localization of dyes with the HEPG2 cells was
measured using Olympus Fluoview FVV1000. The images were taken at 60x/1.20 water
immersed objective. Lysosome, Mitochondria and Nucleus were stained using
Lysotracker Green DND 26, Mitotracker Green FM and, NucBlue respectively were
bought from Life Technologies. 488 nm laser was used for green channel, 405 nm laser
was used for nucleus and 633 nm laser was used for compound 1.

Briefly, 50,000 cells were seeded on 4 well chambers (Nunc Lab-Tek) and allowed to
adhere overnight. The cells were incubated with 20 uM of compound 2 for 30 mins,
washed twice with PBS, incubated with organelle stains according to manufacturer’s
instructions. The cells were washed twice again and stained with Nuc Blue for 10 mins.
Mode of uptake of 1 was determined on Evos FL Imaging System (Thermofisher). The
images were taken at 10x/0.4. Briefly, cells were either pre-blocked with 250 uM BSP
for 10 mins or treated with 1 mM DMOG for 24 h before treating with the dye. After 30
mins incubation, cells were washed twice with PBS and stained with NucBlue for 10
mins and taken for imaging.

Cytotoxicity Assay: Approximately 5000 HepG2 cells/well were seeded on 96 well
plate containing 10% fetal bovine serum (FBS). Cells were allowed to adhere overnight
before test compounds were added. Stock solutions of 1, A, D and A+D (0.02 M in
DMSO) were diluted with protein-free medium (PFHM-II) to make desired final
concentrations varying from 0.01 to 80 uM. The cells were incubated with the desired
concentration for 48h. The cell viabilities were calculated using alamarBlue

assay. Briefly, 10 uL of alamarBlue Reagent was incubated for an additional 2 h and
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fluorescence was measured with excitation at 560 nm and emission wavelength at 590
nm with a BioTek Synergy 4 Microplate Reader. The viability of each cell line in
response to the treatment with tested compounds was calculated as: % dead cells = 100 —
(OD treated/OD control) x 100.

Cell Proliferation Assay: Approximately 2000 HepG2 cells/well were seeded on 96
well plate containing 10% fetal bovine serum (FBS). Cells were allowed to adhere
overnight before test compounds were added. Stock solutions of 1, A, D and A+D (0.02
M in DMSO) were diluted with protein-free medium (PFHM-I11) to make final
concentration of 5 uM. The media was change after every 3 days and MTT assay was
performed to quantitate the proliferation of cells. For MTT assay, 5 mg was dissolved in
1 mL of Hank's Balanced Salt Solution

(HBBS) and 20 pL of solution was added to each well. After 2 hrs, entire media was
removed and formazan crystals were dissolved in 100 pL of DMSO. The plate is shaken
at 300 rpm for 5 mins to dissolve the formazan crystals. Afterwards, the absorbance of
formazan dye is observed at 570 nm using BioTek Synergy 4 Microplate Reader.
Wound Healing Assay: HepG2 cells were seeded in 3-well silicone inserts (Ibidi, with
two defined cell-free gaps) on a 6-well plate at a density of 5 x10° cells/mL (70 pL
applied in each small well) in DMEM medium containing 10% fetal bovine serum and
were allowed to adhere overnight. 3-well inserts were then removed and cells were
washed carefully with PBS to help remove non-adherent cells or cell debris. Compounds
were premixed with DMEM medium containing 10% FBS (DMSO = 0.1%) and added

to the 6-well plate. Time-lapse images were obtained via EVOS Auto FI 2 microscope
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automated program every 20 min for a total of 28 h. Time-lapse videos were generated
by ImageJ software. Quantification of wound healing assay was done by the “ACAS”
online software (available from Ibidi website).

Western Blot: HepG2 cells were seeded in a 24-well plate (1 x10° cells/well) in DMEM
medium containing 10% fetal bovine serum and were allowed to adhere overnight.
Medium was replaced with fresh DMEM medium containing 10% FBS premixed with
compounds (DMSO = 0.1%) and incubated for 24 h. Cells were washed twice with cold
PBS and

lysed by RIPA buffer (Pierce) according to manufacturer’s instructions to obtain the cell
lysate. The total protein concentrations of all lysate samples were calibrated by BCA
protein assay (Pierce). SDS-buffer was added to samples and boiled at 100 °C for 10
min. SDS-PAGE was performed using a handcast 10% polyacrylamide gel (50 pg total
protein loaded). The gel was washed with distilled water twice and was transferred to
PVDF membrane by Pierce Power Station according to manufacturer’s instructions. The
membrane was blocked with SuperBlock T20 (ThermoFisher) for 2 h at room
temperature, incubated with anti-p-Src (Cell Signaling Technology, 1:1000) at 4 °C
overnight, washed with TBST (TBS + 0.05% Tween 20) twice, incubated with HRP-
conjugated anti-rabbit IgG (H+L) (ThermoFisher, 1:2000) for 1 h at room temperature
and washed again with TBST 3-5 times. Afterwards, blots were treated with ECL
Western Blotting Substrate (Pierce) and scanned by ChemiDoc XRS (BioRad) imaging

system.
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Flow Cytometry: Cellular uptake of 1 was quantified by using BD FACSAria 1l.
Briefly, 100,000 cells were seeded on 24 well plate and allowed to adhere for 24 h. For
hypoxia 1 mM DMOG was added for 24 h, for OATPs blocking 250 uM BSP was added
for 10 mins and for ATP blocking cells were placed at 0 °C for 30 min prior to
experiment. The cells were incubated with the dye for 30 min. After incubation, the cells
were washed thrice with PBS, dissociated from the plate using 200 uM of Cell
Dissociation Buffer, enzyme free (Thermofisher) and suspended in PBS. The
fluorescence of the samples was measured by 633 nm excitation source and 750/45
emission filter.
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Figure D-S1. a Absorbance and fluorescence of compounds in compound 1 in PBS (pH
7.4)in 0.1% CrEL. 1Cso determination of compound 1 and D with b Src, and ¢ Lyn. d
Proliferation assay was carried out for 8 days at 5 uM of 1, D, A, equimolar

concentration of A+D and DMSO (control).
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Figure D-S2. Wound healing assay at 1 uM of a, 1; b, D; ¢, A; and d, DMSO at 0, 12

and 24 h.
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1 nucleus merge

oy

Figure D-S3. Uptake of 2ac in a, normal conditions; b, blocked by BSP (OATPs

inhibitors) and ¢, DMOG (hypoxia inducers) and d, 0 °C (ATPs blocked). Magnification

10x. Scale bar 275 uM.
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Figure D-S4. Organelle colocalization study of 1 with a, MitoTracker Green; and b,

LysoTracker
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APPENDIX E

SUPPORTING INFORMATION FOR CHAPTER VI

General Experimental Procedures

All reactions were carried out under an argon atmosphere. Reagents were purchased at a
high commercial quality (typically 97 % or higher) and used without further purification,
unless otherwise stated. High field NMR spectra were recorded with Bruker Avance IlI
at 400 MHz for 'H, and 100 MHz for *C and were calibrated using residual non-
deuterated solvent as an internal reference (CDCls: *H NMR = 7.24, 3C NMR = 77.0,
MeOD: 'H NMR = 3.30, ®*C NMR = 49.0, DMSO-ds: *H NMR = 250, 3C NMR =
39.5). The following abbreviations were used to explain the multiplicities: s = singlet, d
= doublet, t = triplet, g = quartet, quint = quintet, dd = double doublet, dt = double
triplet, dq = double quartet, m = multiplet, br = broad. Electrospray ionization mass
spectrometry (ESI-MS) data were collected on triple-stage quadrupole instrument in a
positive mode. Flash chromatography was performed using silica gel (230-400 mesh).
LC-MS analyses were collected from Agilent 1260 Infinity Quaternary LC and Agilent
6120 Quadrupole LC/MS modules using Poroshell 120 EC-C18 2.7 uM (4.6 x 50 mm)
column in 5-95% CHsCN/water gradient with 0.1% formic acid over 10 minutes. Prep
HPLC was performed on Agilent 1260 Infinity in 50-90 CH3CN/water gradient with
0.1% TFA over 20 mins. All statistical analyses were carried out by Graphpad Prism
version 6.0 (Graphpad Software).

General Synthesis Procedure: Reagents were purchased at a high commercial quality

(typically 97 % or higher) and used without further purification, unless otherwise stated.
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Compounds Obb and Occ were purchased from Sigma Aldrich and abcr GmbH
respectively. General synthesis of 3a-d and compounds 1 — 2 are described below.
Detailed synthesis and characterization are described in supporting.

Hemicyanine Synthesis (3a-d): Compound A (1 eq), 4a-b or 5a-b (1 eq) and NaOAc (1
eq) were dissolved in 100 mL of absolute ethanol in 250 mL round bottom flask. The
mixture was heated at 50 °C for 2 h. The solvent was removed and the crude material
was purified by normal phase flash chromatography with MeOH:CH2Cl; (1:25 v/v) for
3a, ¢ and MeOH:CHCI;s (1:3) for 3b, d to afford blue solid.

Unsymmetric and Symmetric cyanine synthesis (1 — 2): Compound 3a-d (1 eq), 4a-c
or 5a-b (1 eq) and NaOAc (1 eq) were dissolved in 50 mL of absolute ethanol in 100 mL
round bottom flask. The mixture was refluxed for 3 h. The solvent was removed and
the crude was purified by reverse phase prep HPLC.

HepG2 cells were grown in Dulbecco’'s Modified Eagle's medium (DMEM) containing
10% fetal bovine serum (FBS). Cells were grown in an incubator at 37°C, humidified
atmosphere containing 5% CO». Cells were grown in T-75 culture flask till 70%
confluency before splitting into next passage.

Fluorescence Quantum Yield Measurements: Fluorescence quantum yield was
determined according to previous literature procedure. 2*® The fluorescence emission
spectra of compounds 0-2 were determined in PBS 7.4 (0.1% CrEL) using Cary-Varian
100 UV-Vis NIR spectrophotometer. Samples in PBS were excited in 1 cm path length
cuvettes at 750 nm and integrated emission (760-900) was quantified, keeping maximum

absorbance below 0.1. ICG in DMSO (Q.Y 0.13) was used as internal standard to do the
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calculations. Briefly, the integrated fluorescence intensity was plotted against
absorbance at different concentrations to generate gradient, which is proportional to the
quantum yield of the samples.

Dy = Dg; (Grady/Grads; )(m? x/m?%t )
@ represents the quantum yield of the standard, and ®x represents the quantum yield of
the unknown, Grad is the slope of the best linear fit, n is the refractive index of the
solvent used and subscript x and st denote unknown and the standard respectively.
Singlet Oxygen Detection®: Singlet oxygen generation of compounds 0-2 was
determined using 780 nm LEDs (Thor Lab, LED780E) embedded on 24 well plate
holder. Sample solutions were prepared in PBS 7.4 (0.1% CrEL) at a concentration of 5
UM in 24 well plate. DPBP (1 mM) was prepared in DMSO and diluted to 80 uM in
PBS 7.4 (0.1% CrEL). The decrease in absorbance was measured at 418 nm every one
minute for 10 mins by BioTek Synergy 4 Microplate Reader. Rate of change of
absorbance is plotted against irradiation time.

Dy = O (Grady/Gradst )(Fst/Fx)

g represents the quantum yield of the standard, and ®x represents the quantum yield of
the unknown, Grad is the slope of the best linear fit, F stands for the absorption
correction factor (F = 1 — 102 abs represent absorbance) and subscript x and st denote
unknown and the standard respectively.
Photostability: Photostability of compounds 0-2 were compared by irradiating samples
under 780 nm LEDs (Thor Lab, LED780E). The compounds were dissolved in PBS 7.4

(0.1% CrEL) to give a concentration of 10 uM. The decrease in absorbance at 780 nm
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was measured every 2 mins for 10 mins and then every 10 mins interval for 60 mins by
BioTek Synergy 4 Microplate Reader. Decrease in absorbance was plotted against time.
Live cell Staining: Intracellular localization of dyes with the HepG2 cells was measured
using Olympus Fluoview FV1000. The images were taken at 60x/1.20 water immersed
objective. Lysosome, Mitochondria and Nucleus were stained using Lysotracker Green
DND 26, Mitotracker Green FM and, NucBlue respectively were bought from Life
Technologies. 488 nm laser was used for green channel, 405 nm laser was used for
nucleus and 633 nm laser was used for compound 2.

Briefly, 50,000 cells were seeded on 4 well chambers (Nunc Lab-Tek) and allowed to
adhere overnight. The cells were incubated with 20 uM of compound 2 for 30 mins,
washed twice with PBS, incubated with organelle stains according to manufacturer’s
instructions. The cells were washed twice again and stained with Nuc Blue for 10 mins.
The localization of 2ac and 2bc in organelles was quantified using ImageJ (coloc2 plug
in).

Blocking Study: Mode of uptake of 2ac was determined on Evos FL Imaging System
(Thermofisher). The images were taken at 10x/0.4. Briefly, cells were either pre-blocked
with 250 pM BSP for 10 mins or treated with 1 mM DMOG for 24 h before treating with
the dye. After 30 mins incubation, cells were washed twice with PBS and stained with
NucBlue for 10 mins and taken for imaging. The amount of uptake was quantified by
using Image Studio Lite (Ver 5.2).

Cytotoxicity Assays: Approximately 5000 HepG2 cells/well were seeded on 96 well

plate containing 10% fetal bovine serum. Cells were allowed to adhere overnight before
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test compounds were added. Stock solutions of 2 (0.02 M in DMSO) were diluted with
protein-free medium (PFHM-I11) to make desired final concentrations varying from 0.01
to 80 uM. The cells were incubated with the desired concentration for 48h. The cell
viabilities were calculated using AlamarBlue assay. Briefly, 10 uL of alamarBlue
Reagent was incubated for an additional 2 h and fluorescence was measured with
excitation at 560 nm and Emission wavelength at 590 nm with a BioTek Synergy 4
Microplate Reader. The viability of each cell line in response to the treatment with tested
compounds was calculated as: % dead cells = 100 — (OD treated/OD control) x 100.

Photocytotoxicity Assays: Approximately 5000 cells in DMEM/F12 containing 10%
FBS were seeded in 96 well plate. Cells were allowed to adhere overnight before test
compounds were added. Stock solutions of 2 (0.02 M in DMSO) were diluted with
protein-free medium (PFHM-II) to make desired final concentrations varying from 1 to
10 uM. The cells were treated with desired concentrations of compound for 1 h.
Afterwards, cells were washed with PBS twice and culture media was changed to
ACAS. LED light (3.8 mW/cm?) was irridiated on the cells for 10 mins and the cells
were incubated in dark for 24 h. Cell viabilities were determined by alamarBlue Assay

as mentioned above.
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Synthesis Scheme

(i) POCl5, DMF Cl

an|I|ne EtOH pp_ x. _Ph
N~ N~

|||) H,0, HCI

A
+= _—
F\;1 AcONa, EtOH
6 h, reflux

A

— >
- AcONa, EtOH
N 2 h, 50 °C

\N+
R2

AcONa, EtOH, 4 h, reflux

Scheme E-S1. General synthesis scheme for a, symmetric and b, unsymmetric cyanine

dyes
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a,borc
/ > /,
N N*
\
R

5
a = (CH,)sCOOH
b = (CH3),SO3
C= (CH2)2CH3

O
| \HJ\ I |
a,borc
O TS 2o S
H AcOH, reflux N N
60 °C, 12h B R

4
a = (CH,)sCOOH
b = (CH3)4SO3
c= (CH2)2CH3
Scheme E-S2. Synthesis of iodinated and non-iodinated indoles. a, 6-bromohexanoic
acid, CHsCN, reflux 18h; b, 1,4-butane sultone, 1,2-dichlorobenzene, reflux, 18h; and c,

propyl iodide, reflux, 18h

! AcONa, EtOH
2h,50°C

AcONa, EtOH
4 h, reflux
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%
N+
) AcONa, EtOH
R 2 h, 50 °C
4aorb 3c, 3d

AcONa, EtOH
4 h, reflux

Scheme E-S3. General synthesis procedure for compounds O - 2

aa, bb, ab, ac, bc
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aa, bb, ab, ac, bc
where R! and R? are
a= NN NCoH b= NS0T o s
Scheme E-S4. General structures of the compounds synthesized or used in this study.
Compound Oaa was synthesized according to literature procedure?, Obb and Occ were
purchased from Sigma Aldrich and abcr GmbH.

O+_OH O OH Oy OH

Scheme E-S5. Synthesis of a, NaH, 4 hydroxybenzoic acid, DMF, 25 °C, 18h, b,

isonipecotic acid, 60 °C, 12h DMF c, 4-mercaptobenzoic acid, DMSO, 25°C, 18h
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Synthesis Procedure

Synthesis of (1E,1'E)-1,1'-(2-chlorocyclohex-1-ene-1,3-diyl)bis(N-
phenylmethanimine) (A)

DMF (65 mL, 0.85 mol) was added to a 500 mL round bottom flask and cooled in an ice
bath. Dropwise, POCls (55 mL, 0.6 mol) was added and the mixture was stirred for 30
min. Cyclohexanone (27.5 mL, 0.265 mol) was added and the solution was refluxed at
100 °C for 1 h. Subsequently, the heating was stopped and the reaction was cooled
down by placing on ice bath. While the mixture was cooling, aniline/EtOH (1:1 v/v, 90
mL) was added, then the mixture was stirred for 1 h. The solution was poured to cold
H>0O:conc. HCI (10:1, 110 mL) and allowed to stand for 2 hours. The dark purple solid
was collected by filtration and dissolved with methanol. The product was recrystallized
using methyl tert-butylether:hexane (1:1) as purple crystals (45.78 g, 86%).

'H NMR (400 MHz, MeOD) § 8.66 (s, 2H), 7.50 (s, 3H), 7.49 (d, J = 2.0 Hz, 3H), 7.31
(ddd, J = 8.4, 5.6, 3.0 Hz, 2H), 3.37 (s, 1H), 2.74 (t, J = 6.2 Hz, 4H), 2.00 (s, 2H).

13C NMR (100 MHz, MeOD) & 157.52, 149.00, 139.25, 129.70, 126.59, 118.47, 114.99,

24.19, 19.66.

Synthesis of 5-iodo-2,3,3-trimethyl-3H-indole (B)?

(4-iodophenyl)-hydrazine (25 g, 106.8 mmol) was added to 3-methyl-2-butanone (14.1
mL, 162.3 mmol) and refluxed in glacial acetic acid (200 mL) for 12 h. Afterwards,
glacial acetic acid was removed under reduced pressure and the crude was dissolved in

diethyl ether. The insoluble solid residues were filtered and the clear ether solution was
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washed twice with conc. NaOH, conc. Na2S20O3 and water. The organic layer was dried
using MgSO4 and evaporated to afford thick red-brown liquid which was carried forward
without further purification. (18.1 g, 60%).

'H NMR (400 MHz, MeOD) & 7.72 (d, J = 1.6 Hz, 1H), 7.63 (dd, J = 8.1, 1.7 Hz, 1H),
7.23 (d, J = 8.1 Hz, 1H), 2.26 (s, 3H), 1.28 (s, 6H).

13C NMR (100 MHz, MeOD) & 189.89, 152.22, 148.20, 136.63, 130.88, 120.88, 89.90,

53.96, 21.83, 13.97.

Synthesis of 1-(5-carboxypentyl)-2,3,3-trimethyl-3H-indol-1-ium (5a) *

In 500 mL round bottom flask, 2,3,3-trimethylindolenine (5 g, 31.4 mol) and 6-
bromohexanoic acid (12.3 g, 62.8 mmol) were added to 200 mL of acetonitrile. The
mixture was refluxed for 12 h. Subsequently, the mixture was cooled to room
temperature and acetonitrile was removed by rotavap. Subsequently, the flask was
placed in an ice bath, the solid residue was dissolved in 100 mL dichloromethane, then
300 mL diethyl ether was added to precipitate the product. That product was collected
by filtration and washed with diethyl ether to afford pink crystals (6.4 g, 72%).

'H NMR (400 MHz, MeOD) & 7.91 — 7.84 (m, 1H), 7.79 (dt, J = 7.5, 3.8 Hz, 1H), 7.71 —
7.61 (m, 3H), 4.58 — 4.49 (m, 3H), 2.36 (t, J = 7.2 Hz, 3H), 2.05 — 1.96 (m, 3H), 1.77 —
1.67 (m, 3H), 1.63 (s, 8H), 1.62 — 1.49 (m, 3H).

13C NMR (100 MHz, MeOD) & 196.51, 175.75, 142.02, 141.08, 129.83, 129.14, 123.26,

115.13, 54.56, 32.98, 27.15, 25.66, 23.99, 21.40.
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Synthesis of 1-(5-carboxypentyl)-5-iodo-2,3,3-trimethyl-3H-indol-1-ium (4a) was
carried out as above to afford grey solid (4.3 g, 58%).

'H NMR (400 MHz, MeOD) & 8.22 (d, J = 1.5 Hz, 1H), 8.04 (dd, J = 8.5, 1.6 Hz, 1H),
7.70 (d, J = 8.5 Hz, 1H), 4.57 — 4.46 (m, 2H), 2.36 (t, J = 7.2 Hz, 2H), 1.99 (s, 2H), 1.71
(d, J = 7.6 Hz, 2H), 1.63 (s, 6H), 1.52 (d, J = 21.3 Hz, 3H).

13C NMR (100 MHz, MeOD) § 175.75, 144.05, 138.36, 132.76, 116.82, 95.22, 54.61,

32.96, 27.06, 25.63, 23.97, 21.21.

Synthesis of 4-(2,3,3-trimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate (5b)*

In 500 mL round bottom flask, 2,3,3-trimethylindolenine (5 g, 31.4 mmol) and 1,4-
butane sultone (8.55 g, 62.8 mmol) were added to 50 mL of 1,2-dichlorobenzene. The
mixture was refluxed for 12 h. Subsequently, the mixture was cooled to room
temperature and acetonitrile was removed by rotavap. Subsequently, the flask was
placed in an ice bath, the solid residue was precipitated from 2-propanol and collected by
filtration. The precipitate was washed several times with isopropanol to afford red
crystals. (5.4 g, 52%).

'H NMR (400 MHz, MeOD) & 7.94 (s, 1H), 7.77 (d, J = 3.1 Hz, 1H), 7.69 — 7.63 (m,
2H), 4.62 — 4.53 (m, 2H), 2.91 (t, J = 7.1 Hz, 2H), 2.18 (s, 2H), 1.98 (d, J = 7.6 Hz, 2H),
1.63 (s, 6H).

13C NMR (100 MHz, MeOD) & 7.94, 7.77, 7.77, 7.68, 7.67, 7.67, 7.66, 7.66, 7.65, 4.60,

4.58, 4.56, 2.93, 2.91, 2.90, 2.18, 1.99, 1.97, 1.63.
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Synthesis of 4-(5-iodo-2,3,3-trimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate (4b)
was carried out as above to afford red solid (4.1 g, 55%).

'H NMR (400 MHz, MeOD) & 8.20 (s, 1H), 8.03 (dd, J = 8.5, 1.6 Hz, 1H), 7.76 (d, J =
8.5 Hz, 1H), 4.58 — 4.49 (m, 2H), 2.90 (t, J = 7.1 Hz, 2H), 2.16 (dd, J = 9.1, 6.5 Hz, 2H),
1.98 — 1.91 (m, 2H), 1.62 (s, 6H).

13C NMR (100 MHz, MeOD) & 196.84, 144.04, 141.02, 138.39, 132.65, 117.03, 95.14,

63.35, 54.61, 49.72, 25.91, 23.89, 21.83, 21.23.

Synthesis of 2,3,3-trimethyl-1-propyl-3H-indol-1-ium (5c)

In 250 mL round bottom flask, 2,3,3-trimethylindolenine (10.5 g, 65.9 mmol) and 1-lodo
propane (57 mL, 0.19 mol) were added to 50 mL of acetonitrile. The mixture was
refluxed for 12 h. The mixture was cooled to room temperature and then the acetonitrile
was removed. Subsequently, acetone (150 mL) was added into the solid residue. The
product was collected by filtration and washed with acetone to provide brown solid (13.0
g, 98%).

IH NMR (400 MHz, CDCl3) § 7.73 — 7.65 (m, 1H), 7.54 (d, J = 3.0 Hz, 3H), 4.64 (t, J =
7.5 Hz, 2H), 3.10 (s, 3H), 2.00 (dd, J = 15.0, 7.5 Hz, 2H), 1.62 (s, 6H), 1.05 (t, J = 7.4
Hz, 3H).

13C NMR (100 MHz, CDCl3) § 195.88, 141.67, 141.00, 130.16, 129.55, 123.38, 115.55,

54.72,51.41, 23.28, 21.55, 17.24, 11.38.
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Synthesis of 5-iodo-2,3,3-trimethyl-1-propyl-3H-indol-1-ium (4c)

In 250 mL round bottom flask, 5-iodo-2,3,3-trimethyl-3H-indole (B) (10.0 g, 35.1
mmol) and 1-lodo propane (60 mL, 0.61 mol) were added to 100 mL of acetonitrile. The
mixture was refluxed for 12 h. Subsequently, the mixture was cooled to room
temperature and the flask was placed in an ice bath. The solid residue was precipitated
and collected by filtration, washed with cold acetonitrile to provide brown solid (10.0 g,
87%).

'H NMR (400 MHz, MeOD) & 8.23 (d, J = 1.1 Hz, 1H), 8.03 (dd, J = 8.5, 1.3 Hz, 1H),
7.72 (d, J = 8.5 Hz, 1H), 4.53 — 4.46 (m, 2H), 2.07 — 1.95 (m, 2H), 1.64 (s, 6H), 1.11 (t,
J=7.4 Hz, 3H).

13C NMR (100 MHz, MeOD) & 196.59, 144.04, 140.97, 138.33, 132.74, 116.95, 95.26,

54.61, 49.52, 21.32, 20.97, 9.88.

Synthesis of hemicyanine dyes

General Procedure

Compound A (1 eq), 4a-b or 5a-b (1 eq) and NaOAc (1 eq) were dissolved in 100 mL of
absolute ethanol in 250 mL round bottom flask. The mixture was heated at 50 °C for 2
h. The solvent was removed and the crude material was purified by normal phase flash
chromatography with MeOH:CHCl, (1:25 v/v) for 3a, c and MeOH:CHClIs (1:3) for 3b,

d to afford blue solid.

1-(5-carboxypentyl)-2-((E)-2-((E)-2-chloro-3-((phenylamino)methylene)cyclohex-1-

en-1-yl)vinyl)-3,3-dimethyl-3H-indol-1-ium (3a)
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(2.2 g, 61%).

H NMR (400 MHz, MeOD) 8 8.66 (d, J = 14.7 Hz, 1H), 8.38 (s, 1H), 7.63 (d, J = 7.4
Hz, 1H), 7.56 — 7.50 (m, 2H), 7.47 — 7.41 (m, 3H), 7.37 (d, J = 7.7 Hz, 2H), 7.21 (t, J =
7.3 Hz, 1H), 6.49 (d, J = 14.6 Hz, 1H), 4.34 (t, J = 7.4 Hz, 2H), 2.78 — 2.69 (m, 4H),
2.34 (t,J = 7.2 Hz, 2H), 2.04 — 1.96 (m, 3H), 1.93 (s, 2H), 1.78 (s, 6H), 1.76 — 1.68 (m,
2H), 1.55 (d, J = 7.1 Hz, 2H).

13C NMR (100 MHz, MeOD) & 177.07, 175.76, 151.53, 148.19, 143.04, 141.96, 141.61,
140.28, 129.55, 128.79, 126.74, 125.42, 124.83, 122.36, 117.20, 114.12, 112.21, 103.07,

50.34, 44.46, 33.12, 26.98, 26.72, 25.87, 25.48, 24.51, 24.17, 20.28.

4-(2-((E)-2-((E)-2-chloro-3-((phenylamino)methylene)cyclohex-1-en-1-yl)vinyl)-3,3-
dimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate (3b)

(1.8 g, 51%).

'H NMR (400 MHz, DMSO) & 8.44 (d, J = 14.6 Hz, 1H), 8.20 (s, 1H), 7.71 (dd, J =
12.5, 7.8 Hz, 2H), 7.50 (d, J = 7.7 Hz, 1H), 7.47 — 7.40 (m, 5H), 7.20 — 7.12 (m, 1H),
6.62 (d, J = 14.7 Hz, 1H), 4.44 — 4.34 (m, 2H), 2.72 (dt, J = 22.2, 6.0 Hz, 5H), 1.88 (d, J
= 6.2 Hz, 4H), 1.75 (dd, J = 13.8, 6.2 Hz, 4H), 1.70 (s, 6H).

13C NMR (100 MHz, DMSO) § 149.79, 142.41, 141.98, 130.18, 129.34, 127.24, 125.84,
124.95, 123.13, 117.94, 113.60, 104.97, 50.97, 50.57, 45.14, 27.76, 26.86, 25.93, 25.42,
22.91, 20.46.
1-(5-carboxypentyl)-2-((E)-2-((E)-2-chloro-3-((phenylamino)methylene)cyclohex-1-
en-1-yl)vinyl)-5-iodo-3,3-dimethyl-3H-indol-1-ium (3c)
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(1.7 g, 37%).

IH NMR (400 MHz, MeOD) § 8.61 — 8.54 (m, 1H), 8.48 (s, 1H), 7.90 (s, 1H), 7.81 (d, J
= 8.4 Hz, 1H), 7.48 — 7.43 (m, 2H), 7.39 (d, J = 8.0 Hz, 2H), 7.26 — 7.16 (m, 2H), 6.33
(d, J = 12.1 Hz, 1H), 4.22 (s, 2H), 2.73 (t, = 5.7 Hz, 4H), 2.34 (t, J = 7.2 Hz, 2H), 2.06
—1.95 (m, 2H), 1.93 — 1.82 (m, 2H), 1.79 — 1.73 (m, 6H), 1.73 — 1.67 (m, 2H), 1.51 (dd,
J=10.4, 4.8 Hz, 2H).

13C NMR (100 MHz, MeOD) & 175.81, 174.94, 153.16, 147.62, 147.55, 143.68, 141.64,
139.88, 137.88, 131.59, 129.70, 125.79, 125.68, 117.80, 115.40, 113.49, 101.75, 89.74,

49.84, 44.32, 33.28, 27.09, 26.85, 25.95, 25.57, 24.62, 24.22, 20.22.

Synthesis of 4-(2-((E)-2-((E)-2-chloro-3-((phenylamino)methylene)cyclohex-1-en-1-
ylhvinyl)-5-iodo-3,3-dimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate (3d)

(1.2 g, 37%).

'H NMR (400 MHz, DMSO) & 8.32 (s, 2H), 8.07 (s, 1H), 7.80 (dd, J = 8.4, 1.2 Hz, 1H),
7.44 (g, J = 8.3 Hz, 5H), 6.46 (d, J = 14.4 Hz, 1H), 4.27 (t, J = 6.9 Hz, 2H), 2.72 (d, J =

6.5 Hz, 4H), 1.85 (dd, J = 12.9, 6.4 Hz, 4H), 1.74 (d, J = 7.0 Hz, 2H), 1.68 (s, 6H), 1.06

(t, J = 7.0 Hz, 3H).

13C NMR (101 MHz, DMSO) § 189.73, 144.32, 142.13, 137.80, 131.76, 130.16, 129.94,
128.43, 125.96, 125.49, 118.51, 115.03, 79.66, 56.49, 51.47, 51.00, 50.06, 49.06, 46.58,

44.78, 28.28, 27.70, 26.58, 25.94, 25.57, 23.09, 22.87, 20.48, 19.01.
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Synthesis of symmetric and unsymmetric cyanine dyes

General Procedure: Compound 3a-d (1 eq), 4a-c or 5a-b (1 eq) and NaOAc (1 eq)
were dissolved in 50 mL of absolute ethanol in 100 mL round bottom flask. The mixture
was refluxed for 3 h. The solvent was removed and the crude was purified by reverse

phase prep HPLC.

1-(5-carboxypentyl)-2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-5-iodo-3,3-
dimethylindolin-2-ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-3,3-
dimethyl-3H-indol-1-ium (1aa) , (114 mg, 70%)

'H NMR (400 MHz, MeOD) § 8.58 — 8.51 (m, 1H), 8.36 — 8.28 (m, 1H), 7.81 (d, J = 1.5
Hz, 1H), 7.72 (dd, J = 8.3, 1.6 Hz, 1H), 7.59 (d, J = 7.3 Hz, 1H), 7.48 (ddd, J = 15.8,
11.5, 4.2 Hz, 2H), 7.38 (t, J = 7.3 Hz, 1H), 7.05 (d, J = 8.4 Hz, 1H), 6.45 (d, J = 14.4 Hz,
1H), 6.16 (d, J = 13.8 Hz, 1H), 4.29 (t, J = 7.3 Hz, 2H), 4.08 (t, J = 7.3 Hz, 2H), 2.74 (d,
J = 5.8 Hz, 4H), 2.34 (td, J = 7.2, 2.2 Hz, 4H), 2.00 — 1.95 (m, 2H), 1.90 (dd, J = 19.0,
11.6 Hz, 3H), 1.83 (d, J = 7.2 Hz, 1H), 1.75 (d, J = 9.3 Hz, 6H), 1.71 (s, 7H), 1.69 (s,
2H), 1.58 — 1.46 (m, 4H).

13C NMR (101 MHz, MeOD) & 175.83, 175.80, 175.01, 169.84, 149.81, 146.03, 143.12,
142.47, 141.86, 141.74, 137.39, 131.20, 128.73, 127.53, 126.82, 126.19, 122.29, 112.04,
111.73, 103.01, 99.38, 86.81, 49.92, 48.52, 44.24, 43.35, 33.24, 33.19, 26.99, 26.93,
26.81, 26.38, 25.97, 25.92, 24.27, 24.21, 20.67.

HRMS calculated for C42Hs1CIIN2O4* calculated: 809.2577; found 809.2508
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4-((E)-2-((E)-2-(2-chloro-3-((E)-2-(3,3-dimethyl-1-(4-sulfonatobutyl)-3H-indol-1-
ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene)-5-iodo-3,3-dimethylindolin-1-
yl)butane-1-sulfonate (1bb), (80 mg, 50%)

'H NMR (400 MHz, DMSO) & 8.34 (d, J = 14.4 Hz, 1H), 8.16 (d, J = 13.8 Hz, 1H), 7.95
(d, J =15 Hz, 1H), 7.74 — 7.65 (m, 2H), 7.59 (d, J = 8.0 Hz, 1H), 7.46 (dd, J = 11.5, 4.1
Hz, 1H), 7.35 (t, J = 7.5 Hz, 1H), 7.23 (d, J = 8.4 Hz, 1H), 6.52 (d, J = 14.4 Hz, 1H),
6.23 (d, J = 13.9 Hz, 1H), 4.34 — 4.27 (m, 2H), 4.11 (t, J = 6.6 Hz, 2H), 2.74 (d, J = 6.3
Hz, 4H), 2.56 (dd, J = 13.5, 6.6 Hz, 4H), 1.90 — 1.81 (m, 4H), 1.76 (dd, J = 9.5, 5.2 Hz,
6H), 1.69 (s, 6H), 1.65 (s, 6H).

13C NMR (100 MHz, DMSO) & 174.45, 169.95, 148.50, 145.15, 143.59, 142.76, 142.31,
142.03, 141.76, 137.50, 131.47, 129.22, 127.60, 126.89, 126.40, 123.02, 113.60, 112.84,
104.11, 100.70, 88.61, 51.17, 51.07, 49.99, 48.88, 44.68, 43.83, 27.92, 27.82, 26.69,
26.39, 26.30, 26.21, 22.82, 20.90.

HRMS calculated for C3sHasCIIN2O6S2 calculated: 851.1458; found 851.1484

4-(2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-3,3-dimethylindolin-2-
ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-5-iodo-3,3-dimethyl-3H-indol-
1-ium-1-yl)butane-1-sulfonate (1ab), (100 mg, 63%)

'H NMR (400 MHz, DMSO) 5 8.36 (d, J = 14.5 Hz, 1H), 8.13 (d, J = 13.8 Hz, 1H), 7.94
(d, 3= 1.6 Hz, 1H), 7.72 — 7.66 (m, 2H), 7.62 (d, J = 8.0 Hz, 1H), 7.52 — 7.45 (m, 1H),
7.37 (t, J = 7.5 Hz, 1H), 7.16 (d, J = 8.4 Hz, 1H), 6.57 (d, J = 14.5 Hz, 1H), 6.15 (d, J =

13.8 Hz, 1H), 4.40 — 4.28 (m, 2H), 4.14 — 4.04 (m, 4H), 2.73 (dt, J = 21.3, 5.7 Hz, 4H),
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2.21 (t, J = 7.3 Hz, 2H), 1.87 (d, J = 6.3 Hz, 4H), 1.82 — 1.72 (m, 3H), 1.70 (s, 6H), 1.65
(s, 6H), 1.60 — 1.50 (m, 2H), 1.39 (d, J = 6.8 Hz, 2H).
13C NMR (101 MHz, DMSO) § 174.99, 174.73, 169.38, 158.87, 158.49, 148.39, 145 58,
143.47, 142.82, 142.21, 141.04, 137.44, 131.49, 129.27, 127.80, 126.68, 123.05, 113.25,
113.07, 104.73, 100.08, 88.27, 50.99, 50.15, 48.73, 44.87, 43.60, 33.96, 27.96, 27.77,
26.82, 26.75, 26.37, 26.29, 26.11, 24.66, 22.93, 20.89.

HRMS calculated for C40H4sCIIN2OsS calculated: 830.2017; found 830.2017

2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-5-iodo-3,3-dimethylindolin-2-
ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-3,3-dimethyl-1-propyl-3H-
indol-1-ium (1ac), (85 mg, 72%)

IH NMR (400 MHz, MeOD) & 8.54 (d, J = 14.3 Hz, 1H), 8.29 (d, J = 13.5 Hz, 1H), 7.78
(d, J = 1.4 Hz, 1H), 7.69 (dd, J = 8.3, 1.5 Hz, 1H), 7.59 (d, J = 7.4 Hz, 1H), 7.51 — 7.43
(m, 2H), 7.38 (t, J = 7.1 Hz, 1H), 7.03 (d, J = 8.4 Hz, 1H), 6.46 (d, J = 13.5 Hz, 1H),
6.13 (d, J = 12.6 Hz, 1H), 4.26 (t, J = 7.1 Hz, 2H), 4.06 (t, J = 7.1 Hz, 2H), 2.73 (s, 4H),
2.33 (t, J = 7.2 Hz, 2H), 1.93 (dd, J = 14.3, 7.2 Hz, 4H), 1.87 — 1.78 (m, 3H), 1.76 (s,
6H), 1.73 (d, J = 3.7 Hz, 2H), 1.69 (s, 6H), 1.55 — 1.45 (m, 2H), 1.08 (t, J = 7.4 Hz, 3H).
13C NMR (101 MHz, MeOD) & 175.77, 175.27, 174.28, 169.50, 149.71, 146.10, 143.07,
142.51, 141.95, 141.75, 137.38, 131.17, 129.64, 128.74, 127.54, 126.76, 126.28, 122.29,
111.98, 111.89, 103.24, 99.21, 86.71, 49.99, 49.96, 48.45, 48.42, 45.89, 43.34, 33.28,
27.07, 26.87, 26.39, 25.98, 24.29, 20.79, 20.66, 10.28.

HRMS calculated for C3gH47CIIN2O," calculated: 737.2365; found 737.2334
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4-((E)-2-((E)-2-(2-chloro-3-((E)-2-(3,3-dimethyl-1-propyl-3H-indol-1-ium-2-
ylhvinyl)cyclohex-2-en-1-ylidene)ethylidene)-5-iodo-3,3-dimethylindolin-1-
yl)butane-1-sulfonate (1bc), (95 mg, 80%)

'H NMR (400 MHz, MeOD) & 8.51 (s, 1H), 8.32 (s, 1H), 7.71 (dd, J = 8.3, 1.5 Hz, 1H),
7.56 (d, J = 7.4 Hz, 1H), 7.51 — 7.44 (m, 1H), 7.38 (dd, J = 14.3, 7.7 Hz, 2H), 7.09 (d, J
= 8.4 Hz, 1H), 6.29 (d, J = 75.4 Hz, 1H), 4.17 (d, J = 44.5 Hz, 4H), 2.90 (t, J = 6.9 Hz,
2H), 2.74 (s, 3H), 1.95 (dt, J = 14.6, 6.8 Hz, 9H), 1.76 (s, 6H), 1.73 (d, J = 6.5 Hz, 1H),
1.71 (s, 6H), 1.08 (t, J = 7.4 Hz, 3H).

13C NMR (100 MHz, MeOD) & 174.59, 170.20, 150.13, 145.75, 143.13, 142.68, 142.36,
142.05, 141.56, 137.52, 131.16, 128.71, 127.42, 126.00, 122.27, 112.33, 111.59, 102.53,
99.88, 87.17, 50.41, 49.80, 49.78, 45.78, 43.52, 27.20, 27.09, 26.04, 25.69, 22.25, 20.76,
20.68, 10.46.

HRMS calculated for C37H44CIIN2O3S calculated: 758.1806; found 758.1819

1-(5-carboxypentyl)-2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-5-iodo-3,3-
dimethylindolin-2-ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-5-iodo-3,3-
dimethyl-3H-indol-1-ium (2aa), (98 mg, 65%)

'H NMR (400 MHz, MeOD) & 8.44 (d, J = 14.1 Hz, 2H), 7.89 (d, J = 1.5 Hz, 2H), 7.78
(dd, J = 8.4, 1.5 Hz, 2H), 7.16 (d, J = 8.4 Hz, 2H), 6.30 (d, J = 14.1 Hz, 2H), 4.17 (t, J =
7.3 Hz, 4H), 2.75 (t, J = 5.9 Hz, 4H), 2.34 (t, J = 7.2 Hz, 4H), 1.97 (d, J = 5.8 Hz, 2H),

1.91—1.82 (m, 4H), 1.74 (s, 12H), 1.72 — 1.67 (m, 4H), 1.51 (dd, J = 10.5, 4.9 Hz, 4H).
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13C NMR (100 MHz, MeOD) & 175.83, 172.17, 150.25, 144.28, 143.53, 142.11, 137.60,
131.40, 127.54, 112.81, 101.28, 88.22, 49.18, 43.81, 33.18, 26.82, 26.60, 25.92, 24.22.

HRMS calculated for C42Hs0Cl12N204" calculated: 935.1543; found 935.1545

4-((E)-2-((E)-2-(2-chloro-3-((E)-2-(5-iodo-3,3-dimethyl-1-(4-sulfonatobutyl)-3H-
indol-1-ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene)-5-iodo-3,3-
dimethylindolin-1-yl)butane-1-sulfonate (2bb), (120 mg, 77%)

'H NMR (400 MHz, DMSO) & 8.26 — 8.18 (m, 2H), 8.02 (d, J = 1.2 Hz, 2H), 7.76 (dd, J
= 8.4, 1.3 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 6.37 (d, J = 14.1 Hz, 1H), 4.20 (s, 4H), 2.73
(s, 4H), 2.59 (t, J = 7.0 Hz, 4H), 1.83 (dd, J = 13.6, 6.6 Hz, 5H), 1.75 (dd, J = 14.1, 7.4
Hz, 4H), 1.67 (s, 12H), 1.26 (dd, J = 13.3, 6.8 Hz, 2H).

13C NMR (100 MHz, DMSO) & 171.93, 148.81, 143.98, 143.61, 142.46, 137.66, 131.64,
127.57, 123.77, 114.30, 102.51, 89.89, 54.08, 51.10, 49.45, 44.26, 27.80, 26.38, 22.74,
20.88, 18.53, 17.20.

HRMS calculated for CasH44ClI2N206S2™ calculated: 977.0424; found 977.6188

2-((E)-2-((E)-2-chloro-3-(2-((E)-5-iodo-3,3-dimethyl-1-propylindolin-2-
ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-5-iodo-3,3-dimethyl-1-propyl-3H-
indol-1-ium (2cc), (37 mg, 15%)

IH NMR (400 MHz, CDCl3) & 8.31 (d, J = 14.1 Hz, 2H), 7.68 (dd, J = 8.3, 1.5 Hz, 2H),

7.63 (d, J = 1.5 Hz, 2H), 6.89 (d, J = 8.4 Hz, 2H), 6.16 (d, J = 14.1 Hz, 2H), 4.02 (t, J =
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7.2 Hz, 4H), 2.64 (t, J = 5.9 Hz, 4H), 1.93 (m, 2H), 1.84 (dd, J = 14.5, 7.3 Hz, 4H), 1.70
(d, J= 9.4 Hz, 12H), 1.01 (t, J = 7.4 Hz, 6H).

13C NMR (100 MHz, CDCls) § 171.71, 151.11, 144.52, 143.22, 142.18, 137.74, 131.37,
128.36, 112.66, 101.61, 88.67, 49.23, 46.04, 28.09, 26.28, 20.74, 11.39.

HRMS calculated for C3sH42ClI2N2* calculated: 791.1120; found 791.1152

2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-5-iodo-3,3-dimethylindolin-2-
ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-5-iodo-3,3-dimethyl-1-propyl-
3H-indol-1-ium (2ac), (98 mg, 68%)

'H NMR (400 MHz, MeOD) & 8.43 (dd, J = 13.2, 7.1 Hz, 2H), 7.88 (dd, J = 4.8, 1.5 Hz,
2H), 7.78 — 7.73 (m, 2H), 7.16 (t, J = 8.0 Hz, 2H), 6.30 (t, J = 12.6 Hz, 1H), 4.15 (d, J =
7.1 Hz, 4H), 2.74 (s, 4H), 2.33 (t, J = 7.2 Hz, 2H), 1.97 (m, 2H), 1.92 — 1.80 (m, 4H),
1.73 (d, J = 2.0 Hz, 12H), 1.70 (d, J = 7.9 Hz, 2H), 1.51 (s, 2H), 1.06 (t, J = 7.4 Hz, 3H).
13C NMR (100 MHz, MeOD) & 175.79, 172.40, 171.96, 150.19, 144.38, 144.09, 143.54,
143.50, 142.22, 142.13, 137.61, 131.39, 127.50, 112.95, 112.78, 101.45, 101.17, 88.33,
88.17, 49.23, 49.13, 49.11, 45.47, 43.81, 33.22, 26.87, 26.61, 25.93, 24.24, 20.43, 10.25.

HRMS calculated for C3sH46Cl12N202" calculated: 863.1332; found 863.1348

4-(2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-5-iodo-3,3-dimethylindolin-2-

ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-5-iodo-3,3-dimethyl-3H-indol-

1-ium-1-yl)butane-1-sulfonate (2ab), (110 mg, 77%)
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IH NMR (400 MHz, MeOD/CDCls) § 8.40 (d, J = 14.3 Hz, 1H), 8.28 (d, J = 13.9 Hz,
1H), 7.72 (dd, J = 8.4, 1.5 Hz, 1H), 7.68 — 7.60 (m, 3H), 7.09 (d, J = 8.4 Hz, 1H), 6.86
(d, J = 8.4 Hz, 1H), 6.30 (d, J = 14.3 Hz, 1H), 5.99 (d, J = 13.9 Hz, 1H), 4.12 (s, 2H),
2.90 (t, J = 6.6 Hz, 2H), 2.69 (d, J = 6.0 Hz, 2H), 2.62 (t, J = 6.0 Hz, 2H), 2.30 (t, J = 7.3
Hz, 2H), 2.02 — 1.89 (m, 6H), 1.80 (m, 2H), 1.70 (d, J = 6.4 Hz, 7H), 1.68 (s, 6H), 1.65
(s, 1H), 1.47 (d, J = 7.2 Hz, 2H).

13C NMR (100 MHz, MeOD/CDCls) § 175.52, 173.10, 170.21, 151.50, 146.35, 143.37,
143.35, 142.90, 142.07, 141.63, 138.04, 137.64, 131.36, 128.71, 127.78, 113.36, 111.99,
102.61, 99.84, 89.69, 87.94, 44.66, 43.94, 33.57, 28.03, 27.87, 26.68, 26.24, 25.95,
24.31, 22.41.

HRMS calculated for C40H47Cl12N2OsS calculated: 956.0984; found 956.0984

4-((E)-2-((E)-2-(2-chloro-3-((E)-2-(5-iodo-3,3-dimethyl-1-propyl-3H-indol-1-ium-2-
yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene)-5-iodo-3,3-dimethylindolin-1-
yl)butane-1-sulfonate (2bc), (70 mg, 52%)

'H NMR (400 MHz, DMSO) & 8.30 — 8.18 (m, 2H), 8.02 (dd, J = 12.0, 1.2 Hz, 2H), 7.79
—7.72 (m, 2H), 7.36 (d, J = 8.4 Hz, 1H), 7.27 (d, J = 8.4 Hz, 1H), 6.42 (d, J = 14.3 Hz,
1H), 6.30 (d, J = 14.1 Hz, 1H), 4.22 (t, J = 7.1 Hz, 2H), 4.14 (t, J = 7.0 Hz, 2H), 2.72
(dd, J = 11.8, 5.9 Hz, 4H), 1.83 (dd, J = 13.6, 6.8 Hz, 4H), 1.75 (dd, J = 13.2, 6.1 Hz,
4H), 1.67 (s, 12H), 0.95 (t, J = 7.4 Hz, 3H).

13C NMR (100 MHz, DMSO) § 172.56, 172.53, 171.53, 171.50, 148.79, 144.11, 143.83,

142.97, 142.68, 142.36, 137.71, 137.58, 131.65, 127.72, 127.29, 114.52, 114.00, 103.10,
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101.85, 90.30, 89.52, 51.03, 49.62, 49.31, 45.51, 44.47, 31.13, 27.86, 27.73, 26.46,
26.32, 22.92, 20.85, 20.80, 11.50.

HRMS calculated for C37H43Cl12N20O3S calculated: 884.0772; found 884.0770

4-((E)-2-((E)-2-(2-(4-carboxyphenoxy)-3-((E)-2-(5-iodo-3,3-dimethyl-1-(4-
sulfonatobutyl)-3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene)-5-
iodo-3,3-dimethylindolin-1-yl)butane-1-sulfonate (3bb)

4-hydroxybenzoic acid (34.2 mg, 0.248 mmol) and NaH (5.9 mg, 0.248 mmol) were
added to 2 mL of dry DMF and stirred for 15 mins. Afterwards, 2bb (30 mg, 0.031
mmol) was added and the reaction mixture was stirred at room temperature for 18 h. The
solvent was dried and purified by reverse phase prep HPLC. green solid (24.1 mg, 72%)
'H NMR (400 MHz, DMSO) & 8.01 (d, J = 8.9 Hz, 2H), 7.88 (d, J = 1.6 Hz, 2H), 7.75
(s, 1H), 7.73 — 7.69 (m, 2H), 7.68 (d, J = 1.6 Hz, 1H), 7.25 (t, J = 9.1 Hz, 4H), 6.25 (d, J
= 14.3 Hz, 2H), 4.11 (d, J = 6.6 Hz, 4H), 2.75 (d, J = 5.9 Hz, 4H), 2.55 (t, J = 7.0 Hz,
4H), 1.95 (m, 2H), 1.79 — 1.62 (m, 9H), 1.25 (s, 12H).

13C NMR (100 MHz, DMSO) § 171.35, 167.01, 162.96, 162.25, 143.86, 142.35, 140.93,
137.54, 132.66, 131.54, 125.38, 122.45, 115.02, 114.06, 101.36, 89.52, 51.09, 49.03,
44.08, 27.43, 26.30, 24.18, 22.75, 21.11.

HRMS calculated for CasHa491oN20g¢S,™ calculated: 1079.0974; found 1079.0961
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4-((E)-2-((E)-2-(2-(4-carboxypiperidin-1-yl)-3-((E)-2-(5-iodo-3,3-dimethyl-1-(4-
sulfonatobutyl)-3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene)-5-
iodo-3,3-dimethylindolin-1-yl)butane-1-sulfonate (4bb)

Isonipecotic acid (4.01 mg, 0.031 mmol) and 2bb (30 mg, 0.031 mmol) were added
together in DMF and heated at 60 °C for 18 h. The solvent was dried and purified by
reverse phase prep HPLC. blue solid (58.2 mg, 58%)

'H NMR (400 MHz, DMSO) & 7.81 (d, J = 1.6 Hz, 2H), 7.61 (dd, J = 8.3, 1.6 Hz, 2H),
7.41 (d, J = 13.0 Hz, 2H), 7.04 (d, J = 8.4 Hz, 2H), 5.84 (d, J = 12.3 Hz, 2H), 4.06 — 3.86
(m, 7H), 3.71 (t, J = 11.0 Hz, 2H), 2.82 (dd, J = 12.6, 8.9 Hz, 1H), 2.54 (d, J = 7.1 Hz,
4H), 2.13 (d, J = 10.3 Hz, 2H), 1.87 (dd, J = 21.3, 10.6 Hz, 2H), 1.80 — 1.61 (m, 12H),
1.58 (s, 12H).

13C NMR (100 MHz, DMSO) § 175.56, 166.46, 158.56, 143.33, 142.96, 138.91, 137.15,
131.07, 124.33, 112.19, 95.54, 86.00, 54.17, 51.33, 47.60, 42.99, 30.03, 28.68, 25.79,
22.92,21.74.

HRMS calculated for CasHs41oN30gS,™ calculated: 1070.1447; found 1070.1471

4-((E)-2-((E)-2-(2-((4-carboxyphenyl)thio)-3-((E)-2-(5-iodo-3,3-dimethyl-1-(4-
sulfonatobutyl)-3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene)-5-
iodo-3,3-dimethylindolin-1-yl)butane-1-sulfonate (5bb)

4-mercaptobenzoic acid (4.81 mg, 0.031 mmol) and 2bb (30 mg, 0.031 mmol) were
added together in DMSO and stirred at room temperature for 18 h. The solvent was dried

and purified by reverse phase prep HPLC. green solid (26.4 mg, 78%)
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IH NMR (400 MHz, DMSO) § 8.52 (d, J = 14.1 Hz, 2H), 7.89 (dd, J = 17.2, 5.1 Hz,
5H), 7.71 (dd, J = 8.4, 1.6 Hz, 2H), 7.37 (d, J = 8.6 Hz, 2H), 7.28 (d, J = 8.5 Hz, 3H),
6.39 (d, J = 14.2 Hz, 2H), 4.14 (d, J = 7.1 Hz, 5H), 2.81 (t, J = 5.4 Hz, 4H), 2.54 (t, J =
7.1 Hz, 4H), 2.00 — 1.91 (m, 2H), 1.81 — 1.68 (m, 9H), 1.38 (s, 12H).

13C NMR (100 MHz, DMSO) & 171.73, 167.12, 148.03, 145.11, 143.99, 143.28, 142.40,
137.58, 134.55, 131.54, 130.91, 130.78, 128.36, 126.65, 125.88, 114.22, 102.80, 89.77,
51.09, 49.24, 44.25, 31.14, 27.43, 26.41, 26.34, 22.81, 20.86.

HRMS calculated for CasH4912N20gS3™ calculated: 1095.0746; found 1095.0708

Compound 0 Series
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Compound 2 Series

“03S
2aa 3 2ab

2bb

2cc

Scheme E-S6. Chemical structures of the compound 0 — 2

243



Supporting Tables

Table E-S1. Calculated structural properties i.e. logP, logD, Polar surface area and

hydrogen bond donors and acceptors were calculated using ChemAxon’s Marvin and

JChem plugins. These values were calculated at pH 7.4.

polar surface area

hydrogen bond

Compound logP logD polarizibility
(A) donor/acceptor
aa 6.57 4.48 77.05 87.71 215
0 bb 3.98 3.63 77.89 121.85 1/6
cc 6.55 6.55 65.29 7.45 1/0
aa 7.5 5.39 81.99 87.71 1/4
bb 491 4.56 82.94 121.85 1/6
1 ab 6.21 5.22 82.46 104.78 1/5
ac 7.49 8.26 76.03 47.58 1/2
bc 6.19 8.22 76.49 64.65 1/3
aa 8.43 6.27 87.1 87.71 1/4
bb 5.84 5.49 88.12 121.85 1/6
2 cc 8.41 8.41 75.12 7.45 1/0
ab 7.14 6.09 87.60 104.78 1/5
ac 8.42 9.19 81.11 47.58 1/2
bc 7.12 9.15 81.6 64.65 1/3
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Table E-S2. Calculated brightness (brightness = quantum yield x extinction coefficient)

Compound Emax d Brightness

(Mtcm™) (ex D)

aa (Micm™) 0.076 17869

0 bb 340920 0.095 32387
cc 100080 0.077 7706

aa 209480 0.071 14873

bb 208600 0.072 15019

1 ab 211800 0.069 14614
ac 199960 0.077 15397

bc 200240 0.071 14217

aa 229200 0.044 10085

bb 252000 0.065 16380
2 cc 148360 0.047 6973
ab 268560 0.063 16919

ac 180680 0.069 12467

bc 248960 0.062 15436
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Figure E-S1. Singlet oxygen (*O2) generation assay as deduced by of change in
absorbance of DPBF (1,3-diphenylisobenzofuran; added in situ) at 418 nm. a

Compounds 0; b 1; and ¢ 2.
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Figure E-S2. Photostability of a, compound 0; b, 1 and c, 2 under LED irradiation of

780 nm. Compounds were dissolved in PBS buffer (pH 7.4) containing 1% CrEL to a 10

UM final concentration
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- 2Z2aa -# 2Zcc
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concentration (M)
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2cc = 15.51 £ 0.85 uM
2ac = 760 + 0.45 uM
2bc = 7.05 £0.23 uM

Figure E-S3. Cytotoxicity of the compounds were determined on HEPG2 cells by
incubating them for 48 h without washing before doing Alamar Blue Assay for cell
viability. The samples were not illuminated at their Amax in these experiments. 1Cso of

2aa, bb, ab, cc, ac, bc was determined as shown.
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nucleus organelle

Figure E-S4. Organelle colocalization study in a, 2aa; b, 2bb; ¢, 2cc and d, 2ab with

LysoTracker and MitoTracker Green.

nucleus merge
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Figure E-S5. Uptake of 2ac in a, normal (control) conditions; b, blocked by BSP

(OATPs inhibitors) ¢, DMOG (hypoxia inducers) and d, quantification of uptake.
Magnification 10x. Scale bar 250 yuM.
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Figure E-S6. Absorbance and fluorescence of compounds in compound in series 1 (1aa,
1bb,1ab, lac, 1bc) and 2 (2aa, 2bb, 2cc, 2ab, 2ac, 2bc) in PBS (pH 7.4) in 0.1%
CrEL.

NMR Spectra And HRMS

(1E,1'E)-1,1'-(2-chlorocyclohex-1-ene-1,3-diyl)bis(N-phenylmethanimine) (A)

Ot

5 10 105 100 a5 .0 8s a0 75 7.0 65 60 55 50 45 40 is 30 25 20 15 1.0 [ 00 0
1 (ppm)

Figure E-S7. *H NMR spectrum of compound A
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Figure E-S8. 13C NMR spectrum of compound A
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5-iodo-2,3,3-trimethyl-3H-indole (B)
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Figure E-S9. *H NMR spectrum of compound B
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Figure E-S10. *3C NMR spectrum of compound B
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1-(5-carboxypentyl)-2,3,3-trimethyl-3H-indol-1-ium (5a)
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Figure E-S11. *H NMR spectrum of compound 5a
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Figure E-S12. 13C NMR spectrum of compound 5a
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1-(5-carboxypentyl)-5-iodo-2,3,3-trimethyl-3H-indol-1-ium (4a)
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Figure E-S13. *H NMR spectrum of compound 4a
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Figure E-S14. 13C NMR spectrum of compound 4a
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4-(2,3,3-trimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate (5b)
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Figure E-S15. *H NMR spectrum of compound 5b
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Figure E-S16. 13C NMR spectrum of compound 5b
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4-(5-iodo-2,3,3-trimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate (4b)
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Figure E-S17. *H NMR spectrum of compound 4b
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Figure E-S18. 13C NMR spectrum of compound 4b
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2,3,3-trimethyl-1-propyl-3H-indol-1-ium (5c)

$E593 430 = BER R BY3
hhhhh 1% - b 5 e 14
i ya '1L"? B [N~
.-'-"—.--I. S J'- ——— ‘.-J&-‘. - A |—
i - T
g 8 € 8
T T T T T T T T T T T
as 80 7.5 70 65 &0 55 sa 45 40 is a0 2s 20 15 10

1 (pom)

Figure E-S19. *H NMR spectrum of compound 5¢
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Figure E-S20. 13C NMR spectrum of compound 5¢
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Figure E-S21. DEPT135 NMR spectrum of compound 5¢
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5-iodo-2,3,3-trimethyl-1-propyl-3H-indol-1-ium (4c)
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Figure E-S22. *H NMR spectrum of compound 4c
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Figure E-S23. 13C NMR spectrum of compound 4c

270

60

50

40

30

20



T T T T T N T T T T T T
210 200 190 ia0 im0 160 150 140 130 120 110 100 90 aa
1 (pom)

Figure E--S24. DEPT135 NMR spectrum of compound 4c
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1-(5-carboxypentyl)-2-((E)-2-((E)-2-chloro-3-((phenylamino)methylene)cyclohex-1-

en-1-ylvinyl)-3,3-dimethyl-3H-indol-1-ium (3a)
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Figure E-S25. *H NMR spectrum of compound 3a
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Figure E-S26. 13C NMR spectrum of compound 3a
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4-(2-((E)-2-((E)-2-chloro-3-((phenylamino)methylene)cyclohex-1-en-1-yl)vinyl)-3,3-

dimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate (3b)
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Figure E-S27. *H NMR spectrum of compound 3b
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Figure E-S28. 13C NMR spectrum of compound 3b
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1-(5-carboxypentyl)-2-((E)-2-((E)-2-chloro-3-((phenylamino)methylene)cyclohex-1-

en-1-ylvinyl)-5-iodo-3,3-dimethyl-3H-indol-1-ium (3c)
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Figure E-S29. *H NMR spectrum of compound 3c
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Figure E-S30. 13C NMR spectrum of compound 3¢
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Figure E-S31. DEPT135 NMR spectrum of compound 3c
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4-(2-((E)-2-((E)-2-chloro-3-((phenylamino)methylene)cyclohex-1-en-1-yl)vinyl)-5-

iodo-3,3-dimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate (3d)
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Figure E-S32. *H NMR spectrum of compound 3d
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Figure E-S33. 13C NMR spectrum of compound 3d

280



1-(5-carboxypentyl)-2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-5-iodo-3,3-
dimethylindolin-2-ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-3,3-

dimethyl-3H-indol-1-ium (1aa)
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Figure E-S34. *H NMR spectrum of compound 1aa
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Figure E-S35. 13C NMR spectrum of compound laa
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Figure E-S36. DEPT135 NMR spectrum of compound laa
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Figure E-S37. HRMS spectrum of compound laa
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4-((E)-2-((E)-2-(2-chloro-3-((E)-2-(3,3-dimethyl-1-(4-sulfonatobutyl)-3H-indol-1-

ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene)-5-iodo-3,3-dimethylindolin-1-

yl)butane-1-sulfonate (1bb)
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Figure E-S38. *H NMR spectrum of compound 1bb
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Figure E-S39. 13C NMR spectrum of compound 1bb
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Figure E-S40. DEPT135 NMR spectrum of compound 1bb
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Figure E-S41. HRMS spectrum of compound 1bb
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4-(2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-3,3-dimethylindolin-2-
ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-5-iodo-3,3-dimethyl-3H-indol-

1-ium-1-yl)butane-1-sulfonate (1ab)
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Figure E-S42. *H spectrum of compound 1ab
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Figure E-S43. 13C spectrum of compound 1lab
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Figure E-S44. DEPT135 spectrum of compound 1lab
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Figure E-S45. MRMS spectrum of compound 1ab
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2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-5-iodo-3,3-dimethylindolin-2-
ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-3,3-dimethyl-1-propyl-3H-

indol-1-ium (1ac)
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Figure E-S46. *H spectrum of compound 1ac
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Figure E-S47. 13C spectrum of compound lac
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Figure E-S48. DEPT135 spectrum of compound lac
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Figure E-S49. HRMS spectrum of compound lac
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4-((E)-2-((E)-2-(2-chloro-3-((E)-2-(3,3-dimethyl-1-propyl-3H-indol-1-ium-2-

ylhvinyl)cyclohex-2-en-1-ylidene)ethylidene)-5-iodo-3,3-dimethylindolin-1-

yl)butane-1-sulfonate (1bc)
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Figure E-S50. *H spectrum of compound 1bc
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Figure E-S51. 13C spectrum of compound 1bc
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Figure E-S52. DEPT135 spectrum of compound 1bc
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Figure E-S53. HRMS spectrum of compound 1bc
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1-(5-carboxypentyl)-2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-5-iodo-3,3-

dimethylindolin-2-ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-5-iodo-3,3-

dimethyl-3H-indol-1-ium (2aa)
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Figure E-S54. *H spectrum of compound 2aa

296



g5 N EH=3 %3 & & - = = ® ggEn
®H f ¥IIIR AR g 8 P 3 g 8989 %
P I WPl 11 i i 1 17 T3P

T T T T T T T T T T T T T T
210 200 190 180 1 160 150 190 130 120 110 100 90 80 70 &0

T T T
50 40 30 20
11 {pgwm)

Figure E-S55. 13C spectrum of compound 2aa
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Figure E-S56. DEPT135 spectrum of compound 2aa
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Figure E-S57. HRMS spectrum of compound 2aa
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4-((E)-2-((E)-2-(2-chloro-3-((E)-2-(5-iodo-3,3-dimethyl-1-(4-sulfonatobutyl)-3H-
indol-1-ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene)-5-iodo-3,3-

dimethylindolin-1-yl)butane-1-sulfonate (2bb)

Figure E-S58. *H spectrum of compound 2bb
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Figure E-S59. 13C spectrum of compound 2bb
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Figure E-S60. DEPT135 spectrum of compound 2bb
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Figure S61. HRMS spectrum of compound 2bb
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2-((E)-2-((E)-2-chloro-3-(2-((E)-5-iodo-3,3-dimethyl-1-propylindolin-2-

ylidene)ethylidene)cyclohex-1-en-1-yl)vinyl)-5-iodo-3,3-dimethyl-1-propyl-3H-indol-1-

ium (2cc)
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Figure E-S62. *H spectrum of compound 2cc
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Figure E-S63. 13C spectrum of compound 2cc
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Figure E-S64. DEPT135 spectrum of compound 2cc
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Figure E-S65. HRMS spectrum of compound 2cc
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4-(2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-5-iodo-3,3-dimethylindolin-2-
ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-5-iodo-3,3-dimethyl-3H-indol-

1-ium-1-yl)butane-1-sulfonate (2ab)
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Figure E-S66. 'H spectrum of compound 2ab
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Figure E-S67. 3C spectrum of compound 2ab
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Figure E-S68. DEPT135 spectrum of compound 2ab
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Figure E-S69. HRMS spectrum of compound 2ab
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2-((E)-2-((E)-3-(2-((E)-1-(5-carboxypentyl)-5-iodo-3,3-dimethylindolin-2-
ylidene)ethylidene)-2-chlorocyclohex-1-en-1-yl)vinyl)-5-iodo-3,3-dimethyl-1-propyl-

3H-indol-1-ium (2ac)
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Figure E-S70. *H spectrum of compound 2ac
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Figure E-S71. 13C spectrum of compound 2ac
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Figure E-S72. DEPT135 spectrum of compound 2ac
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Figure E-S73. HRMS spectrum of compound 2ac
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4-((E)-2-((E)-2-(2-chloro-3-((E)-2-(5-iodo-3,3-dimethyl-1-propyl-3H-indol-1-ium-2-

ylhvinyl)cyclohex-2-en-1-ylidene)ethylidene)-5-iodo-3,3-dimethylindolin-1-

yl)butane-1-sulfonate (2bc)
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Figure E-S74. H spectrum of compound 2bc
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Figure E-S75. 13C spectrum of compound 2bc
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Figure E-S76. DEPT135 spectrum of compound 2bc
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Figure E-S77. HRMS spectrum of compound 2bc
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4-((E)-2-((E)-2-(2-(4-carboxyphenoxy)-3-((E)-2-(5-iodo-3,3-dimethyl-1-(4-
sulfonatobutyl)-3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene)-5-

iodo-3,3-dimethylindolin-1-yl)butane-1-sulfonate (3bb)
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Figure E-S78. *H spectrum of compound 3bb
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Figure E-S79. 13C spectrum of compound 3bb
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Figure E-S80. DEPT135 spectrum of compound 3bb
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4-((E)-2-((E)-2-(2-(4-carboxypiperidin-1-yl)-3-((E)-2-(5-iodo-3,3-dimethyl-1-(4-

sulfonatobutyl)-3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene)-5-

iodo-3,3-dimethylindolin-1-yl)butane-1-sulfonate (4bb)
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Figure E-S81. *H spectrum of compound 4bb
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Figure E-S82. 13C spectrum of compound 4bb

318



oo v . oo ] | 1 ] | 1 e T - v
210 200 190 180 1M 160 150 140 130 120 110 100 a0 a0 70 60 50 40 30 20 10 0
11 {ppm)

Figure E-S83. DEPT135 spectrum of compound 4bb
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4-((E)-2-((E)-2-(2-((4-carboxyphenyl)thio)-3-((E)-2-(5-iodo-3,3-dimethyl-1-(4-
sulfonatobutyl)-3H-indol-1-ium-2-yl)vinyl)cyclohex-2-en-1-ylidene)ethylidene)-5-

iodo-3,3-dimethylindolin-1-yl)butane-1-sulfonate (5bb)
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Figure E-S84. *H spectrum of compound 5bb
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Figure E-S85. 13C spectrum of compound 5bb
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Figure E-S86. DEPT135 spectrum of compound 5bb
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APPENDIX F
ARE OATP RECEPTORS IMPORTANT FOR UPTAKE OF TUMOR-SEEKING

CYANINE DYES?

Introduction:
Some cyanine-7 dyes have the remarkable characteristic of localizing in any type of
human solid tumor implanted into mice, with no published exceptions, and they have
excellent characteristics for optical imaging in vivo.***’ This means that they have
potential as clinical agents for optical imaging. Moreover, their tumor-seeking
properties can be exploited in drug conjugates for active targeting.2?!5%5357-61.170
Therapeutic applications of the dyes may be assisted by retention in tumors; in some
cases near-IR fluorescence can be observed 3 — 4 days after iv injection. This provides a
means to substantially alter the pharmacokinetics of substances conjugated to the dyes.
Fluorophore 1-Cl localizes in many different types of cancer lines and in solid
tumors (e.g. prostate,*® gastric,*® kidney,*®) but not in normal cells and tissue.6°86-88.94
Cyanine 2-Cl is similar to 1-Cl except the chains are one methylene group shorter and
terminated with sulfonic acid groups. Like 1-ClI, the disulfonic acid 2-Cl selectively
localizes in tumors over healthy tissue,®* e.g. in hepatocytes,® kidney,* lung,> and
intracranial human glioblastoma cells (U87).5® Cyanine 3-Cl, is a hybrid of 1-Cl and 2-
Cl but, unlike 2-Cl, it has a carboxylic acid that can be used for convenient
functionalization. There is evidence that 3-Cl also accumulates in solid tumors (e.g.

hepatocytes,® glioblastoma,> Burkitt Lymphoma,??? breast cancer®®). Cyanine 4-Cl has
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two propyl group on indoles and has been reported to localize in lung and breast cancer®®

and stem cells.?

HO5S SO;H

3-Cl
DzZ-1

4-Cl
IR-780
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Several publications,*8-5054-565994.222:228 [atterly including one of ours,!® has
stated or implied preferential uptake of tumor seeking dyes like 1-Cl - 4-Cl is mediated
by Organic Anion Transporting Polypeptides (OATPs). This assertion is reasonable
because hypoxia triggers activation of HIF1a, which promotes OATPs expression. 4%
Further, it is known that OATP receptors influx organic anions including bile salts,
steroids, bilirubin, and thyroid hormones and efflux OATPs efflux bicarbonate,
glutathione, and glutathione-adducts to balance the charge. However, to our minds, the
hypothesis that OATP receptors are responsible for uptake of tumor-seeking dyes is
unproven, and it does not explain a structural feature they all share: the meso-chloride.
To the best of our knowledge, there is nothing in the literature to connect OATP-
mediated transport with this functionality.

Recently we discovered the meso-chloride of 1-Cl is displaced by S-nucleophiles
under physiological conditions,®” including the free Cys residue in serum albumins
(Cys* in human serum albumin, HSA). Thus in serum, where there is an extremely high
concentration of albumin (around 35-50 g/L or 0.53-0.73 mM in humans),'*° 1-CI may
form a covalent adduct with a half-life of just over 30 min.'** Similar data on the
reaction of 1-Cl with nucleophiles, including albumin, was simultaneously collected by
Conovas et al in an independent study.??°

Two issues need to be explained regarding tumor-seeking dyes, ie why they
accumulate in tumors, and why they persist there.  This manuscript considers
interactions of OATP receptors with tumor-seeking dyes, and evaluates the evidence that

these are involved in the uptake.
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Results and Conclusions:

Compounds considered: Four key compounds in this study are 1-Cl, 1-Ph, 5-Cl, and 5-
Ph. Central to these is MHI-148, 1-Cl, which reacts relatively rapidly via displacement
of the meso-chloride with the free 3*Cys thiol of albumin (vide supra).®"'® By

230 with albumin is extremely slow under

comparision, the reaction of QuatCy
physiological conditions, but it will form an analogous covalent adduct. This difference
may be related to the extra positive charge on the QuatCy core 5 one relative to the
MHI-148 framework 1; this difference impacts the affinity of the two dyes towards
proteins, their water solubilities, logP (reflecting partitioning of ions) and logD
(partitioning of all neutral species and ions) values. Meso-substituted derivatives of
MHI-148 and QuatCy, i.e. 1-Ph, and 5-Ph, are included in this study because they have
no meso-chloride to be displaced by nucleophiles, they cannot form the same type of

albumin adduct that MHI-148 does, but they are otherwise physiochemically similar to

1-Cl and 5-ClI, respectively.

HO,C CO,H

X = Cl, MHI-148, 1-Cl, reacts quickly with albumin, logP= 6.57, logD= 3.82
= Ph, 1-Ph, cannot react with albumin, 7.85, 5.09
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\\(\\)4
HO,C 7N\ CO,H

X = Cl, QuatCy, 5-Cl, reacts slowly with albumin,1.10, 2.64
= Ph, 5-Ph, cannot react with albumin, 2.38, 3.92

SO;Na

Br ©

BSP
bromosulphthalein, or
phenoltetrabromophthalein
sodium sulphonate

BSP Blocks Cellular Uptake Of MHI-148 In Serum Free Media: Bromosulphthalein
(BSP) is a pan-OATP receptor inhibitor.*®® The most compelling evidence for
involvement of OATP receptors in the uptake of tumor-seeking dyes into cancer cells
comes from the influence of BSP on this process. Specifically, a set of experiments
featuring BSP has become standard when testing tumor-seeking near-IR dyes in tissue
culture; these experiments are conducted in the following way,*8-50:54-56.59,94,222-225,231
Incubation of the fluorophore with the cells then observation via microscopy reveals a
baseline level of uptake, as shown in Figure F-Sla for 1-Cl. Treatment of the cells with
BSP suppresses this uptake, implying inhibition of the OATP receptor. Conversely,

pretreatment of the cells with a compound that induces hypoxia (DMOG),*>* and which
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promotes OATP receptor expression, enhances the uptake. Hypoxia has been reported
to promote expression of OATP receptors, so uptake suppression into normoxic cancer
cells treated with BSP, and enhancement of uptake into hypoxic cancer cells (in the
absence of BSP) is consistent with involvement of OATP receptors.

Figure F-1 shows the data collected for 1-Ph under the standard conditions
outlined above, but they are not materially distinguishable to that accumulated for 1-Cl
(Figure S1; data for the chloride is placed in the supporting because this particular
experiment has been performed by others for 1-Cl, but it has not for 1-Ph). Baseline
uptake of 1-Ph (Figure F-l1a) was suppressed by BSP (F-1b), and enhanced under
hypoxic conditions (F-1c). This comparison shows that removal of the possibility for
substitution of the meso-Cl has no impact on the uptake in SFM. Consequently, the
possibility of meso-Cl substitution is inconsequential to uptake in SFM because 1-Cl and
1-Ph (vulnerable and invulnerable to meso-substitution, respectively) follow the same
trend.

MDA-MB-231 breast cancer cells were selected as a model line throughout this
study because they are derived from an aggressive metastatic tumor. However, HepG2
liver cancer cells were also tested because a key probe in this study, bromosulphthalein
(BSP) has special relevance to the liver cells hence might be expected to behave
differently to MDA-MB-231. However, the data collected (summarized at the end of
this section) is nearly identical. There appears to be nothing unique to the observations

we report for MDA-MB-231 cells.
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Figure F-1. a MDA-MB-231 cells incubated with 1-Ph (20 uM) in serum free media; b
same experiment but pre-blocked with by incubating with 250 uM BSP for 5 mins; ¢

same as a, but cells pre-blocked with ImM DMOG to induce hypoxia. Fig S1 shows
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data from identical experiments but using 1-Cl. Throughout, images were taken at by

Leica Confocal Microscope at 20X/0.75 NA.

Effects Of Albumin Outweigh Those Of BSP In Serum-containing Media: In media that
contains serum (“serum” in these tissue culture experiments) the outcome of these
uptake experiments is not the same (Figure F-2 for 1-Cl) as without serum (Figure F-1).
Compared to uptake in SFM (Figure F-2a), uptake of 1-Cl and 1-Ph is suppressed in
serum-containing media that does not contain BSP (Figure F-2b). A combination of
BSP in serum gives approximately the same degree of suppression as serum alone (this
is hard to deduce by comparing Figures F-2b and F-2d, but the quantitation data in F-2e

shows this to be true).

serum free media b media with 10% FBS
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serum free medialld media with 10% FBS

EE SFM
Bl serum
e B BSPin SFM
100+ Bl BSPin serum
a
2
|5 501
£
O_

1-Cl 1-Ph
Figure F-2. 1-ClI (20 uM) in a serum free media, b media with 10% FBS ¢ 250 uM BSP
serum free, and d 250 uM BSP with media containing 10%FBS and e quantification of

above mentioned results by FACS.

Levels of cellular uptake in Figure F-2 were quantitated using FACS

(summarized in Fig 2e). As expected, uptake of 1-Cl and 1-Ph were significantly (~40 -
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50 %) decreased by BSP in SFM. Figure F-2e shows uptake of 1-Cl under these
conditions is marginally less than for 1-Ph, perhaps because it is less hydrophobic, but
the difference is small. Several other aspects of these experiments, however, are
extremely revealing. First, serum had a greater negative impact on uptake of 1-Cl and
of 1-Ph than BSP. Second, uptake of the QuatCy derivatives 5-Cl and 5-Ph were
significantly enhanced by BSP in serum free media. A caveat here is that the degree of
uptake of 5-Cl and 5-Ph in SFM is low anyway with respect to 1-Cl and 1-Ph (Figure F-
S3), so measurements of differences in uptake are less accurate. Third, uptake of both
QuatCy derivatives 5-Cl and 5-Ph were unaffected by serum, and only marginally
depressed by BSP in serum (Figure F-S2).

Figure F-S2 shows data for uptake of all four featured compounds (1-Cl, 1-Ph, 5-
Cl and 5-Cl) using BSA added to serum free media. The outcome of these experiments
were almost identical to those in serum, again supporting the assertion that interactions
of the dyes with albumin dominate uptake in media.

Albumin is the predominant serum-protein.’>>?"  Qur previous work®”'*3 had
already established 1-ClI combines with albumin under physiological conditions. A
series of UV and fluorescence spectra were also used to confirm that the determinant
feature of serum is its albumin content. First, reactions of 1-Cl with HSA and with
serum (i.e. 10 % FBS in DMEM buffer) were compared; the red shift in DMEM
containing 10% FBS was similar to that observed for 1-Cl combined with HSA (Figure
F-3a and F-S4a). UV spectra of 1-Ph with HSA, and serum, showed the same

instantaneous red-shifts of the absorption maxima, attributed to non-covalent binding of
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1-Cl.  Unsurprisingly, unlike 1-Cl, 1-Ph in these experiments did not give UV spectra
that revert formation of a covalent adduct, because there it has no meso-Cl to displace
(Figures F-3b and F-S4b). On the basis of these observations, other data we have
collected,®” 2 and the work of Conovas et al,??® we assume that the prevailing reaction
of MHI-148 derivatives (having a meso-Cl) in serum is with albumin. Thus, that there is
a complicated interplay of three components: the fluorophore, BSP, and albumin);
consequently, UV and fluorescence studies were initiated to ascertain how these entities

interact with each other.

BSP Cannot Displace MHI-derivatives 1 From Their Non-covalent Complexes With
Albumin: Figure F-3 shows UV absorbance data for 1-Cl (a) and 1-Ph (b) in PBS with
50 equivalents of HSA incubated for 0 - 5 h at 37°C. At 0.05 h (first data point), the
absorbance maxima for the mixture featuring 1-Cl was completely red shifted to 805 nm.
After 5 h, however, a new UV spectrum formed corresponding to a species with an
intermediately red-shifted absorption maxima at 791 nm. This instantaneous red-shifted
absorbance maxima, followed slower formation of a relatively blue-shifted peak, can be
explained in the following way. Albumin rapidly forms a non-covalent adduct with
MHI-148, 1-Cl, followed by transformation into a %*Cys-bound covalent adduct.
Support for this assertion comes from the corresponding experiment with the meso-
blocked dye 1-Ph (Figure F-3b). For 1-Ph, Figure F-3a shows addition of albumin led to
instantaneous formation to a new UV spectrum with a red-shifted absorption maximum,

which is invariant over 5 h, the time span of the experiment. Thus 1-Ph with albumin
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forms only the non-covalent adduct; no covalent adduct was formed because there was
no possibility of displacement of chloride from the meso-position because that site is

blocked by the phenyl group.
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1-Clor 1-Ph or 5-Clor
1-Cl + BSP 1-Ph + BSP 5-Ph
(<1 min) (<1 min) (min)
Y
1-CIsHSA 1-Ph-HSA
no complex
non-covalent non-covalent
hours hours hours
Y

1-HSA 5-HSA (trace)
covalent covalent

Figure F-3. Interaction of a 1-Cl, and b 1-Ph (1 uM) with HSA (50 uM) at pH 7.4 in

PBS buffer at 37 °C observed via UV Vis spectroscopy, ¢ summary of key UV

experiments for alboumin interactions with 1, 5, and BSP.

Interactions of albumin with 5-Cl and with 5-Ph have already been studied in our
laboratory.  Neither of these compounds appears to form a non-covalent adduct on
mixing with albumin; their UV absorbance maxima wavelengths and intensities were
unperturbed on mixing with HSA. Only the meso-chloride, 5-Cl shows any signs of
forming a covalent adduct with albumin under physiological conditions, but this process
largely incomplete after several hours; this observation is consistent with the hypothesis
that relatively rapid formation of a non-covalent adduct from albumin and 1-ClI

facilitates the evolution of this into a covalent one.
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BSP has a high affinity for albumin, such that according to one estimate more
than 99% of BSP is bound to albumin after injection in body.?*? According to one report,
equimolar concentrations of BSP and albumin afforded less than 0.1% of unbound
BSP.22® Consequently, experiments were performed to ascertain if BSP in its non-
covalent adduct with albumin could be displaced by 1-Cl. Thus, HSA and increasing
concentrations of BSP (up to 50 equivalents) were mixed then 1-Cl added, but there was
no shift in the UV absorption maxima of the dye (Figure F-S6c) and that UV which was
observed to corresponded to the non-covalent complex. This experiment was repeated in
the reverse way (Figure F-S6d), i.e. HSA and 1-Cl were mixed then increasing
concentrations of BSP (up to 50 equivalents) were then added; the outcome was
essentially the same. In both experiments, the UV absorbance intensity was somewhat
reduced by addition of BSP, implying some interaction of BSP with the non-covalent
albumin<1-Cl complex that does not replace the cyanine. Fluorescence spectra for were
also recorded, and similar shifts were observed (Figure F-S7). These data do not prove
the binding of the dye to albumin is stronger than albumin*BSP, because BSP binds
multiple binding sites on albumin.?®* However, these experiments do prove 1-Cl is not
displaced from albumin by BSP. In an interesting control, the intensity of the MHI alone
was shown to be decreased by about 30 % when BSP was added, but without a blue shift
(Figure F-S6b).

Out of necessity, experiments described above to probe interactions of albumin,
BSP and 1-Cl were performed within approximately 30 min after mixing at room

temperature, because very little of the covalent adduct 1-HSA forms under these
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conditions over that time. There was an unlikely possibility that both 1-Cl and BSP
bound to albumin have extremely slow Kot rates, hence dissociation of either species
could not be forced by introducing the other into solution. To probe for this possibility,
the similar experiments were repeated but using a derivative that cannot form the
covalent adduct, 1-Ph, hence the duration of the experiment then could be extended to 5
h to allow for equilibration; the outcome was essentially the same (Figure F-S8).

BSP had no impact on the absorption maximum of 5-Cl mixed with albumin.
This observation is consistent with the assertion that the dye does not bind albumin to
form a non-covalent adduct (Figure F-S9).

A series of experiments was carried out to attempt to determine the HSA binding
pocket that 1-Cl occupies in the non-covalent complex (Figure F-S10). Warfarin,
ibuprofen, and digoxin are known to bind three different sites on albumin. 235236  Of
these three binders, preincubation with ibuprofen had the most effect on the fluorescence
spectra of 1-Cl mixed with BSA, relative to no added inhibitor (blank), but the
differences were modest hence these experiments were inconclusive.

Reactions of dyes 2-Cl — 4-Cl with HSA were shown to also give non-covalent
adducts, that morphed into covalent ones (Figure FS11). Relative rates for the formation
of covalent adducts were (at 37 °C with 2 equiv of HSA): 4-CI (IR780; ti2 2 min ) > 1-

Cl (6 h) > 3-CI (24 h) > 2-CI (72 h).

On The Uptake Of Other Tumor-seeking Dyes, And Import Into Other Cells:

Figures F-S14 and F-S15 summarize key data for 2-Cl (IR-783, having two sulfonate
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chains) and ICG (also having two sulfonate chains) in experiments similar to those
outlined above. Dye 2-Cl does not react with albumin in the time course of these
experiments (see above). Both these dyes display red-shifted absorbance maxima when
mixed with aloumin (with decreased absorbance). Thus, IR-783 and ICG both appear to
interact with albumin to form non-covalent adducts. Dependence on the dye was also
considered. Investigation (FACS) of uptake of 2-Cl (IR783) and ICG into the MDA-
MB-231 breast cancer cells in SFM showed both dyes was suppressed by serum, BSP,
and BSA, just as for 1-ClI (Figures F-S14b,c and F-S15b,c).

Uptake of 1-Cl, 1-Ph, 5-Cl and 5-Ph into HegG2 liver cancer cells was explored
to test if there was something particular to MDA-MB-231 breast cancer cells, but the

data (Figure F-S16 and F-S17) followed the same trends as identified above.

MHI-148 And Albumin-FITC In Media Are Uptaken Into Cells And Colocalize: In a key
confocal microscopy experiment, 1-Cl and fluorescein-labeled BSA (FITC-BSA)
incubated with MBA-MD-231 cells colocalized (Figure F-4a; Pearson coefficient 0.65).
This experiment shows the non-covalent adduct is influxed and does not dissociate
significantly in the cells. Images of uptaken, preformed 1-BSA-FITC appear similar
(Figure F-4b; Pearson coefficient 0.54), supporting the assertion that the covalent adduct
does not dissociate. When 1-Cl was preincubated with Cys3*-blocked HSA this gave the
same result (Figure F-4c; Pearson coefficient 0.56), and 1-Ph and HSA-FITC also
colocalized (Figure F-4d Pearson coefficient 0.63); these data are highly indicative that

1-Cl is imported as a non-covalent complex that persists in cells.
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Figure F-4. MDA-MB-231 cells incubated with the following. a 1-Cl (10 uM
throughout) and ~1 equiv BSA-FITC (mixed then used as a non-covalent adduct, ie
before a covalent adduct could form). b 1-ClI preincubated with ~1 equiv of BSA-FITC
for 24 h to form covalent adduct. c¢ 1-Cl with BSA-FITC preincubated with 6-
maleimidohexanoic acid for 24 h to block Cys®. d 1-Ph (10 uM) and ~1 equiv BSA-
FITC. Throughout the incubation conditions were 37 °C, 5% COg, 2 h unless otherwise

indicated. Images at 20x magnification.

Evidence accumulated above facilitated predictions regarding the
clearance and tumor accumulation of 1-Ph relative to known parameters for 1-Cl. It is
known that MHI-148 accumulates in solid tumors but also to a significant extent in the
liver and kidneys®>?% Since 1-Ph binds albumin, but cannot form a covalent adduct, we
predicted it would be uptaken into tumors in vivo just as 1-Cl, but not persist there for as
long. The QuatCy derivatives 5-Cl and 5-Ph do not form even non-covalent albumin
adducts, hence we suspected their uptake into tumors would be slower than for 1-Cl and
1-Ph if tight adducts with albumin were required. In the long term, however, 5-CI will
slowly form a covalent adduct with albumin under physiological conditions, so dye this
was predicted to persist in tumor tissue longer than 5-Ph. The following in vivo

experiments were performed to test those predictions.
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Conclusions:

It emerges from the observations summarized above that the dyes featured in this
study (1-Cl, 1-Ph, 5-Cl, and 5-Ph) have complementary properties. Both MHI-148
derivatives 1 form non-covalent adducts with albumin, but only 1-Cl can form a covalent
adduct. Conversely, the QuatCy derivatives 5 do not form non-covalent adducts with
albumin; 5-CI can form a covalent one, but much more slowly than 1-ClI.

Data summarized above demonstrates cellular uptake experiments in the absence
of serum are not indicative of physiological environments because the albumin is present
under those conditions and this protein has important effects on the uptake of tumor-
seeking dyes. Dyes 1-Cl and -Ph immediately form non-covalent complexes with
albumin on mixing, and this complex formation retards cellular uptake. Nevertheless,
these two compounds, 1-Cl and 1-Ph, are both uptaken into cells in tissue culture
experiments, hence removal of the meso-Cl has no impact under these conditions.
Uptake of the QuatCy derivatives 5 in tissue culture experiments is significantly slower
than import of 1-Cl consistent with slow formation of a covalent adduct then uptake,
implying uptake of the tumor seeking dyes 1 under physiological conditions is mediated
by albumin receptors. The fact that 1-Ph is imported indicates covalent albumin
complex formation is not required for uptake. These conclusions are consistent with
import of 1-Cl, 1-Ph by FITC-labeled albumin and colocalization (cf under these

conditions QuatCy derivatives that do not form non-covalent adducts are not imported).
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Supporting Information:

General Experimental Procedures: All reactions were carried out under an argon
atmosphere. Reagents were purchased at a high commercial quality (typically 97 % or
higher) and used without further purification, unless otherwise stated. High field NMR
spectra were recorded with Bruker Avance 11 at 400 MHz for *H, and 100 MHz for *C
and were calibrated using residual non-deuterated solvent as an internal reference
(CDCl3: 'H NMR = 7.24, 3C NMR = 77.0, MeOD: *H NMR = 3.30, *C NMR = 49.0,
DMSO-ds: *H NMR = 2.50, *3C NMR = 39.5). The following abbreviations were used to
explain the multiplicities: s = singlet, d = doublet, t = triplet, g = quartet, quint = quintet,
dd = double doublet, dt = double triplet, dq = double quartet, m = multiplet, br = broad.
Electrospray ionization mass spectrometry (ESI-MS) data were collected on triple-stage
quadrupole instrument in a positive mode. Flash chromatography was performed using
silica gel (230-400 mesh). LC-MS analyses were collected from Agilent 1260 Infinity
Quaternary LC and Agilent 6120 Quadrupole LC/MS modules using Poroshell 120 EC-
C18 2.7 uM (4.6 x 50 mm) column in 5-95% CHsCN/water gradient with 0.1% formic
acid over 10 minutes. Prep HPLC was performed on Agilent 1260 Infinity in 50-90
CHsCN/water gradient with 0.1% TFA over 20 mins. All statistical analyses were

carried out by Graphpad Prism version 6.0 (Graphpad Software).
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Synthesis Schemes and Procedures

AcONa EtOH
cl .\
\ 4\©/§N N+ T Refx
COzH HO,C CO,H

1-Cl
Scheme F-1. Synthesis of 1-Cl was carried out according to literature procedure. 113

AGONa, EIOH
Ph .
N Afj/§N N+ R

COZH

1-Ph
Scheme F-2. Synthesis of 1-Ph was carried out according to literature procedure.**®

AcONa EtOH
Cl .
~ Reflux
NZ 7 N
N+
/ \ COZH HO,C / \ CO,H

5-Cl
Scheme F-3. Synthesis of 5-Cl was carried out according to literature procedure.?°

Pd(PPhs),, H,0
12 h, 90 °C

Scheme F-4. Synthesis of 5-Ph was carried out according to literature procedure. 2%
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Photophysical Properties
ICG and IR783 were bought from Ark Pharm and Sigma respectively. Human serum
albumin (HSA), Bovine Serum Albumin (BSA) and BSA labeled with FITC were
bought from Sigma Aldrich. HSA and BSA were stored in -20 °C and fresh 0.5 mM (33
mg in 1 mL) solution was prepared for experiments.
UV Absorbance experiments: Compounds 1-Cl, 1-Ph, 5-Cl, 5-Ph, 2-Cl and ICG were
dissolved in PBS (pH 7.4) with HSA and the spectra were taken at different time
intervals.

Compounds 1-Cl, 1-Ph (5 uM) were incubated increasing concentrations of BSP
(5, 50 or 250 uM). For blocking experiment the dyes were either incubated with HSA (5
MM) prior to adding BSP (5, 50 or 250 uM) or increasing concentration of BSP was
added to HSA before adding the dyes. The absorbance and fluorescence spectra were
determined by Cary-Varian 100 UV-Vis NIR spectrophotometer.
UV Absorbance with DMEM: 5 uM of 1-Cl, 1-Ph, 5-Cl and 5-Ph were dissolved
FluoroBrite DMEM with or without 10%FBS. The absorbance was determined using
Cary-Varian 100 UV-Vis NIR spectrophotometer.
Kinetics Experiment®’: 200 uM of 1-Cl, 1-Ph, 2-Cl, 3-Cl, 4-Cl, 5-Cl and 5-Ph were
dissolved with HSA (500 uM) in PBS pH 7.4. The reaction mixture was kept in
incubator at 37 °C for up to 72 h. The formation of conjugate was observed at 780 nm at
different time points using C4 column on Agilent 1200 Infinity II.
Binding Pocket Determination: Determination of binding pocket of 1-CI was carried

out as reported in literature.?®2% Briefly, 5 uM of BSA was pre-blocked with 50X
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excess of known binders of pocket I (warfarin), pocket Il (ibuprofen) and pocket IlI
(digoxin) for 1 h before adding 5 uM of 1-Cl. The fluorescence was measured using
spectrometer.

In-Vitro Assays: MDA-MB-231 and HepG2 cells were grown in Dulbecco's Modified
Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS). Cells were grown
in an incubator at 37°C, humidified atmosphere containing 5% CO>. Cells were grown in

T-75 culture flask till 70% confluency before splitting into next passage.

Live Cell Staining: Uptake of dyes with the MDA-MB-231 and HepG2 cells was
measured using Leica SP8 Confocal Microscope. The images were taken at 20x/0.75
water immersed objective. The NIR dye samples were excited at 670 nm laser (PMT
detectors; 716-789 nm) and FITC samples were excited at 490 nm (HyD detectors; 500 —
589 nm).

BSA-FITC and 1-Cl colocalization: Briefly, 50,000 MDA-MB-231 cells divided into 4
groups. 1. 1-Cl was incubated with BSA-FITC and used immediately. 2. 1-Cl was
preincubated with BSA-FITC for 24 h. 3. 1-Cl was incubated with BSA that had Cys34
blocked. 4. 1-Ph was incubated with BSA-FITC. Equimolar concentrations of dyes and
BSA-FITC was used in each experiment. After 2 h of incubation, the cells were washed
twice and PBS and imaged using Leica SP8 Confocal Microscope as mentioned above.
Blocking Experiment: The cells were divided in 4 groups; 1. control (no serum), 2.
with serum, 3. BSP with serum, and 4. BSP without serum. Briefly, 50,000 cells were
seeded using media containing serum on 4 well chambers (Nunc Lab-Tek) and allowed

to adhere overnight. The cells were starved for 4 h in serum free media before the
345



experiment. Group 1 was used as a standard for other groups. Group 3 and 4 were pre-
blocked for 5 mins with 250 uM of BSP with or without serum containing media
respectively. The cells were incubated with 1-Cl, 1-Ph, 2-Cl, 5-Cl, 5-Ph and ICG for 30
mins, washed twice with PBS imaged using Leica SP8 Confocal Microscope.

DMOG was added to the chambers 24 h prior to experiment to induce hypoxia in
cells. Dyes were added to the chambers for 30 mins, washed and imaged using Leica
Microscope.

Cellular uptake of 1-Cl, 1-Ph, 2-Cl, 5-Cl, 5-Ph and ICG was quantified by using
BD FACSAria Il. The cells were again divided into 4 groups and treated as mentioned
above. After incubation, the cells were washed thrice with PBS, dissociated from the
plate using 200 uM of Cell Dissociation Buffer, enzyme free (Thermofisher) and
suspended in PBS. The fluorescence of the samples was measured by 633 nm excitation
source and 750/45 emission filter.

Cellular uptake of 1-Cl, 1-Ph, 2-Cl, 5-Cl, 5-Ph and ICG was also quantified using
BSA only in the media. MDA-MB-231 cells were seeded on 4 well chamber and starved
for 4 h. Dyes were added to the chambers with or without BSA in the solution. Sample

without BSA was considered as control and quantified using BD FACSAria ll.
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Supporting Figures:

Figure F-S1. 1-CI (20 uM) in serum free media a control, b blocked with BSP for 5
mins (250 uM) ¢ DMOG (1mM). Throughout the experiments, images were taken at by

Leica Confocal Microscope at 20X/0.75 NA
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Figure F-S2. uptake of dye in serum free (blue) and serum media (red) and BSP
blocking in serum free media (green) and serum media (purple) was quantified of 1-Cl,

1-Ph, 5-ClI, and 5-Ph. Uptake of dye into cells were quantified by FACS.
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Figure F-S4. Absorbance spectra at 5 uM of a 1-Cl, and b 1-Ph in presence and absence

of FBS in DMEM media. Absorbance was observed by UV Vis spectrometer.
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Figure F-S5. Absorbance spectra at 5 pM of a 5-Cl, and b 5-Ph in presence and absence

of FBS in DMEM media. Absorbance was observed by UV Vis spectrometer.
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noncovalent complex. The experiments were carried out at pH 7.4 in PBS buffer at 37 °C

and were observed by UV Vis spectrometer.
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Figure F-S7. Fluorescence spectra of Interaction of 1-Cl (5 uM) a in presence and

absence of HSA (5 uM), and b increasing concentration of BSP, ¢ addition of 1-Cl in
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noncovalent complex. The experiments were carried out at pH 7.4 in PBS buffer at 37 °C

and were observed by UV Vis spectrometer.
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Figure F-S8. Interaction of 1-Ph (5uM) at 0, 1, 10 and 50 eq of BSP aftera O h; b 5 h.

The experiments were carried out at pH 7.4 in PBS buffer at 37 °C and were observed by

UV Vis spectrometer.
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Figure F-S9. UV spectra to monitor interaction of 5-Cl (5 uM) a in presence and
absence of HSA (uM); and, b with increasing concentrations of BSP. ¢ Addition of BSP
to the 5-CI-HSA complex. The experiments were carried out at pH 7.4 in PBS buffer at

37°C.
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Figure F-S10. Determination of binding pocket of 1-ClI by competitive binding with
other known binders of pocket I (warfarin), pocket 11 (ibuprofen) and pocket 11l
(digoxin). 5 uM of BSA was pre-blocked with the known binders for 1 h before adding 5

uM of 1-Cl. The fluorescence was measured after 1 h using spectrometer.

a

100

80
5
g . - 1-CI-HSA
g 40 M
S a

204

0 t1‘l2l 1 I 1 I I I. |

0 10 20 30 40 50 6 70 80
time (h)
b 100 —o 2-Cl
- 2-CI-HSA

80
[
0
9 604
()]
>
[
(@)
(&)
NS

0O 10 20 30 40 50 6 70 8
time (h)

359



100
80
C
9
£ 607 ~- 3-Cl
=S = 3-CI-HSA
Q 40+
2
20
0 | It 1 I | I | |
0 10 2030 40 50 60 70 80
time (h)
d 100 = = u
80
5
60 —- 4-Cl
g -= 4-CI-HSA
9 40
X
20
0 T —@— T L 2 T B 4 |
0O 10 20 30 40 50 60 70 80
time (h)

Figure F-S11. Reactivity of 1 eq of a 1-Cl, b 2-Cl, ¢ 3-Cl and d 4-Cl was tested with

HSA (2 eq) at pH 7.4 in PBS buffer at 37 °C.

360



intensity
(6]
<

intensity
(@)
=

0-
0 1

Figure F-S12. MDA-MB-231 cells were incubated with a 1-Cl and b 1-Ph at 20 uM
with 0 and 1 eq of BSA at 37 °C for 20 mins. Relative uptake of dyes was quantified by

FACS.
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Figure F-S13. MDA-MB-231 cells were incubated with a 5-Cl and b 5-Ph at 20 uM
with 0, 0.5 and 1 eq of BSA at 37 °C for 20 mins. Uptake of dye into cells were

quantified by a FACS.
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Figure F-S14. a Absorbance spectra of 2-Cl in PBS and after addition of 50 eq of HSA.

Uptake of 2-Cl by MDA-MB-231 cells (as measured by FACS): b with and without BSP

and serum; and, ¢ in presence of 1 eq of BSA.
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Figure F-S15. a Absorbance spectra of ICG in PBS and after addition of 50 eq of HSA.

Uptake of 2-Cl by MDA-MB-231 cells (as measured by FACS): b with and without BSP

and serum; and, ¢ in presence of 1 eq of BSA.
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Figure F-S16. HepG2 cells were incubated with 1-Cl in a serum free media and b serum
with 10% FBS and 1-Ph in a serum free media and b serum with 10% FBS at 20 uM for

20 mins.
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Figure F-S17. HepG2 cells were incubated with 5-Cl in a serum free media and b serum
with 10% FBS and 5-Ph in a serum free media and b serum with 10% FBS at 20 uM for

20 mins.
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APPENDIX G

UNPUBLISHED DATA OF OTHER CYANINE-KINASE INHIBITORS

CONJUGATES

K hibi amide
14+ | kinase |r; ibitor laf
a coupling
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HATU, EtsN
—_—

DMF, 12 h

Scheme G-1. Synthesis scheme for 1a

Synthesis of 1a

Cyanine dye 1 (200.0 mg, 0.29 mmol), triethylamine (48.50 uL, 0.34 mmol) and HATU
(110.2 mg, 0.29 mmol) were added in 2 mL DMF and stirred for 15 mins followed by a
(141.52 mg, 0.29 mmol) was added afterwards and stirred for 12 h under argon balloon.
Solvent was removed and the crude was purified by reverse phase column on prep-
HPLC {50% MeCN/50%H,0 — 90%MeCN/10%H:0 (containing 0.1% TFA) in 20

mins} to get the desired product as amorphous green solid (32 mg, 9.6%).
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Scheme G-2. Synthesis scheme for 2b

Synthesis of 2b

Cyanine dye 1 (200.0 mg, 0.29 mmol), triethylamine (48.50 uL, 0.34 mmol) and HATU
(110.2 mg, 0.29 mmol) were added in 2 mL DMF and stirred for 15 mins followed by b
(130.5 mg, 0.58 mmol) and stirred for 12 h under argon balloon. Solvent was removed
and the crude was purified by reverse phase column on prep-HPLC {50%
MeCN/50%H20 — 90%MeCN/10%H20 (containing 0.1% TFA) in 20 mins} to get the

desired product as amorphous green solid (143.4 mg, 32%).
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Characterization of 1a, b, ¢, d, e, fand 2b

la

'H NMR (400 MHz, MeOD) & 8.46 (dd, J = 13.9, 9.9 Hz, 2H), 8.17 — 8.15 (m, 1H), 7.54
(d, J = 7.6 Hz, 2H), 7.45 (dd, J = 13.6, 7.5 Hz, 2H), 7.29 (dt, J = 14.8, 7.0 Hz, 6H), 6.30
(t, J = 13.8 Hz, 2H), 6.16 (s, 1H), 5.50 (s, 3H), 4.51 — 4.43 (m, 2H), 4.20 (dd, J = 12.0,
7.1 Hz, 4H), 3.98 (s, 3H), 3.53 — 3.40 (m, 5H), 3.37 (s, 1H), 2.74 (d, J = 5.9 Hz, 4H),
2.48 (dd, J = 16.6, 9.2 Hz, 6H), 2.37 — 2.28 (m, 6H), 2.01 — 1.94 (m, 2H), 1.89 (s, 4H),
1.75 (d, J = 2.1 Hz, 12H), 1.69 (dd, J = 14.3, 6.9 Hz, 5H), 1.53 (q, J = 14.7 Hz, 5H).

13C NMR (101 MHz, MeOD) & 175.83, 172.91, 172.56, 162.37, 149.80, 143.83, 142.27,
142.10, 141.30, 141.15, 128.76, 128.56, 126.93, 126.66, 126.46, 125.40, 125.05, 122.15,
111.04, 110.70, 100.53, 83.20, 57.76, 55.32, 53.37, 51.60, 49.39, 49.17, 48.30, 41.02,
33.19, 32.97, 26.96, 26.89, 26.71, 25.99, 25.95, 24.22, 24.04, 20.72, 17.30.

HRMS: calculated 1152.5062 found 1152.5067
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020518-3h #498-548 RT: 2.23-2.#7 "'/ rr ~n.rrnc”
T: FTMS + p ESI Full ms[300.000
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60
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1b

IH NMR (400 MHz, MeOD) 8 8.97 (d, J = 4.4 Hz, 1H), 8.47 (d, J = 14.2 Hz, 1H), 8.37
(s, 1H), 7.94 (d, J = 8.2 Hz, 2H), 7.72 (d, J = 10.0 Hz, 1H), 7.55 (d, J = 7.2 Hz, 1H),
7.50 (d, J = 7.5 Hz, 1H), 7.47 (s, 1H), 7.46 — 7.45 (m, 1H), 7.44 (s, 1H), 7.41 (s, 1H),
7.38 (d, J = 7.5 Hz, 2H), 7.34 — 7.23 (m, 3H), 6.34 (d, J = 14.1 Hz, 1H), 6.20 (d, J = 14.1
Hz, 1H), 6.03 — 5.88 (m, 1H), 4.25 (t, J = 6.9 Hz, 2H), 4.15 (t, J = 7.3 Hz, 2H), 3.80 —
3.68 (M, 4H), 3.25 (dd, J = 8.6, 5.0 Hz, 4H), 2.72 (dt, = 11.8, 6.1 Hz, 4H), 2.54 — 2.43
(m, 5H), 2.39 (d, J = 3.2 Hz, 3H), 2.33 (dd, J = 15.8, 8.5 Hz, 4H), 2.08 (s, 2H), 2.01 —
1.81 (m, 8H), 1.77 (s, 6H), 1.73 (s, 1H), 1.72 (s, 6H), 1.69 (d, J = 7.3 Hz, 2H), 1.56 —
1.45 (m, 4H), 1.31 (s, 1H).

13C NMR (101 MHz, MeOD) § 202.73, 175.82, 173.27, 172.73, 172.47, 161.22, 157.37,
156.11, 155.59, 149.73, 144.19, 144.00, 143.34, 143.19, 142.20, 142.03, 141.79, 141.30,
141.13, 131.92, 128.53, 128.44, 126.48, 126.43, 125.27, 125.14, 122.17, 122.09, 115.85,
111.05, 110.74, 109.31, 101.13, 100.75, 54.07, 49.36, 49.23, 48.31, 48.24, 48.09, 48.02,
44.98, 43.69, 40.97, 33.18, 31.76, 30.07, 27.68, 26.97, 26.93, 26.58, 25.94, 25.32, 24.68,

24.20, 20.71, 12.72.
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1c

'H NMR (400 MHz, MeOD) & 8.95 (s, 1H), 8.49 (s, 1H), 8.46 (d, J = 4.6 Hz, 1H), 8.43
(s, 1H), 8.40 (d, J = 4.8 Hz, 1H), 8.07 (d, J = 2.9 Hz, 1H), 8.05 (d, J = 2.9 Hz, 1H), 7.87
(d, J = 2.8 Hz, 1H), 7.53 (dd, J = 13.3, 7.2 Hz, 2H), 7.48 — 7.42 (m, 2H), 7.42 — 7.36 (m,
2H), 7.34 — 7.26 (m, 3H), 6.80 (s, 1H), 6.34 (d, J = 14.1 Hz, 1H), 6.24 (d, J = 14.1 Hz,
1H), 4.24 (t, J = 7.0 Hz, 2H), 4.13 (t, J = 7.3 Hz, 2H), 3.78 — 3.70 (m, 3H), 3.26 — 3.12
(m, 9H), 2.74 (dd, J = 12.0, 6.0 Hz, 3H), 2.50 (t, J = 7.2 Hz, 4H), 2.34 (t, J = 7.2 Hz,
2H), 2.14 — 2.04 (m, 4H), 2.00 (s, 2H), 1.92 (d, J = 7.6 Hz, 2H), 1.85 (s, 2H), 1.77 (s,
5H), 1.75 (s, 2H), 1.73 (s, 6H), 1.69 (dd, J = 12.4, 7.8 Hz, 3H), 1.56 — 1.47 (m, 4H).

13C NMR (101 MHz, MeOD) & 175.74, 173.16, 172.81, 172.41, 163.54, 152.17, 151.74,
149.74, 147.05, 144.29, 144.03, 142.35, 142.24, 142.09, 141.29, 141.16, 136.16, 134.28,
128.52, 126.50, 125.24, 125.17, 122.40, 122.16, 122.09, 115.22, 114.99, 111.01, 110.83,
100.94, 100.74, 58.20, 49.33, 49.24, 44.92, 43.73, 43.64, 40.95, 38.24, 33.97, 33.17,
31.85, 30.08, 26.94, 26.91, 26.60, 26.03, 25.93, 24.64, 24.20, 24.17, 20.72.

HRMS: calculated 1099.6047 found 1099.6035
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042618-1h #385-418 RT: 1.73-" o7 A~/ "2 wn

T: FTMS + p ESI Full ms[300.0(
550.3057
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80%
60;

20

0
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]
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. A 7aro
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~
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1d

400
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T T t T T
1000 1200
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I I
1400 1600 1800

IH NMR (400 MHz, MeOD) & 8.46 (dd, J = 14.1, 5.0 Hz, 2H), 7.93 (s, 1H), 7.66 — 7.59

(m, 2H), 7.54 (dd, J = 7.6, 2.3 Hz, 2H), 7.52 — 7.46 (m, 2H), 7.46 — 7.41 (m, 2H), 7.37

(d, J = 7.5 Hz, 1H), 7.35 — 7.32 (m, 1H), 7.32 — 7.26 (m, 2H), 7.16 (d, J = 1.2 Hz, 1H),

6.38 — 6.26 (m, 3H), 4.64 (d, J = 14.5 Hz, 1H), 4.51 — 4.39 (m, 1H), 4.28 — 4.15 (m, 4H),

4.10 (d, J = 13.7 Hz, 1H), 2.79 (dd, J = 26.1, 8.7 Hz, 5H), 2.50 (t, J = 7.3 Hz, 2H), 2.34

(t, = 7.2 Hz, 2H), 2.13 (d, J = 13.9 Hz, 3H), 2.01 — 1.79 (m, 13H), 1.76 (s, 7H), 1.74 (s,

6H), 1.69 (dd, J = 14.1, 6.6 Hz, 2H), 1.55 (dt, J = 15.2, 7.6 Hz, 4H).

13C NMR (101 MHz, MeOD) & 175.74, 172.94, 172.27, 146.88, 144.14, 142.26, 142.19,

141.73, 141.22, 135.61, 135.18, 129.02, 128.52, 126.58, 125.20, 125.08, 122.14, 121.52,

121.24, 118.41, 118.29, 117.49, 117.26, 116.78, 110.89, 100.95, 74.34, 58.89, 49.29,

44.22, 43.76, 40.35, 33.17, 32.44, 32.20, 31.69, 26.92, 26.68, 26.16, 25.95, 24.74, 24.23,

20.73,

17.55.

HRMS: calculated 1114.4690 found 1114.4678
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042618-2h #351-429 RT: 1.57-"' °° A~/ 70 s ncare
T: FTMS + p ESI Full ms[300.0(

558.7362
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le

IH NMR (400 MHz, MeOD) & 8.48 (s, 1H), 8.45 (d, J = 4.7 Hz, 1H), 8.42 (s, 1H), 8.40
(s, 1H), 8.14 (s, 1H), 7.95 (dd, J = 8.0, 1.5 Hz, 1H), 7.70 — 7.64 (m, 2H), 7.53 (dd, J =
105, 7.3 Hz, 2H), 7.49 — 7.41 (m, 2H), 7.41 (s, 1H), 7.38 (s, 1H), 7.36 (s, 1H), 7.35 —
7.26 (M, 3H), 6.81 (s, 1H), 6.33 — 6.22 (m, 2H), 4.70 (s, 1H), 4.57 (dt, J = 12.3, 6.1 Hz,
1H), 4.23 (t, J = 7.2 Hz, 2H), 4.17 (t, J = 7.4 Hz, 2H), 4.10 (d, J = 13.8 Hz, 1H), 3.20 (s,
1H), 3.00 (s, 1H), 2.81 — 2.64 (m, 5H), 2.49 (td, J = 7.2, 3.0 Hz, 2H), 2.32 (t, J = 7.3 Hz,
2H), 2.17 (d, J = 10.0 Hz, 3H), 1.94 (td, J = 13.3, 5.9 Hz, 4H), 1.90 — 1.78 (m, 5H), 1.76
(s, 6H), 1.73 (s, 6H), 1.71 — 1.66 (m, 2H), 1.56 (ddd, J = 23.4, 17.2, 10.7 Hz, 6H), 1.28
(dd, J = 12.8, 6.5 Hz, 14H).

13C NMR (101 MHz, MeOD) § 175.70, 173.02, 172.18, 156.06, 149.73, 146.41, 144.25,
143.99, 142.27, 142.13, 141.22, 138.85, 134.65, 131.06, 128.52, 127.25, 126.58, 125.24,

125.16, 124.48, 124.11, 123.08, 122.11, 111.65, 110.91, 105.19, 101.00, 100.89, 71.62,
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55.48, 49.28, 46.37, 43.72, 42.37, 38.11, 33.16, 32.93, 32.30, 32.16, 29.33, 26.92, 26.81,

26.65, 26.13, 25.95, 24.82, 24.21, 21.03, 20.74, 17.67, 14.08.
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13C

2b

IH NMR (400 MHz, MeOD) & 9.00 (s, 2H), 8.40 (d, J = 14.1 Hz, 2H), 8.03 (dd, J
= 9.5, 2.7 Hz, 2H), 7.92 (d, J = 2.8 Hz, 2H), 7.67 (d, J = 9.5 Hz, 2H), 7.52 (d, J =
7.4 Hz, 2H), 7.40 (t, J = 7.6 Hz, 2H), 7.33 — 7.25 (m, 3H), 6.26 (d, J = 14.1 Hz,
2H), 6.04 — 5.92 (m, 2H), 4.19 (t, J = 7.0 Hz, 3H), 3.81 — 3.68 (m, 7H), 3.30 —
3.20 (m, 7H), 2.71 (t, J = 5.9 Hz, 3H), 2.51 (s, 6H), 2.49 (d, J = 7.1 Hz, 3H), 2.40
(s, 5H), 2.32 (dd, J = 11.6, 7.9 Hz, 4H), 2.09 (s, 4H), 2.00 — 1.82 (m, 9H), 1.77
(s, 1H), 1.74 (s, 12H), 1.69 (dd, J = 13.3, 6.9 Hz, 5H), 1.53 — 1.44 (m, 4H).

13C NMR (101 MHz, MeOD) & 202.51, 173.03, 172.40, 161.15, 157.16, 155.82,
155.66, 149.65, 144.03, 143.12, 143.01, 142.08, 141.62, 141.22, 132.27,

128.46, 126.38, 125.22, 122.13, 116.00, 110.92, 109.65, 100.98, 54.11, 49.31,
382



44.88, 43.71, 40.90, 31.81, 30.03, 27.67, 26.97, 26.86, 25.98, 25.93, 25.31,
24.62, 20.73, 12.73.

HRMS: calculated 1541.8164 found 1541.8180
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Dasatinib (Kinase Inhibitor “a”) Conjugates
Figure G-1 shows that the conjugate 1a is significantly more toxic than the parent
dye (red line), the parent kinase inhibitor (red line), or a mixture of the dye and kinase

inhibitor (purple line) on HEPG2 liver cancer cells (a) and (b) U87MG glioblastoma

cells.
a HEPG2
100+
2
)
8
> 504 - 1a
X - a
-
-- 1+3
0-
10 102 10" 10° 10' 102 10°
concentration (pM)
b Us7-MG
100+
2
'g -~ 1a
z 504 = a
S~ - 1
-2 1+a
[ ]
0-

10% 102 10" 10° 10' 102 10°
concentration (uM)
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Figure G-1. Cell viability assay of 1a on: a HepG2 cells (liver cancer); and b U87-MG
cells (glioblastoma). 1a was more found to be toxic than individual 1, a or a combination

of 1+a.

Figure G-2a visualizes some of the data from Figure 1 (that on HEPG2 cells).
Compound 1a has a much stronger influence on the cell morphology after 24 and 48 h
when compared the parent kinase inhibitor dasatinib a.

Localization of compounds in mitochondria tends to give more pronounced
cytotoxicity effects than accumulation in most organelles. Figure G-2b shows la
localizes preferentially in mitochondria, though some colocalized with a dye that tracks

lysosomes.
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nucleus organelle

b

mitochondria

Figure G-2. 1a in HepG2 cells a morphology change; b co-localization study in

organelles showed it localizes more in mitochondria than lysosomes.

Palbociclib (Kinase Inhibitor “b”’) Conjugates

Figure G-3 shows that the conjugate 1b is significantly more toxic than the
parent dye (red line), the parent kinase inhibitor (red line), or a mixture of the dye and
kinase inhibitor (purple line) on HepG2 liver cancer cells (a), U87MG glioblastoma cells

(b) and K562 leukemia cells (c).
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S = b
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Figure G-3. Cell viability assay of 1b on a. HepG2 cells (liver cancer); b. U87-MG
cells (glioblastoma cancer) and c. K562 (leukemia cancer). 1b was more found to be

toxic than individual 1, b or a combination of 1+b.
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Ribociclib (Kinase Inhibitor “c’) Conjugates
Figure G-4 shows that the conjugate 1c is significantly more toxic than the parent
dye (red line), the parent kinase inhibitor (red line), or a mixture of the dye and kinase

inhibitor (purple line) on MDA-MB-231 “triple negative” breast cancer cells.

MDA-MB231

§,100-
=
'E - 1c
°\° 50' - c

—- 1

- 1+cC

0-

10 102 107 10° 10" 102 103
concentration (uM)

Figure G-4. Cell viability assay of 1¢c on MBA-MB-231 (breast cancer cells). 1¢ was

more found to be toxic than individual 1, c or a combination of 1+c.

Crizotinib (Kinase Inhibitor “d”) Conjugates
Figure G-5 shows that the conjugate 1d is significantly more toxic than the
parent dye (red line), the parent kinase inhibitor (red line), or a mixture of the dye and

kinase inhibitor (purple line) on MDA-MB-231 “triple negative” breast cancer cells.
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Figure G-5. Cell viability assay of 1d on MDA-MB-231 (breast cancer cells). 1d was

more found to be toxic than individual 1, d or a combination of 1+d.
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