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Lay Abstract

New and general-purpose methods for creating molecular imaging probes for cancer and bone
injury were developed and studied. The approach combines medical isotopes, which can be used to
image the whole body of patients, and photoacoustic or luminescent molecules which allow for high
resolution imaging of sites of disease identified by the former. More specifically, two novel near-
infrared dyes were created which utilize a reaction that allows them to be linked to targeting molecules
specific to bone injury. The ability of these new molecules to bind albumin and to localize in tumours
through the enhanced permeability and retention effect was demonstrated. One key platform that was
developed proved to be particulatly effective over several disease models and has significant potential

for creating new molecular imaging probes to improve patient care.
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Abstract

To address the need for better technologies for imaging disease, new strategies for the
synthesis of nuclear, optical and photoacoustic (PA) multi-modal probes were developed. Initially, a
library of phenyl-1H-imidazo-[4,5]-f-1,10-phenanthroline (PIP) ligands were synthesized to create
isostructural optical and nuclear probes. The ”™Tc complexes of the ligands were prepared in high
yield and showed excellent stability 7 vitro. Biodistribution studies were completed where the lipophilic
Tc(I) complexes had significant retention in the liver, lung, and spleen.

To overcome this, a second-generation was created. Specifically, a polar cyanine dye, IR783,
was linked to a PIP ligand (IR783-PIP) to reduce non-specific binding and enhance blood half-life via
albumin binding. An added benefit of using IR783 is that it enabled photoacoustic (PA) imaging to
be used in place of optical imaging. I vitro testing showed that it was possible to separate the PA signal
of IR783-PIP from oxy- and deoxyhemoglobin. Radiolabelling of the IR783-PIP ligand with *™Tc
was also achieved in 41 % yield.

Because it proved difficult to target IR783-PIP, a tetrazine derived cyanine dye was prepared
creating the opportunity to link the PA agent to #rans-cyclooctene (TCO) modified targeting molecules.
IR783-HYNIC-Tz was prepared in 2 steps in high yield through a hydrazine-based coupling strategy.
The bifunctional dye bound albumin and its PA signal was separable from the signals arising in blood.
In vivo studies in osteosarcoma and glioblastoma multiforme tumour models were performed where
images showed clear tumour uptake. For targeting, IR783-HYNIC-Tz was used in combination with
a TCO-derived bisphosphonate for imaging calcium accretion in knee and shoulder joints. The
conjugate was also labelled with *™Tc which verified uptake in the joints (3-5% injected dose per
gram) out to 24 hours. Lastly, the IR783-HYNIC-Tz dye was employed to tag TCO-derived gas

vesicles to create a new generation of PA /ultrasound imaging agents.

iv
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Overall, the strategies reported are platforms for the creation of targeted multimodal probes.
They are designed to exploit biorthogonal reactions and can therefore be utilized with a wide range of

targeting molecules.
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Chapter 1: Introduction

1.1 Molecular Imaging

Molecular imaging (MI) describes methods used to noninvasively observe biochemical
markers and processes and are therefore used to detect unique biomarkers associated with diseases
such as cancer. MI can be used for diagnosis, monitoring the efficacy of treatment, and as a way to
identify the presence or absence of a drug target. The latter is gaining importance because of the
rapidly increasing number of targeted therapeutic options available.!! There are several different MI
modalities including positron emission tomography (PET), single-photon emission computed
tomography (SPECT), optical imaging (OI), ultrasound (US) imaging, and photoacoustic (PA)

imaging; each having unique strengths and limitations (Table 1.1).

Table 5.1 Summary of the strengths and limitations of various MI techniques.['-3l

Imaging Modality | Strengths Limitations
- Unlimited depth penetration - Radiation exposure
- Whole body imaging - Expensive
PET . L . . .
- Quantitative molecular imaging possible - Low spatial resolution
- High sensitivity - Long acquisition time
- Unlimited depth penetration
- Whole body imaging - Radiation exposure
SPECT - High sensitivity - Low spatial resolution
- Quantitative - Long acquisition time
- Theranostic option
-No ronizing 1rrgd1at10n T - Limited depth penetration
- Real-time imaging/shortt acquisition time . .
L . . . . . - Whole body imaging not currently
Optical imaging - Relatively high spatial resolution .
. accessible
- Inexpensive
- High sensitivity
- High spatial resolution
Ultrasound - No ionizing irradiation - Limited depth of penetration
asou - Real-time imaging - Whole body imaging not possible
- Inexpensive
- High spatial resolution
. -No tontzng HEEER - Limited depth of penetration versus
Photoacoustic - Inexpensive
; in dtati bl nuclear methods
maging - Quantiation possible - Whole body imaging not possible
- High sensitivity
- Greater depth of penetration vs optical imaging
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111PET

PET is a nuclear imaging technique that produces a 3-D image of the distribution of a
radioactive tracer. A PET scanner records the two coincident gamma rays associated with positron
annihilation, which strike the detector at the same time. PET has superior resolution compared to
SPECT and the most commonly employed PET imaging agent is "*F-FDG (fluorodeoxyglucose)

which is used to assess glucose metabolism in tumours and other diseases.

112SPECT

SPECT, like PET, is a sensitive and widely used MI method.! SPECT images are generated
by detecting gamma rays emitted from radiolabelled compounds following their administration to
patients. The energy emitted from medical isotopes passes through a collimator and contacts a
detector that typically consists of a thallium-doped sodium iodide crystal. Upon contact with a gamma
ray, these detectors emit a flash of light which is amplified using photomultipliers and counted as
electrical pulses. A 3D image is obtained by mounting the scintillation camera on a rotating gantry,
recording multiple images at different angles and reconstructing the activity distribution.

Examples of gamma emitting medical isotopes used for SPECT include *"Tc, '*’T, and '''In
(Table 1.2). ”™Tc is the most widely utilized radionuclide in diagnostic medicine, accounting for 80%
of all imaging procedures.” It is a metastable nuclear isomer of *Tc, which is obtained from a “Mo
generator in which the parent isotope (“Mo) bound to alumina as MoOy* decays to the daughter
(”™T¢) in the form of ”™TcOy4 .1 ”™T'cOy4 can be eluted on a daily basis using saline thus Mo/ Tc

generators are a convenient source of *™Tc¢ that can be housed in radiopharmacies.
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Table 1.6 Commonly used medical isotopes for SPECT and key nuclear properties 4l

ti2 Enax
e 6.02 h 141 keV
b | 13.0h 529 keV
""Tn 67.2h 245 keV

?™Tc is a nearly ideal isotope for SPECT as it produces a photon having an optimal energy
for detection (140 keV) while delivering a low dose burden to patients. The latter is a result of the
modest amount of photoelectric effect and Compton scattering that occurs at this energy. ”™Tc has a
half-life (6.01 h), which affords sufficient time for synthesis of Tec-radiopharmaceuticals and
transportation from the radiopharmacy to the imaging clinic. The isotope also has a fairly low cost

since Mo is the byproduct of uranium fission and neutron bombardment of *Mo.

1.1.3 Optical Imaging

Although PET and SPECT are used routinely for whole body imaging, administrating
radioactivity is not always ideal or warranted. As an alternative, optical imaging (OI) uses non-
radioactive molecular probes to visualize biological processes at both the cellular and molecular level.
Ol is cost effective, widely available, and sensitivities at probe concentrations comparable to PET and
SPECT (10” to 10" M) are possible.l””l OI also has good spatial resolution (2-10 mm) and can utilize
a wide array of different fluorophores.” OI avoids exposing subjects to ionizing radiation and imaging
can be performed in real time, and is therefore particularly useful for surgical guidance and when
repeat imaging studies within a short period of time are needed. Furthermore, OI can be used to assess
specific biochemical changes due to the sensitivity of certain fluorophores to changes in various ion
concentrations, hydrophobicity, and pH."”

Targeted OI probes are typically comprised of a targeting molecule tagged with one or more

fluorophores. It is imperative to tune 7z vzvo imaging parameters such as the absorbance and emission
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spectra of the fluorophore with desired application since scattering and autofluorescence are
prominent issues.!'” Imaging parameters are typically designed to avoid any potential interference from
background fluorescence making the near infrared (NIR) spectral region (650-900 nm) ideal. NIR
fluorescence imaging represents a vast improvement over imaging in the visible region due to reduced
autofluorescence and lower tissue scattering and emission. Longer wavelengths in the NIR region also
enhances the signal-to-noise ratio since there is limited autofluorescence and allows for deeper tissue
penetration.

There are generally two classes of OI probes: targeted optical probes and activated optical
probes."! Targeted optical probes accumulate at the site of interest, resulting in an increase in signal
over time. Due to their constant fluorescent state, these probes are considered “turned-on” and
sufficient time should be allowed for them accumulate at the site of interest and clear non-targeted
tissue before imaging. Various fluorescent dyes have been used in the development of targeted optical
probes. The most well-known example is indocyanine green (ICG) which is a cyanine dye approved
for use in humans.""” There are a wide range of next generation targeted fluorescent OI probes being
developed to increase targeting specificity while decreasing the amount of fluorophore required to
achieve high quality images. Unfortunately, since these probes are always “on”, it is a challenge to
achieve optimal signal-to-noise ratios.!"'*"’

The second type of OI probes are activated probes, which can be turned “on” or “off”
typically through exploiting a specific quenching mechanism.""! The interaction of these probe with a
specific target would either elicit a conformational or chemical change causing the probe to emit light
or stop emission of energy.'""” There are several mechanisms that can impact the emission of a
fluorophore, which include photon-induced electron transfer (PeT), fluorescence resonance energy
transfer (FRET), and self-quenching."” The PeT mechanism works via an electron transfer from the

donor to acceptor fluorophore (when they are in the same molecule) (Figure 1.1A)."" This transfer
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quenches any light that would otherwise be emitted. FRET results in the non-radiative transfer of
energy between a donor and acceptor (or quencher) causing a fluorescent output (Figure 1.1B).I"”) The
important factor for FRET is the distance between the donor and acceptor (maximum distance of 9
nm).' Lastly, self-quenching occurs when fluorophores are conjugated to the same target in close
proximity or when they aggregate (Figure 1.2C).! These activated probes have high signal-to-noise
ratios, with intensities increasing more than 200X upon “turning on” and binding to their target of

interest.

A
hv
\/LL A/\e'
H Quenching of light

hv Energy Transfer

,.."' ."‘
‘ ‘ Quenching of light
€ >

Distance

hv

Energy Transfer
“ Quenching of light

Figure 1.1 Schematic representations of fluorescence quenching mechanisms. (A) = PeT; (B) = FRET; (C) = Self-

Quenching

The major limitation of optical imaging is the lack of depth of penetration, which is restricted
to 1-2 centimeters.!'” The limited depth of penetration is related to the absorption and scattering of
light, which is ptimarily a function of the wavelength of excitation."® Incident light is absorbed by
endogenous chromophores found in living tissues such as hemoglobin, melanin, and lipids. Light
absorption and scattering decreases with increasing wavelengths where below 700 nm (visible region)

there is shallow penetration, however above 900 nm water absorption interferes with signal generation.
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The most prevalent use of fluorescence imaging has been as a guide for surgeons to identify
diseased tissue during surgical resections. Surgeons rely on their senses when excising a tumour;
looking at the colour of the tissue, probing the tissue temperature and stiffness meaning that surgical
outcomes can vary from surgeon to surgeon. Fluorescent agents can be used to visualize tumours to
be removed or critical structures to be avoided (bile ducts, ureters, nerves, and vessels). Ongoing and
completed clinical trials suggest fluorescence guidance can have a positive impact on cancer surgery
(lymph node mapping, liver and ovarian cancer imaging) and general surgery (ureters, bile ducts, and
vessel imaging). There are at present several imaging systems used in human surgery using contrast

agents like indocyanine green and methylene blue.!"”*"

1.1.4 Ultrasound Imaging

Ultrasound (US) imaging is the second most widely used imaging modality, next to
conventional x-ray. US gives real time images, is low cost, widely available, and portable. It works by
sending pulses of high frequency US waves from a transducer through different structures in the body
where the waves get reflected or scattered (Figure 1.2). The US transducer then detects a portion of
the scattered sound waves and converts them into electrical pulses and 2D images generated. It is
typically used for preliminary screening and follow up and also to get anatomical information, most
commonly during pregnancies.

US waves can be disrupted by air or gas and they have difficulty penetrating dense structures
such as bone. Soft and hollow areas do not reflect sound waves and appear dark on images whereas
the denser a structure is, a bright white colour will show up on the US image. Ultrasound scattering is
low compared to scattering seen in optical imaging therefore it has superior depth of penetration.
There is tunability with the US frequencies used depending on the area of interest for imaging. High

frequency waves offer better resolution at the cost of penetration depth while low frequency US gives
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deeper penetration with lower resolution. This allows the ideal frequency to be selected depending on

the information needed from an US scan.

Ultrasound
Transducer

Reflected
wave

i

(

Original
wave

(RN
Q

Object

Figure 1.2 Generalized schematic showing how ultrasound images are generated.

1.1.5 Photoacoustic Imaging

The photoacoustic effect is the process by which light energy is converted into vibrational
energy or sound. It occurs via the absorption of a photon from a light pulse by a molecule. Heat is
produced as a result of the absorption of energy, which in turn will translate into thermoelastic
expansion of the chromophore. The expansion is followed by a rapid contraction when the light pulse
ends which produces a pressure/sound wave (Figure 1.3). A light pulse duration shorter than 1
microsecond produces pressure in frequencies up to several MHz notably in the ultrasound region.
The sound waves produced depends on the length of laser pulse, where nanosecond pulses produce
ultrasound waves that can be measured using ultrasound probes. PA imaging has advantages over Ol

because it has higher depth of penetration (7 cm) and higher spatial resolution (100 um) (Figure 1.4).
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Figure 1.3 Schematic showing the basic components of photoacoustic imaging.

Figure 1.4 Images showing the differences in spatial resolution of optical versus photoacoustic imaging. The same
sample of a dye printed on paper was visualized using optical imaging (left seen in red and orange) and photoacoustic

imaging (seen on the right in green). Images were collected by S.R. Slikboer using the dye 28 reported in Chapter 4.

Small molecule dyes, such as cyanine dyes, are highly conjugated where the delocalized
electrons require modest energy for excitation. The relaxation of the excited electrons can occur in
radiative (fluorescence) or nonradiative processes, depending on the lifetime and electronic
configuration of the excited states. For PA imaging, large nonradiative relaxation such as that found

in certain cyanine dyes, is required and is often associated with dyes having low quantum yields.
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1.2 Near Infrared Dyes

There are a wide range of commercially available fluorescent dyes available, but only a limited
number emit in the NIR region and of those only a handful are suitable for i vivo applications.” !
When designing a fluorescent dye for 7z vivo applications, it must be water soluble, have high quantum
yields, possess structural and chemical stability, and optimally would have a site for conjugation to
biomolecules.""! There are two main families of dyes which meet these criteria: cyanines and

rhodamines (Figure 1.5).

Cyanine Dye Rhodamine Dye

IR780 Texas Red

Figure 1.5 Representative structures of cyanine and rhodamine dyes.

1.2.1 Rhodamine Dyes

Rhodamine dyes contain a honeycomb-like structure. They differ from cyanine dyes in that
they have high absorption coefficients, larger quantum yields, and a broader fluorescence spectrum in
both visible and NIR regions.'! Some examples include Texas Red, Rhodamine B, 5-

carboxytetramethylrthodamine (TAMRA), and Alexa Fluor 610 (Figure 1.6).
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Texas Red Rhodamine B TAMRA Alexa Fluor 610

Figure 1.6 Rhodamine dyes.

1.2.2 Cyanine Dyes

Cyanine dyes are a general class of dyes that are characterized by linear methine chains. They
have versatile chemistry which allows modifications at multiple positions along the carbon
backbone.""! This enables tuning the absorbance wavelength, improving the solubility and chemical
stability, and biomolecule conjugation. These dyes are generally not pH sensitive making them
attractive for iz vivo applications as their spectra will not be altered by changes in the tumour
environment.'!! The near-infrared absorbance and emission ate also ideal features 7 vivo imaging as it
will not overlap or interfere with most endogenous ligands. Examples of cyanine dyes include IR780,
IR820, indocyanine green, and Cy3 (Figure 1.7). By adding a sulfonate group, the water solubility of
cyanine dyes can be increased, while dye aggregation and nonspecific binding to cellular constituents

are reduced.

0 O O S o K
Cl N N N .
A O O 8% O
CRE N
o] o 0.
l 7 p\Y 74 N\
S - S sl - S
o// \ON; g \\O O// \O; F \\O Ho O
IR780 IR820 Indocyanine Green Cy3

Figure 1.7 Example of cyanine dyes.
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ICG is a tricarbocyanine dye approved for blood volume determination, cardiac output, liver
function, visualization of retinal and choroidal vasculature, photodynamic therapy and imaging lymph
drainage.” It is a contrast agent that doesn’t have functional groups that easily allow for simple
conjugation to biological carriers to enhance its target selectivity 7z vivo. It also has limited solubility in
aqueous solutions and its short plasma residence time of 3.5 min restricts the optimal imaging window.

Heptamethine cyanine dyes containing a rigid chlorocyclohexene ring in the backbone of the
molecule demonstrate increased photostability and quantum yield compared to cyanine dyes lacking
this structural motif. Delocalization of the positive charge generates strong intermolecular van der
Waals interactions that promote aggregation in aqueous solution. These aggregates exhibit different
absorbance bands than the monomeric dye. Red (bathochromic) shift aggregate bands are called J-
aggregates and blue (hypsochromic) shifted aggregates are called H-aggregates. H-aggregates stack
parallel (plane to plane) and the dipoles are completely coupled and promoted to higher energy excited
states (shorter wavelengths) and do not fluoresce (low molecular extinction and quantum yield). J-
aggregates stack head-to-tail (end-to-end) and are only partially coupled, therefore are only excited to
the lowest energy excited state (longer wavelengths). Thus J-aggregates will produce a fluorescence

signal since electrons in their lowest excited state can fluoresce (large quantum yield (QY)).

1.2.3 Targeted cyanine dyes for Ol

To use cyanine dyes for the detection of specific disease markers, synthetic modifications are
needed to ligate to targeting vectors. There are several example of this in the literature such as Cy7
which has been modified to include deoxymannose which have been shown to promote uptake in
tumour-associated macrophages.””! Cy7 has also been modified to tag antibodies as well as provide a
site for "°F labelling to create a multimodal PET/OI imaging agent which targets prostate cancer.”

Several cyanine dyes were attached to amino acid conjugates which are not fluorescent in water, but

11
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give off a strong signal when bound to DNA or RNA.P* IRDye800CW is a cyanine dye linked to
estradiol which has been developed to target and image breast cancer.”"! Some cyanine dyes have been
modified to include peptides such as CyA-cRGD which targets o5 integrin expressing tumours.P”
Although these probes have all shown promise, they were engineered to study a single biological target.
A new probe needs to be synthesized and extensively tested for each novel target, which is costly, time
consuming and requires extensive synthetic expertise. Creating a single cyanine dye that can be easily
linked to a wide array of targeting vector would be enabling and fill a major void in the MI field.
1.3 Dual-Modality Imaging Agents

Rather than using a single technique to visualize disease, multimodal imaging systems and the
associated probes can combine the strengths and mitigate limitations of single modality instruments.
For instance, there is substantial interest in developing molecular imaging probes that can be used for
both optical™* and SPECT imaging.”*" The advantage of combining these two modalities is that
SPECT imaging provides the ability to detect, characterize, and monitor disease via whole-body
imaging non-invasively. Optical imaging in turn can aid in surgical and biopsy guidance, while
minimizing exposure of the patient and surgeon to radioactive material. Unfortunately, there are a
limited number of truly multimodal optical and nuclear probes. One of the approaches taken in this
thesis is to create complementary pairs of luminescent Re complexes and their isostructural *™Tc
analogues. This approach creates the opportunity to correlate optical and nuclear imaging data using

a single structural motif (Figure 1.8).

0-_< Biomolecule
M iV Nﬁ 99mTe

Optical Imaging SPECT Imaging

Figure 1.8 Representation of a strategy for creating isostructural SPECT/luminescent probes detived from Re and ™ Tec.
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1.3.1 SPECT/OI Agents

One example of a SPECT/OI multimodal probes in the literature is a cyanine dye-Re/”™Tc
chelate complex (Pam-Tc/Re-800, Figure 1.9).* This compound utilizes bisphosphonate as a
targeting vector to bind hydroxyapatite to image microcalcifications associated with breast cancer
metastasis."!! The structure also contains IRDye800CW for optical imaging along with a metal binding
portion to coordinate with ™ Tc(V) for SPECT imaging. Frangioni e /. evaluated this construct for
its fluorescent properties, stability and target binding 7 vivo.*"! The radiolabelled version was produced
in high radiochemical purity (~98%) when complexed with *™Tc(V). The fluorescent propetties of
the corresponding Re(V) complex showed an absorption (781 nm) and emission (800 nm) in the NIR
region. Furthermore, the probe had a high quantum yield of 8.9% in PBS. Iz vivo whole-body
distribution studies using the T'c(V) complex showed localization at sites of microcalcification and
clearance of the construct through the renal system. Additionally, the accumulation of the labelled
construct in the bone was higher than that of ”*Tc-methylene diphosphonate (MDP) (structure
shown in Figure 1.10) which is the gold standard for bone imaging.!*!! With the presence of the cyanine

dye it was also possible to generate high resolution optical images of microcalcifications.

HO

-0
HO -P* oH

,p-OH
0" OH

?MN

M = Re or *™Tc

Figure 1.9 PAM-T'c/Re-800. *1l
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QH OH 0O 4,
‘P-0_| O-P
/TC\
P-0 | 0-P.
OH OH O

)

0 OH

Figure 1.10 Postulated structure of ®=Tc-MDP.[#2l

1.4 The Chemistry of Re/Tc

As there are no stable isotopes of technetium, its congener Re is often used to prepare
reference standards for new ”Tc complexes. When *™Tc¢ complexes are prepared they are typically
generated in nanomolar quantities making direct analysis challenging. Re complexes have similar
structure to the Tc analogue because of the lanthanide contraction.*? Their chemistry is also similar
particularly in low oxidation states where it is possible to prepare isostructural Tc(I) and Re(I)
complexes in aqueous media from [(M(CO)3(OH,)s]". This reagent can conveniently be synthesized
in a single step from MOs (M = Re, T¢).**" However, it should be noted that Tc and Re complexes
often have different redox potentials where reactions with Re compounds can require higher

temperatures, lower pH, and higher concentrations of reducing agents."”

1.4.1 Organometallic Complexes of Re and Tc

With the appropriate ligand, metal complexes of Re(I) have been shown to be luminescent
creating the opportunity to prepare multi-modal and isostructural OI/SPECT probes.**!) Example
of such agents include Re(l) complexes of polypyridine ligands which have been used for 7z vitro and
in vivo OI applications.””>" The luminescent Re complexes are attractive because of their broad
absorbance (extending into the visible spectrum) and emission spectra (extending into the near-
infrared spectrum), their long-lifetime, polarized emission and large Stoke’s shift.”>**>”) Most Re(I)

complexes in this class contain either a bidentate ligand such as 1,10-phenanthroline,*"! or 2,2'-
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bipyridine®"!, or a tridentate ligand such as the single amino acid chelate quinoline (SAACQ) ligand
(Figure 1.11).1°”

The tridentate chelate SAACQ was developed to improve the optical properties of first-
generation single amino acid chelate (SAAC) ligands. SAAC ligands form complexes with the M(CO)5”
core (M= Re(I), Tc(I)) and can be incorporated into peptides as if they were an amino acid.””
Unfortunately, the corresponding Re(I) complexes were not luminescent, so a quinoline group was
added to improve the luminescence while retaining the ability to bind with **Tc(I). Although this
modification was an improvement, the excitation spectrum was in the UV-visible region (301 and 366
nm), which is not ideal for OI due to the possibility of damaging tissue and competition from

6341 The Re() SAACQ complex had an emission spectra with two main transitions

autofluorescence.
(425 and 580 nm) and a sufficient lifetime (4.31-9.76 ps) to perform imaging studies. The low quantum
yield ranged from 0.3% to 1.5% in various solvents as well as in the presence of air which is
comparable to other reported rhenium-based optical imaging probes.* A further issue with SAACQ
was that it was not particularly reactive with Tc(l) and required heating and longer reaction times
compared with SAAC ligands. Finally, the hydrophobicity of SAACQ (which promotes non-specific

binding) limits its utility z vivo.

SAACQ Bipyridine 1,10-Phenanthroline

M = Re or *mTc
Figure 1.11 Three examples of *™Tc(I)/Re(l) metal complexes used for multimodal imaging.
As an alternative to tridentate complexes, is a [2+1] ligand complex that has been used to

create a second generation of isostructural SPECT/OI probes (Figute 1.12). The “2” refers to the
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bidentate ligand and the “1” the monodentate ligand. The most widely studied system was derived
from bipyridine where Re(I) complexes were shown to have attractive photophysical properties that
were used to create an array of cellular dyes.”™” The [2+1] systems provide a great deal of synthetic
flexibility in that by simply changing the monodentate ligand, the solubility and absorbance and
emission spectra of complexes can be altered without the need to synthesize an entirely new metal
complex.

While a large number of Re(I) complexes using bipyridine have been investigated, there has
been limited work on the corresponding *™Tc(I) complexes.”**”%I The main reason for the limited
number of studies is the potential for loss of the monodentate ligand 7z vivo which can lead to non-
specific binding as well as added complexities with radiochemical synthesis. It was recently shown that
when the appropriate combination of bidentate and monodentate ligands are used, the *™Tc(I)

complexes can be prepared with adequate stability to be suitable for 7 vivo imaging applications.””

M = Re or 9™MTc

Figure 1.12 Two examples of bipyridine based [2+1] metal complexes.

A second generation of [2+1] system for SPECT/OI was created using the bidentate ligand
1,10-phenanthroline. Specifically 1,10-phenanthroline based ligands are of great interest due to its
ability to form metal complexes having attractive luminescent properties for cellular imaging.”” The
bidentate ligand can be easily modified to introduce different substituents (R and R'in Figure 1.13) to
fine tune the optical properties and enhance the aqueous solubility of the ligand and associated metal
complexes. The optical properties of Re(I) 1,10-phenanthroline complexes have been studied

extensively, but again the properties of the corresponding "™Tc(I) complexes tremained
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unexplored.P>”"1 The Valliant research group showed that a related [2+1] system derived from
phenyl-1H-imidazo[4,5-f][1,10]phenanthroline (PIP) had good optical properties for cellular imaging
applications and it could be labelled with " Tc(I). One major drawback of the first-generation agents

was their poor water solubility making them unsuitable for iz vivo studies.

CcO I\ R?
) / R
oc”” |@\N/, N
N
\7 NS
Ly
R2

Figure 1.13 Example of a [2+1] complex (the bidentate imidazole fused phenanthroline ligand is highlighted in blue and

the monodentate imidazole ligand in red. (M = Re(I)/?*"Tc(D)).

1.5 Thesis Overview

There is a need for platform technologies that can be used to create multimodal optical, PA
and nuclear probes. The effectiveness of new probes require enhanced physicochemical properties
over existing strategies and simpler strategies for linking them to targeting molecules. To this end, the
first objective was to develop a platform for preparing and evaluating multimodal Re(I)/Tc(l)
complexes from bifunctional PIP ligands (Chapter 2). This effort aimed to produce a combined
SPECT/OI probe for whole body imaging using the *™Tc derivative, and an OI analogue detived
from the Re(I) analogue. While several new ligands and metal complexes were produced, better optical
properties and improved pharmacokinetics were needed. To this end a subsequent goal was to link
the PIP ligands to a cyanine dye to leverage the well-established and superior photophysical and
albumin binding properties of the dye (Chapter 3). Through a new synthetic strategy, a second cyanine
dye ligand functionalized with a tetrazine, IR-HYNIC-Tz, was developed (Chapter 4). This new dye

was shown to have attractive PA imaging properties and selective uptake in tumours. The presence of
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the tetrazine also made it possible to target using #7uns-cyclooctene (TCO)-derivatives and to produce
radiolabelled derivatives. The utility of this new PA agent was demonstrated 7 vivo where the IR-
HYNIC-Tz was directed to bind regions of high calcium metabolism in healthy mice. The
accumulation was verified through PA imaging and biodistribution studies using a *™Tc labelled
derivative.

The broader utility of the IR-HYNIC-Tz was demonstrated by linking it to TCO-gas vesicles
creating the first example of a PA/US probe (Chapter 5). An additional application using IR-HYNIC-
Tz was explored in a glioblastoma model where the ability of the cyanine dye to localize in orthotopic
models was demonstrated. PA imaging when combined with IR-HYNIC-Tz was shown to be useful
for monitoring cell implantation studies in mice (Chapter 6). Chapter 7 describes potential future
directions and preliminary work towards preparing dye-antibody conjugates for molecularly targeted

PA imaging.
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Chapter 2: Synthesis and Evaluation of Imidazole Fused Phenanthroline (PIP) Ligands as a
Platform for the Preparation for Re(I) and *Tc(I) Multimodal Probes

Samantha R. Slikboer, Tamil Selvi Pitchumony, Laura Banevicius, Patricia E. Edem, Jobn F. 1 alliant

2.1 Description of Contributions

The following chapter is formatted in a manuscript that is ready for submission. S.R. Slikboer
in collaboration with T.S. Pithumony were responsible for the synthesis and evaluation of the
compounds described. S.R. Slikboer was also responsible for drafting the manuscript and experimental
section. L. Banevicius and P.E. Edem performed the preliminary excitation and emission spectra. Dr.

Valliant is the principle investigator.

2.2 Abstract

A small library of [2+1] *™Tc(I) complexes based on phenyl-imidazole-fused phenanthroline
(PIP) ligands were synthesized and evaluated as multimodal molecular imaging probes. Using either a
two-step ot a one-pot synthesis method, *™Tc-PIP complexes containing N-methylimidazole as the
monodentate ligand were prepared and isolated in good (54 to 89 %) radiochemical yield, with the
exception of one derivative bearing a strongly electron-withdrawing substituent. The stability of the
[2+1] complexes were assessed in saline and in cysteine and histidine challenge studies, and showed 6
hour stability, making them suitable for 7z vivo studies. In parallel, the Re(I) analogues were prepared
as reference standards to verify the structure of the ”™Tc complexes. The optical properties were
consistent with other previously reported [2+1] type Re(I) complexes that have been used as cellular
dyes and sensors. To facilitate the development of targeted derivatives, a tetrazine-PIP ligand was also
synthesized. The *™Tc complex of the tetrazine PIP ligand effectively coupled to compounds

containing a #rans-cyclooctene (TCO) group including a TCO-albumin derivative, which was prepared
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as a model targeting molecule. An added benefit of the Re-PIP-Tz construct is that the emission from
the metal complex was quenched by the presence of the tetrazine. Following the addition of TCO,
there was a 70-fold increase in fluorescence emission, which can in future be leveraged during 7 vitro

studies to reduce background signal.

2.3 Introduction

Multifunctional molecular imaging (MI) probes offer the means to noninvasively monitor
biochemical targets and processes zz vitro and 7n vivo through the application of more than one imaging
modality.'” For example, molecules containing both a radiolabelled prosthetic group and a near
infrared (IR) fluorophore make it possible to employ nuclear imaging methods to assess whole-body
biodistribution of a specific target while fluorescence microscopy can be used to visualize the
expression of the target and distribution of the probe within different cell lines and tissues.”"" As well,
single photon emission computed tomography (SPECT) or positron emission tomography (PET) is
being used to identify the presence of tumours by targeting specific biomarkers, while intraoperative
fluorescence imaging using the optical properties of the probe is used to assist with margin
determination during surgical resection.”*¢

The typical approach used to prepare multimodal optical-nuclear MI probes is to derivatize a
targeting molecule with a fluorescent molecule and a radionuclide. The limitation here is that the
addition of two prosthetic groups can have a detrimental influence on pharmacokinetics and the ability
of the targeting molecule to retain affinity for the target. This is particularly true for small molecules.

_ . . 9
S01720 or transition metal complexes™?’ that are

An alternative strategy is to use radiolabelled dyes
luminescent and that have radioactive isotopes or radioactive congeners suitable for nuclear imaging.
One archetypal example of the latter involves ™Tc, which is the most widely used radionuclide in
diagnostic medicine, where select complexes of technetium’s congener rhenium are luminescent,

providing a means of preparing isostructural multifunctional optical-nuclear probes.”>
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There are a significant number of Re(I) complexes that have been used as luminescent probes.
In particular, mixed ligand complexes of the [Re(CO)s]" core derived from bidentate polypyridine
ligands and an aromatic monodentate ligand, commonly referred to as [2+1] complexes, have been
particulatly effective as probes for imaging subcellular structures. These complexes have attractive
optical properties including broad absorbance (extending into the visible spectrum) and emission
spectra (extending into the near-infrared spectrum), a large Stokes shift, and long fluorescent
lifetimes.”'"” For many luminescent [2+1] complexes of this type, the Re chemistry is well developed,
whereas methods for preparing the corresponding ™ Tc(I) complexes and studying the chemical and
biological properties of the resulting products are notably lacking.

Phenyl imidazole-fused phenanthroline ligands (PIP) have been widely used to create a range

of different luminescent probes and sensors. These include metal,”*" ion,”*”

and singlet oxygen ('O»)
sensing constructs.***" Xi ez a/. reported Re tricarbonyl polypyridine complexes, using imidazole-fused
phenanthroline ligands, which were shown to have strong absorption bands in the visible region as
well as a long-lived triplet excited state.*” This showed the first use for Re(I) complexes as triplet
photosensitizers for triplet-triplet annihilation. To assess the utility of PIP ligands as the basis for
creating isostructural optical-nuclear probes, a method to prepare *™Tc complexes of PIP ligands was
developed and the properties of the radiometal complexes studied. This included creating and

evaluating bifunctional derivatives that can be linked to targeting molecules using bioorthogonal
chemistry.
2.4 Results and Discussion
2.4.1 Ligand Synthesis

To assess the impact of substituents on radiochemical yield and stability of the target *™Tc
complexes, a small library of PIP ligands containing a series of electron donating and withdrawing

groups were prepared. The approach used to synthesize the ligands 3a-f (Scheme 2.1) was adapted

25



Ph.D. Thesis — Samantha R. Slikboer; McMaster University - Chemistry & Chemical Biology

from a literature procedure” where 1,10-phenanthroline-5,6-dione, benzaldehydes 2a-f and
ammonium acetate were added to degassed glacial acetic acid. After purging with argon, the mixture
was heated to reflux for 3 hours and the desired products collected in 72 to 93% yield by filtration
following the addition of water. In addition to known PIP derivatives (3a, c-€),* new ligands
containing a carboxylic acid (3b) and boronic acid (3f) were also prepared to provide a means of
further derivatization including the addition of a tetrazine to facilitate bioconjugation (vide infra).

Characterization data for 3a-3f can be found in the SI (Figure S2.1-82.24, in the Supporting

Information).
R
R
(0] (o] H—N \N
<> NH4OAc, AcOH
—_—
+
7 Nl N 125°C, 3h </ i ? \>
N N CHO =N N=
1 2 3
2a:R=H 3a:R=H
2b: R = COOH 3b: R=COOH
2c: R = OMe 3c: R=0Me
2d: R =NO, 3d: R=NO,
2e:R=CN 3e:R=CN
2f: R =B(OH), 3f: R =B(OH),

Scheme 2.7 Synthesis of Imidazo[4,5-f]-1,10-phenanthroline ligands 3a-f.

2.4.2 Preparation and Characterization of Re Complexes

Prior to radiolabelling studies with T, the Re(I) complexes of the PIP ligands were prepared
as reference standards. This is a necessary step because "™Tc-labelling reactions are typically
performed using picomoles of the metal; amounts that are below the sensitivity of standard
characterization methods (NMR, MS, etc.). To address this, the Re complexes are prepared and
characterized and used as HPLC reference standards, where the ™Tc and Re complexes are co-

injected and their retention time (detected by gamma and UV detectors respectively) compared.
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Re complexes were synthesized following a literature procedure.”” PIP ligands (3a-€) were
combined with pentacarbonylchlororhenium(I) in toluene and the mixture heated to reflux for 2 hours
(Scheme 2.2). The products (4a-e), were isolated by HPLC in good yield (average = 78%), where
characterization data (Figures S$2.25-S82.39, in the Supporting Information) were consistent with
previously reported values for comparable Re(I) complexes.*

Compounds 4a-f are unsuitable as molecular imaging probes because the chloride ligand can
be easily substituted by proteins in the blood, such as albumin. For [2+1] complexes this has been
shown to result in unwanted delivery of the radiometal complex to the liver, hindering target uptake."'
We previously demonstrated that the extent of non-specific binding with analogous bipyridine
complexes 7 vivo can be reduced by replacing the chloride ligand with an N-substituted imidazole."
With this in mind, compounds 4a-e were treated with N-methylimidazole (NMI) with stirring at room
temperature overnight to form the hitherto unknown PIP complexes 5a-c,e (Scheme 2.2). The
products were isolated by HPLC in 51-80% yield and characterized by NMR and HRMS (Figures
S2.40-82.51, in the Supporting Information). The only exception was compound 5d, which did not
form, likely due to the strong electron withdrawing effect of the nitro group. Similarly, only small

amounts of compound 5e could be isolated, which is also likely due to the electron withdrawing effect

of the cyano group.
R R
R] J]E ;
Hoy™
NN 1. AgOTf, acetone
SN [Re (CO)sICI reﬂux 2h —| +
/ PhCH3 reflux, 2h / \ 2 NMI, RT, 12h /
OC‘Re‘CI OC—RelN\)
oc CO oc o
4 5
3a:R=H 4a:R=H 5a:R=H
3b: R = COOH 4b: R = COOH 5b: R = COOH
3c: R=0Me 4c: R=0OMe 5c: R = OMe
3d: R=NO, 4d: R=NO, 5d: R =NO,
3e:R=CN 4e:R=CN 5e:R=CN

Scheme 2.8 Synthesis of Re-PIP complexes 4a-e and 5a-c,e. NMI = N-methylimidazole.
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Unfortunately, derivative 5f could not be prepared using conventional heating due to the poor
solubility of the starting material (3f) in organic solvents. Nevertheless, 5f was desirable because the
boronic acid group provides a convenient site to use Suzuki-Miyaura coupling chemistry for further
ligand modification ot to promote targeting through conjugation to carbohydrates.**** An alternative
method using microwave heating was employed to prepare 5f. In place of [Re(CO)s|Cl,
[Re(CO)3(OHy);]Br was prepared following the method of Lazarova ef a/.* and added to the PIP ligand
and the solution heated in a microwave at 110 °C for 5 min. The NMI ligand was added and the
mixture was heated again at 110 °C for 5 minutes (Scheme 2.3). The product was then isolated by
HPLC to afford 5f in 19% yield (Figures S2.52-82.55, in the Supporting Information). In an attempt
to improve the yield, the order of addition was changed where NMI was combined with
[Re(CO);3(OHy);]Br and the mixture heated followed by the addition of PIP ligand. However, there
was no further increase in the yield of 5f. Nonetheless, the amount of product obtained with the

former procedure was sufficient for use as reference standard for the corresponding *”™Tc complex.

HO\B,OH

HO\B,OH
1. [Re(CO)3(OHz)sBr,  H-N"SN
H-NSN 110 °C, 5 min —‘+

2.NMI, 110 °C, 5 min CQ}
4 N\ =N N=
=N N= k / N

OC’éefN\%

o¢ co

Scheme 2.9 Microwave-mediated synthesis of 5f.

2.4.3 Optical Properties
The optical properties of the Re complexes were evaluated to determine the effect that
substituents on the PIP ligand have on absorption and emission spectra.”’ The absorption spectra for

compounds 4a-e showed a broad peak between 351-412 nm, while for 5a-c,ef, the comparable
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absorption band appeared between 399-414 nm (Table 2.1). The corresponding emission spectra
appeared between 596-649 nm for 4a-e and 574-632 nm for 5a-c,e f respectively (Figures S2.63-82.82,
in the Supporting Information). The addition of the NMI group generally caused a blue shift in the
absorbance/emission spectra compared to the precursor compounds containing a chloride ligand in
place of the heterocycle. Electron withdrawing substituents (4d, 4e, and 4b) generally were blue shifted
relative to those with electron donating groups on the PIP ligand with the unsubstituted ring (4a)
falling between the two groups as expected. In general, the values are comparable to literature data on

PIP complexes of Re(I)."

Table 2.1 Absorbance and emission maxima of compounds 4a-e and 5a-f.

4a-f 5a-f
Compound | Absorbance (nm) | Emission (nm) | Absorbance (nm) | Emission (nm)

aaR=H 406 612 400 594
b: R = COOH 404 596 407 595
c: R=OMe 412 616 414 574
d: R =NO; 351 649 b b

e:R=CN 399 611 399 611
f: R = B(OH), - - 406 586

2 Absorbance and emission data were collected at 50 pM in methanol. Spectra for all compounds are reported in the ESI.

> The Re complex 5d was not sufficiently stable to allow for measurement.

2.4.4 Radiochemistry

The ”™Tc complexes were prepared using ["™Tc][Tc(CO)s(H.0);]", which was generated from
[”™TcOy4] following literature methods.* The ligands 3a-e (1 mg) were added to a vial containing
[”™Tc][Tc(CO)3(H20)3]" under argon, and the mixture heated at either 40 or 65 °C for 1 hout (Scheme
2.4). Radio-HPLC of the reaction mixtures showed a single peak and no evidence of residual
technetium starting material. Next, the NMI complexes were prepared by adding the monodentate

ligand to compounds 6a-d and heating the mixture for 1 hour at 40 °C. Radio-HPLC again showed
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the formation of a single peak at a retention time that matched that for the corresponding Re
analogues. Compounds 7a-d were isolated free from excess NMI using HPLC in 57-82%
radiochemical yield (Figures S2.86-S2.98, in the Supporting Information). Compounds containing

ligands with electron withdrawing groups (3d and 3e) showed poor labelling yield compared to the
other derivatives.

R R

¢

HoNSN HNSN

[*9MTc(CO)3(OHp)3]* .
N SN B _—  »
i 40/65°C, 1h 40°C, 1h 3
_ N=

/ /'/ N

C—TC;C| 0C7Tc )NA
o¢ €O oc Yo
6 7
3a:R=H 6a:R=H 7a:R=H
3b: R = COOH 6b: R = COOH 7b: R = COOH
3c: R=0Me 6¢c: R=0OMe 7c: R =0OMe
3d: R=NO, 6d: R=NO, 7d: R=NO,

Scheme 2.10 Synthesis of *®Tc-abelled PIP complexes 6a-d and 7a-d.

In order to improve the overall efficiency of the synthesis, attempts were made to develop a
one-pot labelling method following an approach we reported previously for bipyridine type ligands.”"
As a model ligand, 3e was added to a microwave vial along with [”T'c(CO);(H20)3]" and an excess
of NMI. The vial was sealed under argon and heated at 40 °C for 1 hour. Radio-HPLC confirmed that
a single product formed that had the same HPLC retention time as the product produced in the two-
step labelling, where 7e was obtained in a 55% radiochemical yield (Scheme 2.5). The same one-pot
method was used to generate 7f. Interestingly, when one-pot reactions were attempted with rhenium
using [Re(CO);(H20)3]", yields were low (<20 %) and required higher temperatures (110 °C).
Nevertheless, the ability to produce the [2+1] ™Tc complex using a one-pot labelling method at
modest temperatures and times creates the opportunity to develop instant kits, which simplifies getting
approval to use these types of ”™Tc complexes in clinical studies.
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[%9™Te(CO)3(OHy)3l*
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/ \ 1'-_ //\N/
\:N N= OC_:TC\—N\%
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3e:R=CN 7e:R=CN
3f: R = B(OH), 7f: R = B(OH),

Scheme 2.11 One-pot synthesis of 7e and 7f.

2.4.5 Stability Studies

The stability of the ”™T'c-complexes (7a-f) in saline were monitored by HPLC at 6 to 24 hours.
After no evidence of degradation was noted, the metal complexes were treated with an excess (2 mM)
of cysteine or histidine at 37 °C. Radio-HPLC of the " Tc-complexes again showed no signs of
degradation over 6 hours, which is equivalent to one half-life of ”™Tc (Figures S2.85-S2.101, in the
Supporting Information). These results are consistent with other [2+1] ”™Tc(I) complexes containing

NMI as the monodentate ligand.""*’

2.4.6 Tetrazine Derivatives
The [2+1] PIP complexes can be used to create targeted MI probes through a number of
strategies. This includes the addition of targeting vectors through the monodentate imidazole ligand,

which we have described previously for bipyridine complexes,'”’

or by coupling to a functional group
on the bidentate ligand. In the case of the PIP ligands reported here, the carboxylic acid in compounds

3b can be readily conjugated to amino groups using simple active ester chemistry. This approach can

be used to create “actively” targeted MI probes (7.e. bioconjugation prior to administration), or it can
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be employed with pretargeting strategies where coupling between a conjugated tetrazine and strained
alkenes can take place iz vivo.”' The use of tetrazines has the added benefit that the heterocycle can
quench the luminescence of the Re complex creating turn-on type probes.”>”

To this end the PIP ligand 3b was derivatized with the commercially available tetrazine 4-
(1,2,4,5-tetrazin-3-yl)phenyl)methanamine hydrochloride (8), which has been used successfully to
create radiolabelled tetrazines.”’”"”*>" Coupling was achieved (Scheme 2.6) using benzottiazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), where the desired product (9) was
isolated in 68% yield (Figures S2.56-S2.58, in the Supporting Information). The thermal sensitivity of
tetrazines precluded preparation of the Re reference standard from 9. As a result, 4b (Re complex of
3b) was coupled to 8 and the desired product 10 obtained in 37% yield (Figures S2.59-S2.61, in the
Supporting Information). The ligand exchange of the water ligand with NMI was unsuccessful with
the Re complex possibly due to the limited temperature and pH options available that can be used
with the highly reactive tetrazine. The fluorescence spectra of 10 was however collected and showed
an absorbance peak of 425 nm and an emission peak of 593 nm, where there was a 70-fold increase

in emission intensity (Aex = 395 nm) upon the addition of an excess of (E)-cyclooct-4-enol (TCO-OH)

(Figure 2.1).
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Scheme 2.6 Synthesis of tetrazine functionalized PIP ligand 9 and its Re complex 10. Reactants and conditions: DIPEA,

RT, 12 h in DMF.

The PIP-tetrazine ligand was subsequently labelled with *™Tc in a two-step reaction (Scheme
2.7). The reaction showed the formation of a new peak at 12.5 min where the product was isolated in
40% yield by HPLC which was verified by coinjection with the Re congener. Addition of NMI resulted
in a shift in retention time consistent with compounds 6a-e to 7a-e. To verify that the product
contained the desired tetrazine, TCO-OH was added, resulting in a small shift in retention time and
change in the number of peaks that is consistent with the cycloaddition reaction.”® In addition to
coupling to a small molecule TCO derivative, a TCO-derivative of albumin was prepared as a model
protein-based targeting molecule. The TCO-derivative of albumin was prepared by adding #ans-4-
cycloocten-1-yl 2,5-dioxo-1-pyrrolidinyl ester carbonic acid (TCO-NHS) with bovine serum albumin
(BSA) at 4 °C for 12 hours. Following dialysis, the product 14 contained 2.7 TCO groups per albumin
molecule (Figure S2.62, in the Supporting Information). When 14 was added to *™Tc-labelled tetrazine
13 (Scheme 2.8), complete and nearly instantaneous consumption of the labelled tetrazine was evident

by radio-HPLC.
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Figure 2.1 Top: A scheme illustrating the reaction of Re-tetrazine 10 with (E)-cyclooct-4-enol (TCO-OH) to produce 11.

Bottom left: The emission spectra (hex = 395 nm) for 10 before (black line) and after (grey line) the addition of an excess

of TCO-OH (50 pM in PBS). Bottom right: Photograph of 10 under UV light prior to (a) and after (b) treatment with

TCO-OH (sample dissolved in DMSO and diluted to 50 uM with PBS).
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Scheme 2.7 T'wo-step radiolabelling of 9.
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The TCO-albumin derivative is a convenient tool to test the reactivity of tetrazines. It may
also offer a way to use the protein to improve solubility and pharmacokinetics of tetrazine derived

metal complexes. In addition, there is growing interest in radiolabelled albumins for imaging tumours,

59,60

lymph nodes, and infection and as a tool for blood volume estimation.

Scheme 2.8 Reaction of [**™Tc|Tc-tetrazine 13 with TCO-BSA 14.

2.5 Conclusions

A series of phenyl imidazole-fused phenanthroline (PIP) ligands were synthesized and the
corresponding [2+1] *™Tc(I) and Re(I) complexes generated. The Re(I) complexes exhibit optical
properties that are comparable to other Re(I) compounds that have been used as cellular dyes. The
?"Tc(l) analogues can be prepared in good yield and under mild conditions, where products were
sufficiently stable for use z vivo. Boronic acid and tetrazine derivatives were prepared allowing for
further functionalization and bioconjugation. In the case of the tetrazine-PIP derivatives, a turn-on
type Re(I) complex was developed, where the *™Tc analogue can be readily conjugated to TCO-
modified biomolecules, including TCO-derived albumin, offering a convenient route to developing

targeted multi-modal probes.
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2.6 Experimental

Supplementary figures can be found in APPENDIX 1.

Materials, instrumentation and general methods

All reagents and solvents were ACS grade and were purchase from commercial suppliers and
used without further purification. (Benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate (PyBOP) was purchased from Advanced ChemTech. (4-(1,2,4,5-Tetrazin-3-
ylphenyl)methanamine hydrochloride, and (E)-4-cycloocten-1-yl 2,5-dioxo-1-pyrrolidinyl ester
carbonic acid were purchased from Conju-probe. Toluene, acetone, IN,N-dimethylformamide,
dimethyl sulfoxide and methanol were purchased from Caledon. Distilled water was used for all
experiments. Deuterated solvents for NMR samples were purchased from Cambridge Isotope
Laboratories. Sodium borate and potassium sodium tartrate were purchased from Anachemia Canada
Inc. Sodium carbonate was purchased from EM science. Bovine serum albumin was purchased from
Sigma. Purification performed by column was done using silica gel 60 (particle size 0.04-0.063 mm)
purchased from EMD chemicals. ”™Tc was obtained as [""Tc]TcOs from a ”Mo/”™Tc generator
(Lantheus Medical Imaging) in saline (0.9 % NaCl). Caution: ”"T¢ is a y-emitter (E, = 140 kel t12 = 6
h) and should only be used in a licensed and appropriately shielded facility. All other reagents were purchased
from Sigma Aldrich.

"H and ”C NMR spectra were recorded on a Bruker Avance AV-600 instrument at 300 K. High
Resolution Mass Spectra (HRMS) wete collected on a Waters/Micromass Q-Tof Global Ultima
spectrometer. BSA samples were analyzed by mass spectrometry MALDI Bruker Ultraflextreme
spectrometer. Microwave reactions were performed using a Biotage Initiator 60 instrument. Solvents

were evaporated using either a Bioatage V10 system or under reduced pressure with a rotary
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evaporator. Compounds were dried using a VirTis Benchtop lyophilizer equipped with an Edwards
RV5 pump. Dialysis was performed using dialysis kit (Spectra/Por 1 Dialysis Tubing, 132645; 6-8 kD
MWCO).

High Performance Liquid Chromatography (HPLC) was performed using a Waters XBridge
analytical column (5 um, 4.6 X 100 mm) or C18 preparative column (5 um, 10 X 100 mm) with a
Waters 1525 system connected to a Bioscan y detector and a 2998 photodiode array detector
monitoring at 254 nm operated using the Empower software package. Flow rates were 1 mL/min.
(analytical) or 4 mL/min. (preparative) using the following methods: Method A: Solvent A: H,O +
0.1% TFA; Solvent B: Acetonitrile + 0.1% TFA. Gradient: 10% B (0-2 min.), 100% B (2-12 min.),
100% B (12-14 min.), 10 % B (14-15 min.). Method B: Solvent A: 0.4% ammonium formate (w/v) in
H,O; Solvent B: Acetonitrile. Gradient: 10% B (0-2 min.), 100% B (2-12 min.), 100% B (12-14 min.),
10% B (14-15 min.). Method C: Solvent A: H:O + 0.1% TFA, Solvent B: Acetonitrile + 0.1% TFA.
Gradient: 10-70% B (0-14 min), 70% B (14-15 min), 70-100% B (15-17 min), 100-10% B (17-18 min).
Method D: Solvent A: H,O, Solvent B: Acetonitrile. Gradient 10-70% B (0-14 min), 70% B (14-15
min), 70-100% B (15-17 min), 100-10% B (17-18 min). Method E: Solvent A: H,O, Solvent B:
Acetonitrile. Gradient 10-70% B (0-14 min), 70% B (14-15 min), 70-100% B (15-17 min), 100-10% B
(17-18 min), 10% B (18-23 min). Phenomenex PolySep-GFC-P Linear LC Column (300 x 7.8 mm)
was also used with the following method: Method F: Solvent: H,O. Isocratic, 20 min.

Synthetic procedures

2-Phenyl-1H-imidazo[4,5-f][1,10] phenanthroline, 3a. In a round bottomed flask, 1,10-
phenanthroline-5,6-dione (52 mg, 0.25 mmol), benzaldehyde (40 mg, 0.38 mmol) and ammonium
acetate (423 mg, 5.50 mmol) were added and the flask flushed with Ar for 10 min. To this mixture,
degassed glacial acetic acid (10 mL) was added and the mixture heated at 125 °C for 3 h under Ar. The

resulting solution was then cooled, diluted with water (20 mL) and neutralized with concentrated
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NH,OH whereupon a pale peach coloured precipitate formed. The precipitate was collected by
filtration, washed with water and dried under vacuum. Yield: 67 mg (89%). "H NMR (DMSO-d;, 600
MHz): 8 (ppm) 13.71 (s, 1H, Ar-NH); 8.98 (dd, 2H, Ar-H); 8.87 (m, 2H, Ar-H); 8.24 (dd , 2H, Ar-H);
7.78 (s, 2H, Ar-H); 7.56 (m, 2H, Ar-H); 7.47 (m, 1H, Ar-H). "C NMR (DMSO-4;, 150 MHz): 6 (ppm)
150.6, 147.8, 143.6, 130.2, 129.6, 129.0, 126.2, 123.3. HRMS: m/z calcd for CioHisNy: 297.1140,
found: 297.1153. HPLC (UV 254 nm): R; = 7.2 min.

2-(4-Carboxyphenyl)-1H-imidazo[4,5-f][1,10] phenanthroline, 3b. The ligand was

synthesized according to the procedure followed for 3a using 4-formylbenzoic acid (57 mg, 0.38
mmol) in place of benzaldehyde, to give a yellow solid. Yield: 93 mg (72%). '"H NMR (DMSO-ds, 600
MHz): 8 (ppm) 9.07 (bs, 2H, Ar-H); 8.96 (bs, 2H, Ar-H); 8.43 (bs, 2H, Ar-H); 8.20 (bs, 2H, Ar-H);
7.88 (m, 2H, Ar-H). "C NMR (DMSO-d, 150 MHz): 8 (ppm) 166.9, 151.1, 149.5, 148.1, 143. 8, 130.1,
129.7,126.2. HRMS: m/z caled for C20HisN4Os: 341.1039, found: 341.1034. HPLC (UV 254 nm): R,
= 6.5 min.

2-(4-Methoxyphenyl)-1H-imidazo[4,5-f][1,10]phenanthroline, 3c. The ligand was

synthesized according to the procedure followed for 3a using 4-methoxybenzaldehyde (52 mg, 0.38
mmol) in place of benzaldehyde to give a pale yellow solid. Yield: 99 mg (80%). '"H NMR (CDsOD,
600 MHz): 8 (ppm) 8.94 (dd, 3H, Ar-H); 8.77 (s, 1H, At-H); 8.07 (d, 2H, Ar-H); 7.72 (q, 2H, Ar-H);
7.06 (d, 2H, Ar-H); 3.82 (s, 3H, -OCH3). "C NMR (CD;OD, 150 MHz): & (ppm) 148.9, 144.9, 131.4,
129.4, 124.7, 115.6, 56.0. HRMS: m/z calcd for C,0HisN4O: 327.1233, found: 327.1233. HPLC (UV
254 nm): R, = 7.3 min.

2-(4-Nitrophenyl)-1H-imidazo[4,5-f] [1,10] phenanthroline, 3d. The ligand was synthesized
according to the procedure followed for 3a using 4-nitrobenzaldehyde (57 mg, 0.38 mmol) in place of

benzaldehyde to give a bright yellow solid. Yield: 110 mg (85%). 'H NMR (DMSO-d,, 600 MHz): &
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(ppm) 8.99 (dd, 2H, Ar-H); 8.87 (dd, 2H, Ar-H); 8.47 (dd, 2H, Ar-H); 7.79 (m, 2H, Ar-H). "C NMR
(DMSO-ds, 150 MHz): 8 (ppm) 148.3, 147.5, 144.1, 136.2, 129. 8, 127.0, 124.5, 123.5. HRMS: m/z
caled for CioHi1N5O2: 342.0984, found: 342.0984. HPLC (UV 254 nm): R. = 7.7 min.

2-(4-Cyanophenyl-1H-imidazo[4,5-f][1,10]phenanthroline, 3e. The ligand was synthesized
according to the procedure followed for 3a using 4-formylbenzonitrile (49 mg, 0.38 mmol) in place
of benzaldehyde to give an orange precipitate. Yield: (76 mg, 93%). TLC R¢ = 0.46 (70% DCM/MeOH
+ 0.01% TFA). '"H NMR (DMSO-ds, 600 MHz): & (ppm) 14.06 (bs, 1H, Ar-NH); 9.07 (dd, 2H, Ar-
H), 8.95 (d, 2H, Ar-H), 8.48 (d, 2H, Ar-H), 8.12 (d, 2H, Ar-H), 7.87 (bs, 2H, Ar-H). C NMR (DMSO-
ds, 150 MHz): 6 (ppm) 148.2, 143.9, 133.1, 129.7, 126.6, 123.4. HRMS: m/z caled for CyHiiNs:
322.3039, found: 322.1084. HPLC (UV 254 nm): R = 4.4 min.

2-(-Phenyl boronic acid-1H-imidazo[4,5-f][1,10]phenanthroline, 3f. In a round bottom
flask, 1,10-phelanthroline-5,6-dione (50 mg, 0.24 mmol), 4-formylphenyl boronic acid (54 mg, 0.36
mmol), and ammonium acetate (403 mg, 5.24 mmol) were combined and the flask flushed with Ar for
10 min. Degassed glacial acetic acid (10 mL) was added and the solution heated to reflux (125 °C)
under Ar for 3 h. After cooling to RT, water (20 mL) was added and the resulting precipitate collected
by filtration and washed with DI water. The solid was further dried under vacuum yielding a brownish-
yellow solid. Yield: (72mg, 88%) 'H NMR (DMSO-d;, 600 MHz: & (ppm) 13.78 (bs, 1H, Ar-NH); 9.00
(d, 4H, Ar-H), 8.25 (d, 4H, Ar-H), 8.03 (s, 2H, OH), 7.86 (d, 2H, Ar-H). >C NMR (DMSO-d, 150
MHz: 8 (ppm) 150.6, 147.9, 143.7,135.8, 134.7,131.2,129.7, 125.1, 123.8, 123.5, 123.2, 119.3. HRMS:
m/z caled for CoHisBN4O2: 341.1213, found: 341.1205. HPLC (UV 254 nm): R, = 5.6 min.

General synthesis of [Re(CO);(L)Cl]. To [Re(CO)sCl] (36 mg, 0.1 mmol) in toluene (5 ml), the
corresponding bidentate ligand L (0.12 mmol) in toluene (2 mL) was added and the mixture heated to

reflux for 2 h. A precipitate formed during the course of the reaction, which was collected by filtration
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and dried under vacuum. The solid was dissolved in DMSO and the desired product isolated by HPLC
(method A) to give a yellow solid. Yield: 76-80%.

[Re(CO)3(3a)Cl], 4a. "H NMR (DMSO-ds, 600 MHz): & (ppm) 14.33 (s, 1H, Ar-NH); 9.38 (d,
2H, Ar-H); 9.30 (d, 2H, Ar-H); 8.33(d, 2H, Ar-H); 8.19 (bs, 2H, Ar-H); 7.67 (m, 2H, Ar-H); 7.60 (m,
1H, Ar-F). *C NMR (DMSO-ds, 150 MHz): & (ppm) 198.0, 190.3, 151.6, 133.1, 130.6, 129.4, 126.7.
HRMS: m/z caled for CoHi2CINLOsRe: 601.0069, found: 601.0073.

[Re(CO)3(3b)Cl], 4b. 'H NMR (DMSO-d, 600 MHz): & (ppm) 9.39 (d, 2H, Ar-H); 9.30 (d, 2H,
Ar-H); 8.45 (d, 2H, Ar-H); 8.22 (d, 2H, Ar-H); 8.18 (q, 2H, Ar-H). °C NMR (DMSO-d;, 150 MHz):
8 (ppm) 197.8, 190.0, 166.8, 155.1, 151.5, 144.0, 132.9, 130.7, 126.7, 126.5. HRMS: m/z caled for
CosHiCINLOsRe: 644.9967, found: 644.9971.

[Re(CO)3(3c)Cl], 4c. 'H NMR (DMSO-d;, 600 MHz): § (ppm) 14.15 (s, 1H, Ar-NH); 9.37 (dd,
2H, Ar-H); 9.28 (dd, 2H, Ar-F); 8.28 (d, 2H, Ar-H); 8.17 (bs, 2H, Ar-H); 7.23 (m, 2H, Ar-F), 3.90 (s,
3H, -CHs). "C NMR (DMSO-d,, 150 MHz): 8 (ppm) 197.8, 190.1, 161., 152.9, 151.1, 143.5, 132.7,
128.9, 128.2, 126.4, 125.3, 121.9 114.6, 55.4. HRMS: m/z caled for CosHiCINLOsRe: 631.0175, found:

631.0192.

[Re(CO)3(3d)Cl], 4d. 'H NMR (DMSO-di, 600 MHz): 8 (ppm) 14.70 (s, 1H, Ar-NH); 9.42 (d,
2H, Ar-H); 9.31 (m, 2H, Ar-H); 8.57 (m, 4F, Ar-H); 8.21 (bs, 2H, Ar-F). *C NMR (DMSO-d, 150
MHz): § (ppm) 197.8, 190.1, 152.7, 151.8, 151.5, 132.9, 130.4, 129.3, 127.5, 126.5, 124.6. HRMS: m/
caled for CoHyCIN5OsRe: 645.9919, found: 645.9931.

[Re(CO)s(3e)Cl], 4e. 'H NMR (DMSO-d; 600 MHz): § (ppm) 14.61 (s, 1H); 9.40 (d, 2H); 9.30
(d, 2H); 8.51 (d, 2H); 8.20 (m, 4F). *C NMR (DMSO-d;, 150 MHz): 8 (ppm). 197.6, 189.9, 151.6,
150.5, 144.0, 141.1, 133.2, 133.1, 132. 8, 132.7, 129.0, 128.3, 126.9, 126.6, 118.4, 112.1. HRMS: m/z

calcd for CpsHiiCINsOsRe: 626.0021, found: 626.0008.
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General method for the preparation of [Re(CO);(L)(Melm)]OTf
[Re(CO);(L)C] (30 mg, 0.05 mmol) in acetone (5 mL) was mixed with AgOTT (12.8 mg, 0.05 mmol)
in 1 mL acetone, and the mixture heated at 70 °C for 2 h. A precipitate formed during the course of
the reaction, which was collected by filtration. To the filtrate, NMI (16 mg, 0.2 mmol) was added at
room temperature and the mixture stirred overnight. The solvent was removed by rotary evaporation
and the resulting solid was dissolved in DMSO and the desired product obtained by HPLC (method
A) as a yellow solid. Yield: 51-80%.

[Re(CO);3(4a)(Melm)]|OTH, 5a. 'H NMR (CD;OD, 600 MHz): 8 (ppm) 9.56 (dd, 2H, Ar-H);
9.30 (dd, 2H, Ar-H); 8.22 (d, 2H, Ar-H); 8.16 (q, 2H, Ar-H); 7.66 (s, 1H, Ar-H); 7.55 (md, 3H, Ar-H);
6.89 (s, 1H, Ar-H); 6.57 (s, 1H, Ar-H); 3.49 (s, 3H, -CH3). "C NMR (DMSO-ds, 150 MHz): & (ppm)
150.0, 142.2,140.5, 133.2, 128.5, 128.0, 126.4, 126.1, 122.9, 33.9. HRMS: m/z calcd for C;sH1sNsOsRe:
649.0999, found: 649.0994.

[Re(CO);3(4b)(MeIm)]OTH, 5b. 'H NMR (CD;OD, 600 MHz): 6 (ppm) 9.44 (dd, 2H, Ar-H);
9.11 (d, 2H, Ar-H); 8.18 (d, 2H, Ar-H); 8.07 (m, 4H, Ar-H); 7.53 (s, 1H, Ar-H); 6.77 (t, 1H, Ar-H);
6.45 (t, 1H, Ar-H); 3.37 (s, 3H, -CH3). "C NMR (CD;OD, 150 MHz): 8 (ppm) 168.9, 162.2, 154.3,
153.5, 146.0, 141.9, 134.9, 133.8, 131.6, 129.8, 128.2, 127.9, 123.9, 34.5. HRMS: m/z calcd for
CasHisNgOsRe: 693.089, found: 693.0889.

[Re(CO);3(4c)(Melm)]OTH, 5¢. 'H NMR (CDsCN, 600 MHz): & (ppm) 12.09 (s, 1H,Ar-NH);
9.47 (d, 2H, Ar-H); 8.24 (d, 2H, Ar-H); 8.12 (dd, 2H, Ar-H); 7.24 (s, 1H, Ar-H); 7.21 (d, 2H, Ar-H);
6.77 (s, 1H, Ar-H); 6.54 (s, 1H, Ar-H); 3.94 (s, 3H, -CH3); 3.39 (s, 3H, CH;). ’C NMR (CDsCN, 150
MHz): 6 (ppm) 161.4, 153.3, 151.8, 151. 5, 140.0, 128.4, 128.0, 126. 7, 122.2, 121.4, 114.4, 55.0, 33.6.

HRMS: (ESI+) caled for CsHisNgOsRe: 679.1105, found: 679.1087.
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[Re(CO);(4e)(Melm)]OTH, 5e. 'H NMR (CD;OD, 600 MHz): 8 (ppm) 9.48 (dd, 2H); 9.25 (s,
2H); 8.76 (s, 1H); 8.38 (dd, 2H); 8.10 (q, 2H); 7.90 (dd, 2H); 7.55 (s, 1H); 7.46 (d, 2H); 6.77 (t, 1H);
6.44 (t, 1H); 3.85 (s, 3H, CH3). HRMS: m/z caled for C;;HisN;OsRe: 674.0952, found: 674.0943.
HPLC (UV 254 nm): R, = 12.9 min.

Synthesis of 5f. [Re(CO);(H-O)Bt] (25 mg, 0.077 mmol) was dissolved in 1:1 v/v methanol-
water (2 mL). N-methylimidazole was then added (0.03 mL, 0.385 mmol) and the mixture heated in a
microwave for 5 min at 110 °C. Compound 3f (31 mg, 0.092 mmol) was added and the solution heated
in the microwave for an additional 5 min at 110 °C. The desired product was obtained using semi-
prep HPLC (Method D) yielding a yellow precipitate. Yield: (10 mg, 19%). '"H NMR (CD;OD, 600
MHz): 8 (ppm) 9.57 (dd, 2H), 9.35 (dd, 2H), 8.26 (bs, 2H), 8.19 (q, 2H), 7.89 (bs, 2H), 7.66 (s, 1H),
6.89 (t, 1H), 6.56 (t, 1H), 3.50 (s, 3H). "C NMR (CDsOD, 150 MHz): 8 (ppm) 142.0, 130.4, 122.9,
34.4,0.6. HRMS: m/z caled for CosHi9BN¢OsRe: 693.1073, found: 693.1097. HPLC (UV 254 nm): R,
= 11.2 min.

Synthesis of Tetrazine-functionalized PIP  ligand, 9. 4-(1,2,4,5-Tetrazin-3-
yl)phenyl)methanamine hydrochloride (42 mg, 0.19 mmol) was dissolved in DMF (2 mL) and DIPEA
(48 mg, 0.37 mmol) was added and the resulting solution stirred for 15 min. The solution was then
added 3b (38 mg, 0.11 mmol) and PyBOP (105 mg, 0.2 mmol) in DMF (2 mL) and the mixture stirred
for 2 h. Water (20 mL) was added and the resulting precipitate was collected by centrifugation, which
was re-dissolved in DMSO and the desired product isolated as a pink powder by HPLC (Method C).
Yield: 38 mg (68 %). 'H NMR (DMSO-d;, 700 MHz): 8 (ppm) 10.57 (s, 1H); 9.41 (t, 1H); 9.31 (d, 2H);
9.16 (dd, 2H); 8.48 (d, 2H); 8.35 (d, 2H); 8.23 (m, 2H); 8.15 (d, 2H); 7.65 (d, 2H); 4.67 (d, 2H). °C

NMR (DMSO-d;, 176 MHz): 8 (ppm) 166.01, 159.15, 158.94, 158.73, 158.56, 151.72, 145.78, 145.33,
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135.73, 132.05, 130.88, 128.57, 126.74, 126.23, 43.11. HRMS: m/z calcd for CyHisNoO: 510.17,
found: 510.1785

Tetrazine-functionalized PIP Re complex, 10. (4-(1,2,4,5-Tetrazin-3-yl)phenyl)methanamine
hydrochloride (19 mg, 0.1 mmol) was dissolved in DMF (1 mL) and DIPEA (26 mg, 0.2 mmol) was
added and the resulting solution stirred for 15 min. The solution was added 5b (32 mg, 0.05 mmol)
and PyBOP (52 mg, 0.1 mmol) in DMF (1 mL) and the mixture stirred for 2 h. Water (20 mL) was
added and the resulting precipitate collected by centrifugation, dissolved in DMSO and the desired
product isolated as an orange powder by HPLC (Method C). Yield: 30 mg (37%). '"H NMR (DMSO-
ds, 600 MHz): 8 (ppm) 10.60 (s, 1H, Ar-H); 9.40 (dd, 3H, Ar-H); 9.33 (dd, 2H, Ar-H); 8.52 (d, 2H, At-
H); 8.46 (d, 2H, Ar-H); 8.23 (d, 3H, Ar-H); 7.68 (d, 2H, Ar-H); 4.70 (s, 2H, -CH,-). "C NMR (DMSO-
ds, 176 MHz): & (ppm) 198.31, 190.47, 166.28, 165.88, 158.62, 152.22, 151.98, 145.26, 144.47, 135.83,
133.36, 132.26, 130.91, 128.73, 128.37, 127.14, 126.87. HRMS: m/z caled for CsHiCINoO4Re:
814.0720, found: 814.0737 (with Re + Cl isotope pattern).

TCO-functionalized BSA, 14. #7ans-4-Cycloocten-yl 2,5-dioxo-1-pyrrolidinyl ester carbonic acid
(9.3 mg, 0.061 mmol) was dissolved in DMSO (0.2 mL), and the solution added to bovine serum
albumin (200 mg, 0.003 mmol) in water (2 mL). The reaction mixture was left to shake at 4 °C for 12
h. The product was then purified via dialysis against MilliQQ water for 12 h. The product was obtained
following lyophilization as a white solid. It was determined by MALDI-TOF MS that there were 2.7

TCO per BSA molecule.

Radiochemistry
General Synthesis of [*™Tc(CO);(L)Cl] and [*™Tc(CO)3;(L)NMI]CL. Sodium
boranocarbonate (10.0 mg, 0.07 nmol), sodium carbonate (15.0 mg, 14.0 mmol), sodium borate (20

mg, 0.05 mmol) and sodium potassium tartrate (22 mg, 0.08 mmol) were placed in a microwave vial
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and purged with argon for 10 min. To this mixture, Na[**™TcOs] (1 mL, 1.85 GBq) was added and

the vial was heated in a microwave at 110 °C for 3.5 min to form [*™Tc(CO)3(H.O);]". After cooling
to room temperature, the pH was adjusted to 2 with 0.1 M HCI (0.2 mL) and the solution added to
3a-d (1 mg, 6 mmol) under argon. The solution was stirred at 40 or 65 °C for 1 h where the formation
of 6a-d was confirmed by analytical HPLC (Method B) and through comparison of retention times
of the co-injected Re analogue. 6a: R, = 10.2 min, RCY = 63% (n = 3); 6b: R = 7.9 min, RCY = 82%
(n = 3); 6¢: R = 10.4 min, RCY = 57% (n = 2); 6d: R, = 10.2 min, RCY = 64% (n = 2). The N-
methylimidazole (NMI) derivatives 6a-d were prepared by adding NMI (50 uL, 0.75 mmol) to the

solution containing 6a-d under argon where the mixture was stirred at 40 °C for 1 h. The formation
of products 7a-d was confirmed was confirmed by analytical HPLC (Method B) and through
comparison of retention times of the co-injected Re analogue. 7a: R = 10.7 min, RCY = 77% (n =
3); 7b: R. = 8.3 min, RCY = 89% (n = 3); 7c: Rc = 9.7 min, RCY = 66% (n = 3); 7d: R =10.7 min,
RCY = 54% (n = 3).

One-pot Synthesis of 7e. Compound 3e (1 mg), NMI (50 uL.) and [ Tc(CO)s(OHy)s]" (2 mL) were
added to a microwave vial, sealed, and heated to 40 °C under Ar for 1 h. The mixture was analyzed
for purity using analytical HPLC method C to confirm formation of the product. R = 13.1 min, RCY
= 55% (n = 2).

One-pot Synthesis of 7f. Compound 3f (1 mg), NMI (50 pL) and ["™Tc(CO)3(OHy)s]" (2 mL) were
added to a microwave vial, sealed, and heated to 40 °C under Ar for 1 h. The mixture was analyzed
for purity using analytical HPLC to confirm formation of the product. R = 11.3 min, RCY = 49%
(n=2).

Two-step Synthesis of 13. Compound 9 (41 mg) and [""Tc(CO)3(OHy)s]* (2 mL) were added to a

microwave vial, sealed, and heated to 40 °C under Ar for 3 h. The product 12 was purified from the
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reaction mixture via HPLC (Method E R. = 12.5 min, RCY = 35 % (n = 2). To the purified final
product 13, NMI (50 pL) was added and heated to 40°C under Ar for 1 h (Method E R: = 13 min,

RCY = 24% (n =1).
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Chapter 3: Synthesis, Characterization and Preliminary Testing of a Near Infrared PIP

Derivative

3.1 Overview and Background

The applicability of compound 9 (synthesized in Chapter 2) as a platform for the creation of
targeted SPECT/OI was investigated. The initial step was to assess the distribution of its *™Tc(I)
complex #n vivo. Ultimately, as presented below, the *™Tc complex of 9 showed significant retention
in non-target tissues, consequently a second-generation compound was developed by linking the PIP
ligand to a cyanine dye. Cyanine dyes have been shown previously to bind albumin which can improve
pharmacokinetics.!'™ Sulfonated cyanine dyes are also readily soluble in aqueous solutions addressing
another limitation of the PIP ligands which are generally only soluble in DMSO. The dye selected was
IR783, which is structurally similar to ICG and has well characterized albumin binding properties.”
IR783 has the added advantage that it can also be used as a photoacoustic (PA) dye to provide real
time high resolution images to go along with whole-body images generated using SPECT and the

T ¢ labelled derivative.

3.2 Results and Discussion

3.2.1 Distribution of PIP-Tz

Compound 13 (developed in Chapter 2) is a general-purpose platform for linking PIP
complexes to biomolecules using biorthogonal chemistry. Prior to evaluating its distribution 7 vivo,
radiolabelling was optimized. First, compound 9 was heated at 50 °C with [ Tc(CO)3(OHz)3]" for 1
hour to afford 12. Following purification of 12, NMI was added and the mixture heated again to 50
°C for 30 minutes providing 13 in 89% radiochemical yield (RCY). The final product (13) was isolated

via HPLC (Figure 3.1 & 3.2).
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°C, 30 min, RCY = 89%.
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Figure 3.1 Gamma HPLC trace of 13 (HPLC method A).
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Scheme 3.1 Radiolabeling of 9. Reagents and conditions: a) [*™T'c(CO)3(OHz)s]*, 50 °C, 1 h, RCY = 77%; b) NMI, 50

With the labelled probe in hand, a biodistribution study was conducted in healthy mice to

determine the clearance route and to assess the extent of binding and retention to non-target tissues

(liver, kidneys, etc.). At 1 hour post-injection, high liver (94 %ID/g), lung (101 %ID/g) and spleen

(32 %ID/g) uptake were seen, likely due to the lipophilic nature of the metal complex (Figure 3.2). It

is also possible that the complex is not stable z# vivo, resulting in the loss of the monodentate ligand.
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%ID/g

Tissue and Fluid

Figure 3.2 Biodistribution data for selected fluids and tissues for 13. Expetiments wete petformed using Balb/c mice

(n=3 per time point) and tissues and fluids were collected at 1, 6, and 24 h post administration. Data is expressed as the

mean percent injected dose per gram (%ID/g) + SEM.

To determine if loss of the monodentate ligand was a major factor in the high liver and lung
uptake, a second biodistribution study was conducted with excess NMI in the formulation. Adding an
excess of NMI has been previously shown to stabilize [2+1] *Tc complexes and prevent the loss of
the monodentate ligand 7 vivo.” 'The addition of excess NMI did reduce the uptake in the liver by
52% and the spleen by 13%, however there was still a high overall accumulation in these organs and
an increase in the lung uptake by 171% (Figure 3.3). The less than desirable biodistribution is most

likely due to the hydrophobic nature of the compound despite the measured log P (0.013).
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Figure 3.3 Biodistribution data for selected fluids and tissues for 13 in the presence of excess NMI. Experiments were
petformed using Balb/c mice (n=3 per time point) and tissues and fluids were collected at 1, 6, and 24 h post
administration. Data is expressed as the mean percent injected dose per gram (%ID/g) = SEM.

While the nature of the monodentate ligand can in theory be changed to tune the
pharmacokinetics of 13, an alternative strategy was pursued. Here, a NIR dye was coupled to the PIP
ligand. Incorporation of the NIR dye, particularly one with sulfonate groups, should reduce the
lipophilic nature of the ligand and it can promote albumin binding to improve pharmacokinetics. With
the choice of the right NIR dye, the approach also has the advantage that it creates the opportunity to
use PA imaging rather than OI and the ability to generate images with higher resolution and greater
depth of penetration.

There are a wide range of commercially available fluorescent dyes, but only a limited number
of these dyes emit in the NIR, and of those, only a handful have been used previously for targeted z

vivo applications. The optimal selection for linking to PIP would involve a construct that is water-
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soluble, exhibit a high quantum yield for optical imaging or high PA signal for PA imaging, and is
stable 7z vitro and in vivo. Of particular interest are cyanine dyes which have these desired properties
while also being amenable to further derivatization. A previous member of the Valliant group reported
derivatizing IR780 with a prosthetic group suitable for labelling with'°F. The PET tracer showed long
circulation times 7 vivo likely due to albumin binding.” Building on this work, a PIP derivative of

IR783, a more polar dye, was prepared and the corresponding metal complex tested 7 vitro and in vivo.

3.2.2 Synthesis and characterization of NIR Derivatives

The overall strategy involved preparing a PIP ligand directly from a benzaldehyde derivative
of an IR dye. This required the synthesis of previously unknown cyanine dyes (19 & 20, Scheme 3.2).
To this end 4-formylphenyl boronic acid (4-FBA, 18) was used to optimize the conditions needed to
derivatize IR780 (16) and subsequently the more water soluble IR783 (17). Following extensive testing
(Table 3.1), the optimal conditions for IR780 were identified as Pd(PPhs),, DIPEA, and the aldehyde
(18) mixed at 100 “C for 12 hours in THF and water. The product was isolated as a green solid via
HPLC in 16% yield (Scheme 3.2). The synthesis of the more water soluble derivative was also
optimized (Table 3.2) and success realized by combining IR783 and 4-formylphenylboronic acid in
the presence of Pd(PPhs), and Cs,CO; with heating at 100 “C for 4 hours. The product was readily
purified by HPLC in superior yield to that observed with IR780 (96%) as a green solid. The difference

in observed yield is likely due to the increased solubility of IR783.
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R = CHj, 16
R= CHQSO32-, 17

18

aorb

R =CHs, 19
R = CH,S052, 20

Scheme 3.2 Synthesis of compounds 19 and 20 (a = Pd(PPhs)s, DIPEA, THF/H,0, 12 h, 100 °C; b = Pd(PPhs)4, Cs2CO3,

H,0, 4 h, 100 “C).

Table 3.7 Conditions evaluated to convert compound 16 to compound 19.

Entry 16 18 Catalyst Base Solvent Temp | Time | Yield
e | (9 Q)
Literature 1 1.2 | Pd(OAc) 10 mol% & t- | KsPOs | H.O/EtOH 100 12h | Trace
Method!®l BuxPhos 20 mol%
1 1 5 Pd(OAc), 10 mol% & t- | K3PO4 EtOH 100 24h | Trace
BuxPhos 20 mol%
2 1 50 | Pd(OAc), 10 mol% & t- | K3PO4 EtOH 100 12h | Trace
BuxPhos 20 mol%
3 1 2.2 | Pd(PPhs)4 1.2 eq EtN | HLO/MeOH RT 12h | Trace
4 1 2.2 | Pd(PPhs)4 1.2 eq EtN | HLO/MeOH 100 12h | Trace
5 1 8 Pd(PPhs)4 4 eq DIPEA | THF/H,O 100 12h | 16%
6 1 1.2 | Pd(PPhz)44 mol% Cs,CO3; | DMF/H,O 100 48 h | Trace
Table 3.8 Conditions screened to convert 17 to 20.
Entry 17 18 Catalyst Base Solvent Temp | Time | Yield
g | (eq Q)
Literature 1 2.3 | Pd(PPhsz)s 7 mol% - DMF/H,O 120 5h n.p.
Methodl!
1 1 1.3 | Pd(OAc), 10 mol% & t | K3PO4 | EtOH/HO 100 12h | Trace
BuxPhos 20 mol%
2 1 1.9 | Pd(PPhs)4 8 mol% Cs2CO3 H,O 100 4h 96%

With the functionalized IR dye 20 in hand, the next step was to generate the PIP ligand. The

conventional method used to prepare PIP ligands which involves heating 1,10-phenanthroline-5,6-

dione (21), NH4OAc, and a benzaldehyde in glacial acetic acid for 3 hours failed to convert 20 to the

desired product 22. After screening multiple reaction conditions and catalysts (Table 3.3) a successful

route was found by combining 20, 21, NH,OAc, and SnCl, and allowing the mixture to stir at 80 "C
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overnight (Scheme 3.3). This reaction yielded a green product in 40% yield which was isolated in high

purity using HPLC.

(@] (@]
a
TN N\ >
=
/ \
21 =N N=
22

Scheme 3.3 Synthesis of 22. Reagents and conditions: 2) NH4OAc, SnCl,, MeOH, 80 °C, 12 h, 42%.

Table 3.3 Conditions tested for the synthesis of 22.

Entry | Solvent | Catalyst | Conventional (C) or microwave (MW) | Temperature | Time (h) Yield
heating C) (%)

1 Methanol SnCl, - RT 12 Trace

2 Methanol SnCl, MW 60 0.3 Trace

3 Methanol SnCl, C 80 12 42%

4 Methanol SnCl, C 60 12 30%

5 DMF SnCl, MW 60 0.3 Trace

6 H,O SnCl, MW 60 0.3 Trace

7 Methanol InCl3 - RT 12 Trace

8 Methanol InCl3 C 80 12 Trace

3.2.3 Optical and photoacoustic properties

The absorbance and emission spectra of 20 and 22 were evaluated in DMF, methanol, and
10% v/v ethanol-water (Table 3.3). The spectra showed ideal absotbance and emission wavelengths
for in vive imaging ranging from 760 nm to 774 nm and 786 nm to 820 respectively for 20 and 758 nm
to 776 nm and 775 nm to 794 nm for 22. A hypsochromic shift of compound 22 in both the
absorbance and emission spectra was observed in all solvents compared to the parent IR783 dye (17)
likely due to the electron withdrawing natutre of the aldehyde and PIP ligand."” When temperatures

were changed, there was no real shift in the maxima and there was also no sensitivity to biologically

57



Ph.D. Thesis — Samantha R. Slikboer; McMaster University - Chemistry & Chemical Biology

relevant pH changes. There was a slight shift in the absorbance and emission maxima in various

solvents due to the solvent effect where polar aprotic solvents elicit a bathochromic shift.

Table 3.4 Absorbance and emission data for 17, 20 and 22 in vatious solvents and temperatures.

MeOH DMF 10% EtOH in H,O 10% EtOH in PBS
25°C 37°C 25°C 37°C 25°C 37°C pH55 pH 6.5 pH 74
Aes | Aem | Rex | Aem | Mex | Aem | Mex | Aem | Aex | Aem | Aex | Aem | Aex | Aem | Aex | Aem | Aex | Aem
17 | 780 | 802 | 782 | 802 | 794 | 816 | 792 | 818 | 778 | 800 | 776 | 802 | 778 | 805 | 778 | 803 | 778 | 801
20 | 764 | 789 | 760 | 764 | 772 | 820 | 774 | 800 | 762 | 798 | 760 | 786 | 762 | 787 | 762 | 785 | 762 | 787
22 | 768 | 791 | 766 | 790 | 776 | 792 | 772 | 794 | 760 | 781 | 758 | 780 | 760 | 781 | 760 | 775 | 760 | 777

Next, the ability of 22 to bind albumin was evaluated using an established assay.”” Albumin is
the predominant protein in blood and it makes up half of total serum protein. It is known to control
levels of Ca*" and Mg”" in the blood as well as transport fatty acids within the body through non-
covalent interactions. By binding to albumin (soluble protein), otherwise insoluble fatty acids can be
carried to tissues where they can dissociate by plasma membrane transporters. Albumin, which has a
half-life of 19 days and is made in liver hepatocytes,'!l has a tertiary structure composed of three
domains each with 2 subdomains.

There are two main binding sites (I and II) sites that are relevant to drug development. Site 1
binds large heterocyclic compounds and dicarboxylic acids (warfarin, and bilirubin) mainly through
hydrophobic interactions. Site I (in subdomain IIA) contains a single tryptophan residue (Trp214)
which is commonly referred to as the warfarin binding site. Site II interacts with molecules through a
combination of hydrophobic, H-bonding, and electrostatic interactions. IR783, binds through
electrostatic interactions in site II. Albumin site II binds aromatics with peripherally located charges
as well as smaller molecules (indoles and diazepam). The sulfonate groups on the cyanine dye interacts
with the cationic and polar residues of the cavity rim forming electrostatic and H-bonds.

To determine the effect binding with albumin had on photophysical properties, increasing
concentrations of BSA were mixed with 3 uM sample of 22, then after heating at 37 “C and shaking

gently for one hour, the absorbance and emission spectra were obtained (Figure 3.4). The absorbance
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data showed that as the dye binds to albumin there is a shift from the aggregate peak (698 nm) to a
dimer (716 nm) and monomer peak (778 nm). There was also a hyperchromic change in the molar
absorptivity when increasing concentrations of BSA were used. The emission spectra showed
suppressed signal without the presence of albumin, which can be attributed to aggregation of the dye
causing self-quenching. As the concentration of BSA was increased, disaggregation took place and the
signal was restored. To prove a similar effect will be seen in the blood, a 0.1 mM sample of 22 was
added to murine blood. Compared to 22 in saline, there was a 5-fold increase in PA signal intensity
when in blood (Figure 3.5). There was also a bathochromic shift from disaggregation from the dimer

to the monomer species.
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Figure 3.4 Top left: Absorption spectra of a solution of 22 dissolved in 10% ethanol and saline (3 pM) with increasing
concentrations of BSA. Top right: Absorbance at 778 nm versus concentration of BSA. Bottom left: Fluorescence
emission spectra of 22 (3 uM) with increasing concentrations of BSA (Aex = 736 nm). Bottom right: Fluorescence emission
intensity at 792 nm versus concentration of BSA.
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Figure 3.5 Fluorescence emission of 0.1 mM 22 in saline (blue), 0.1 mM 22 in blood (red), and blood alone (black).

Compound 22 was subsequently evaluated in a photoacoustic imaging phantom (Figure 3.6).
For photoacoustic imaging, the arising signal from blood, which is mostly from oxy- and
deoxyhemoglobin, and 22 need to be separable. To determine if this was possible, samples of 22 in
saline and blood were imaged in a phantom and compared to blood alone. Figure 3.7 shows the PA
signal arising from 22 in green and signal from blood in red where in Figure 3.7B only signal of the
22 is seen. In Figure 3.7C there is a mix of 22 and blood, and in 3.7D there is only signal from the
blood. Interestingly, as the concentration of 22 was increased, there was a concomitant decrease in
the PA average threshold likely due to aggregation. Notwithstanding, the ability to selectively detect

the PA signal from 22 supported advancing to iz vive studies.
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Figure 3.6 Photoacoustic signal intensity at 800 nm versus the concentration of 22 in 10% ethanol and saline.

Figure 3.7 PA and US images of A) saline alone B) 0.1 mM 22 in saline C) 0.1 mM 22 in blood D) Blood alone. Red =
oxyhemoglobin, Blue = deoxyhemoglobin, Green= 22.

3.2.4 Metal Sensing

A second potential use of 22 was explored notably the ability of the cyanine dye-PIP complex
to act as a metal sensor. Metal sensors are being developed to evaluate trace metal levels in biological
as well as ecological samples. Phenanthroline-based ligands have been used as chemosensors for
different metal ions including Na*, K*, A", Ni**, Cu*", Fe**, Fe’', Zn*", Cd*", Hg*", Mn**, Ag", Cr™",

Pb**, Co™, and Co’".'"*?! To assess the potential impact of metal coordination on the optical

properties of 22, a series of mono- and divalent metal ions were added to the ligand and changes in
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absorbance (significant increase or decrease in signal intensity) or a shift in emission wavelength were
noted. The metals used in the study are given in Table 3.4, and include those involved in key biological
processes including signaling immune cells (calcium)??, a cofactor in DNA processing in enzymatic
systems (magnesium)®, an essential biofactor in the central nervous system (zinc)?!, and

transportation of oxygen in heme (iron).

Table 3.5 Mono- and divalent metal ions added to 17 and 22 in a 1:1 mole ratio (50 uM)

Source Cation

1 NiClL, Ni#*
2 MnCl, Mn**
3 FeCl, Fe**
4 CuCl, Cu*
5 ZnCl, Zn**
6 MgCl, Mg
7 NaCl Na*
8 CSzC03 CS+

9 NaCH;COO | Na*
10 | CaSOq, Ca**
11 | CaCOs Ca*

As a control, the study utilized IR783. In the corresponding absorbance spectra, there was a
general decrease in the absorbance intensity for all metal ions. For the emission spectra, there were no
major shifts in maxima upon addition of metals as was expected given the absence of a metal binding

ligand. The change in the intensity of the absorbance spectrum is likely due to nonspecific binding.
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Figure 3.8 Metal binding with 17 in a 1:1 mole ratio (50 pM in methanol or watet/methanol mixture). Left: Absorbance
spectra of 17 with various metal ions. Right: Fluorescence emission of 17 with various metal ions. The black line indicates
the location of the maxima of 17 alone.

With the presence of a metal binding chelate provided by the phenanthroline, there is the
potential to have a shift in the emission wavelength upon formation of a metal complex (Figure 3.9).
Again, in the absorbance spectra there was a decrease in signal intensity for all metals. For the emission
spectra there was no quenching effects seen, rather there was an increase in fluorescence intensity and
a hypsochromic shift. Unfortunately, the shift is present for all metals with no significant discernable
difference indicating this dye could not work as a selective metal sensor. The blue shift likely indicates
metal binding as it was not seen with the dye alone. Although there is an increase (2x), the change in

intensity is not significant enough for 22 to act as a biological sensor.
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Figure 3.9 Optical data associated with metal binding studies with 22 in a 1:1 ratio mole ratio (50 uM, in methanol or
water/methanol mixture). Left: Absorbance spectra of 22 with vatious metal ions. Right: Fluorescence emission of 22 with
various metal ions. The vertical black lines indicate the location of the absorbance and emission maxima of 22. The black
arrow highlights the extent of the shift of the emission maxima.

3.2.5 Radiolabelling compound 22

While compound 22 was not an effective metal sensor, the attractive PA properties warranted
developing a means of producing the **Tc labelled analogue to study the distribution of the dye-
ligand conjugate 7 vivo. A 2-step labelling procedure was developed where 22 was added to
[™Tc(CO)3(OH,)3]" and heated in a microwave at 80 “C for 30 minutes (Scheme 3.4). Several other
reaction temperatures and times were attempted which failed to convert a significant amount (<6%)
of ["™Tc(CO)3(OHy)s]" to 23. The complex 23 was isolated by HPLC (Figure 3.10) in 41% vyield.
Following the isolation of 23, NMI as a model monodentate ligand, was added to 23 and the mixture
heated in a microwave at 60 °C for 30 minutes and the product 24 isolated by HPLC in 41% yield
(Scheme 3.4/Figure 3.11). The yield was lower than that observed with simpler PIP ligands and may
be due to steric hinderance introduced by the dye or more likely the electron withdrawing nature of

cyanine group.
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Next, the synthesis of an analogue of 24 was prepared which could be linked to targeting
molecules. The approach taken involved bioorthogonal chemistry which are a class if reactions that
can occur selectively in living systems without affecting native biological processes.”” These reactions
are highly selective, proceed under physiological conditions, and can be used to study, target, and
manipulate biological systems. Several prominent examples include the Staudinger ligations, strain-
promoted azide-alkyne cycloadditions (SPAAC) and the inverse-electron demand Diels-Alder
cycloaddition (IEDDA).P" The Staudinger ligation is between an azide and a phosphine or phosphite
to produce an iminophosphorane. Although the reaction is selective and irreversible, it has poor
kinetics (k < 1 M's™) which limit the iz vivo applications.” Typical azide-alkyne cycloadditions require
high temperatures or the presence of a Cu(I) catalyst to proceed. However, if ring strain is introduced
(18 kcal/mol) to the alkyne component, the reaction can occur at rtoom temperature without the need
for a catalyst.””

IEDDA relies on the reactivity of electron withdrawing dienes with dienophiles in protic
solvents. One example is the reaction between tetrazine (Tz) and #rans-cyclooctene (TCO). IEDDA
reactions involving Tz and TCO are rapid (k. = 10° M''s") and catalyst free. These reactions are
selective, modular, orthogonal, and rapid and allow for coupling at very low concentrations. The
insensitivity of the Tz-TCO reaction to nucleophiles present in biological systems (amino, thiol, and
hydroxide), and its compatibility in aqueous media and catalyst free conditions make this reaction
suitable for 7z vivo use.’” TEDDA chemistry has been used to great success with radiolabelled tetrazines
derived from "FP M InP1 64 CyP33530 T B9 T e37 and a range of different TCO-derived
targeting vectors. This work showed that through the IEDDA reaction, the TCO-derived targeting
vector can be injected first, allowed to accumulate at the target of interest and clear from non-target

tissues, whereupon administration of the radiolabelled tetrazine the compounds react selectively 7
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vivo. This approach, called pre-targeting, is usually employed with targets with long circulation time,
such as antibodies, which require time to clear before adequate contrast is achieved.

To create a tetrazine derivative of 22, a new N-substituted imidazole-tetrazine (ImTz, 25)
monodentate ligand was needed (Scheme 3.4). The ImTz ligand was prepared following a literature
procedure.”’ The conditions used previously to prepare 24 were then used to generate 26 (Figure
3.12/Scheme 3.4) which was isolated by HPLC in 32% yield. Unfortunately, this complex was not
stable and showed signs of degradation. This may be due to loss of the monodentate ligand or reaction

between the tetrazine and the technetium complex.

Scheme 3.4 Radiolabelling of 22 with ?™Tc(I). Reagents and conditions: a) [**™T'c(CO)3(OHz)s]*, 80 °C, 30 min, RCY =
41%; b) NMLI, 60 °C, 30 min, RCY = 41% c) Im-Tz 25, 60 °C, 30 min, RCY = 32%.
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Figure 3.10 Gamma HPLC trace of 23 (HPLC method B).
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Figure 3.11 Gamma HPLC trace of 24 (HPLC method B).
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Figure 3.12 Gamma HPLC trace of 26 (HPLC method B).

3.3 Summary and Conclusions

A new cyanine dye derivative that can be labelled with *™Tc was developed. Specifically a PIP
ligand capable of binding the [Tc(CO)s] " core was linked to a new IR783 derivative creating a platform
for generating bimodal SPECT/PA probes. The PIP derivative was shown to have attractive PA
imaging properties that should translate 7 vivo and it was labelled in high yield with *™Tc. It was

possible to add a simple monodentate ligand (NMI) however when a bifunctional ligand containing a
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tetrazine was added a mixture of products formed. The positive impact on imaging and
pharmacokinetics created by adding the IR783 and with access to the IR783 aldehyde 20, the
subsequent strategy involved focusing on creating a simpler tetrazine derivative that can be used to
create targeted PA agents and multi-probes through IEEDA chemistry with the appropriate TCO

derivative.
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3.4 Experimental

Supplementary figures can be found in APPENDIX II.

General considerations. All reagents and solvents were ACS grade and were purchase from
commercial ~ suppliers and used without further purification.  (4-(1,2,4,5-Tetrazin-3-
ylphenyl)methanamine hydrochloride, and (E)-4-cycloocten-1-yl 2,5-dioxo-1-pyrrolidinyl ester
carbonic acid were purchased from Conju-probe. Methanol was purchased from Caledon. Distilled
water was used for all experiments. Deuterated solvents for NMR samples were purchased from
Cambridge Isotope Laboratories. Bovine serum albumin was purchased from Sigma. *™Tc was
obtained as [""Tc]TcOys from a ”Mo/”™Tc generator (Lantheus Medical Imaging) in saline (0.9 %
NaCl). Caution: ”"T¢ is a y-emitter (E, = 140 kel’, ti;2 = 6 h) and should only be used in a licensed and
appropriately shielded facility. All other reagents were purchased from Sigma Aldrich.

"H and ”C NMR spectra were recorded on a Bruker Avance AV-600 instrument at 300 K. High
Resolution Mass Spectra (HRMS) wete collected on a Waters/Micromass Q-Tof Global Ultima
spectrometer. Microwave reactions were performed using a Biotage Initiator 60 instrument. Solvents
were evaporated using either a Bioatage V10 system or under reduced pressure with a rotary
evaporator. Compounds were dried using a VirTis Benchtop lyophilizer equipped with an Edwards
RV5 pump.

High Performance Liquid Chromatography (HPLC) was performed using a Waters XBridge
analytical column (5 um, 4.6 X 100 mm) or Phenomenex Polar-RP column (4pm, 250 x 10 mm) with
a Waters 1525 system connected to a Bioscan y detector and a 2998 photodiode array detector
monitoring at 254 nm operated using the Empower software package. Flow rates were 1 mL/min

(analytical) using the following method: Method A: Solvent A: HO + 0.1% TFA; Solvent B:
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Acetonitrile + 0.1% TFA. Gradient: 10% B (0 min.), 70% B (0-14 min.), 70% B (14-15 min.), 100%
B (15-17 min), 10% B (17-18 min), 10% B (18-23 min). Method B: Solvent A: H;O + 0.1% TFA;
Solvent B: Acetonitrile + 0.1% TFA. Gradient: 10% B (0 min.), 70% B (0-14 min.), 70% B (14-15
min.). Flow rates were 4 mL/min using the following method: Method C: (Solvent A: H,O + 0.1%

TFA, Solvent B: Acetonitrile + 0.1% TFA) 0-1 min 90% B, 1-20 min 10% B, 20-21 min 10-90% B).

Synthetic Procedures

Synthesis of IR780-benzaldehyde (19). In a round bottom flask IR-780 iodide (16) (50 mg, 0.09
mmol), Pd(PPhs), (427 mg, 0.37 mmol), DIPEA (0.27 mL, 1.57 mmol), and 4-formylphenylboronic
acid (111 mg, 0.74 mmol) were dissolved in THF/H,O (3:1) and heated to 80 °C for 12 h. The product
was purified by HPLC (Method C) yielding a green solid. Yield: (9 mg, 16%) Crude 'H NMR
(Methanol-ds, 600 MHz): & (ppm) 9.99 (s, 2H); 8.45 (d, 2H); 7.87 (d, 5H); 7.80 (m, 2H); 7.53 (d, 2H);
7.43 (m, 2H); 7.34 (d, 2H); 7.29 (m, 2H); 6.29 (d, 2H); 4.16 (t, 4H); 2.73 (t, 4H); 1.96 (m, 2H); 1.89 (m,
4H); 1.74 (s, 12H); 1.06 (t, 6H). HRMS (ES) m/z calculated for CisHa9N2O: 609.3845 [M-H7, found
609.3828.

Synthesis of IR783-benzaldehyde (20). Described and characterized in Chapter 4.

Synthesis of IR-783-PIP (22). In a round bottom flask IR-783-BA (20) (50 mg, 0.06 mmol), 1,10-
phenanthroline (21) (11 mg, 0.06 mmol), NHsOAc (24 mg, 0.31 mmol), and SnCl, (2 mg, 0.01 mmol)
were dissolved in methanol and heated to 80 °C for 24 h. The product was purified by HPLC (Method
C) yielding a green solid. Yield: (26 mg, 42%) Crude 'H NMR (Methanol-ds, 600 MHz): & (ppm) 9.13
(m, 2H); 9.07 (m, 2H); 7.92 (m, 2H); 7.56 (m, 2H); 7.28 (m, 9H); 7.08 (m, 2H); 6.28 (m, 2H); 4.12 (s,
4H); 2.87 (m, 4H); 2.79 (m, 4H); 2.10(s, 2H); 1.93 (m, 8H); 1.23 (m, 12H). Crude "C NMR (DMSO-

de, 150 MHz): 6 (ppm) 173.41, 149.20, 143.64, 142.15, 133.01, 132.12, 131.92, 129.75, 128.71, 127.97,
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125.96, 125.44, 123.33, 111.92, 101.39, 51.86, 49.87, 44.79, 28.07, 27.25, 25.74, 23.62, 22.56. HRMS
(ES) m/z calculated for C57Hs7N¢OeSz: 985.3775 [M-H, found 985.3786.
Radiochemistry

Synthesis of [*™Tc(CO);(OH:)]* Sodium boranocarbonate (10.0 mg, 0.07 nmol), sodium
carbonate (15.0 mg, 14.0 mmol), sodium borate (20 mg, 0.05 mmol) and sodium potassium tartrate

(22 mg, 0.08 mmol) were placed in a microwave vial and purged with argon for 10 min. To this
mixture, Na[”""T'cO4] (1 mL, 1.85 GBq) was added and the vial was heated in a microwave at 110 °C
for 3.5 min to form [”™T'c(CO)3(H20)3]". After cooling to room temperature, the pH was adjusted to
3 with 0.1 M HCl (0.2 mL).

Synthesis of [*T'c(CO)3(9)NMI]* (13) [ Tc(CO);(OH,)]* was added to a solution of 9 (6
mg, 0.01 mmol) dissolved in 0.2 mI. DMSO under argon. The solution was heated in a microwave at
50 °C for 1 h where the formation of 12 was detected by analytical HPLC (Method A). 12: R, = 11.9
min, RCY = 77%. The N-methylimidazole (NMI) derivative 13 were prepared by adding NMI (50 pL,
0.75 mmol) to the solution containing 12 under argon where the mixture was heated in a microwave
at 50 °C for 30 min. The formation of product 13 was seen by analytical HPLC (Method A). 13: R, =
12.5 min, RCY = 89%.

Synthesis  of ["™Tc(CO);(22)NMI]* (24) and [*™Tc(CO)3(22)Im-Tz]* (25)
[”™Tc(CO)3(OHy)]" was added to a solution of 22 (1 mg, 0.001 mmol) dissolved in 0.2 mL ethanol
under argon. The solution was heated in a microwave at 80 °C for 30 min where the formation of 23
was detected by analytical HPLC (Method B). 23: R; = 11.8 min, RCY = 50%. The N-methylimidazole

(NMI) derivative 24 or imidazole-tetrazine (Im-Tz) derivative 25 were prepared by adding NMI (50
pL, 0.75 mmol) or Im-Tz (1 mg, 0.003 mmol) dissolved in 0.2 mL ethanol to the solution containing

23 under argon where the mixture was heated in a microwave at 60 °C for 30 min. The formation of
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products 24 and 25 were seen by analytical HPLC (Method B). 24: R, = 12.3 min, RCY = 41%; 25: R;

= 11.3 min, RCY = 40%.
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Chapter 4: An Albumin-Binding Tetrazine-Derived Near-Infrared Dye as a Facile Reagent
for Developing Targeted Photoacoustic Imaging Agents
S.R. Slikboer, Z. Naperstkow, N. Janzen, A. Faraday, Y. Soenjaya, |. Le Floc’h, S. Al-Karmi, C.E.M Demore,

F.S Foster, |.F. 1 alliant.

4.1 Description of Contributions

The following chapter is written in the form of a manuscript that will shortly be submitted.
S.R. Slikboer was responsible for the development and execution of the majority of the work described
in this paper including drafting the initial manuscript and experimental. Z. Naperstkow aided in the
preliminary synthetic work. Tumour inoculation was performed by N. Janzen and A. Faraday. Y.
Soenjaya and J. Le Floc’h aided in preliminary photoacoustic imaging. Dr. Demore, Dr. Foster, and

Dr. Valliant were the primary investigators and led the research efforts.

4.2 Abstract

A new photoacoustic dye was developed as a simple to use reagent for creating targeted
optoacoustic imaging agents. The lead molecule was prepared via an efficient two step synthesis from
an inexpensive commercially available starting material. The resulting tetrazine-derived dye was
engineered to non-covalently bind albumin which fosters tumour localization and gives the dye an
optimal biological half-life and distribution profile. The presence of the tetrazine in turn makes it
possible to link the albumin binding optoacoustic signaling agent to a wide range of targeting
molecules. To demonstrate the utility and ease of use of the platform, a novel photoacoustic probe
for imaging calcium accretion was generated using a single step bioorthogonal coupling reaction where
high-resolution photoacoustic images of the knee joint in mice were obtained as early as one hour

post-injection. Whole-body distribution was determined subsequently by labelling with *™Tc and
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performing tissue counting following necropsy. These studies, along with tumour imaging and 7 vitro
binding studies, revealed that the core photoacoustic contrast agent has attractive biological and

imaging properties to go along with the straightforward way it can be linked to targeting molecules.

4.3 Introduction

Photoacoustic imaging is an emerging modality that assuages the limited depth of penetration
associated with traditional optical methods. The technique involves the generation of acoustic waves
following irradiation of suitable contrast agents with rapid laser pulses. These pulses cause endogenous
tissue chromophores or exogeneous contrast agents to rapidly expand and contract, producing
acoustic waves at megahertz frequencies.!! Photoacoustic imaging can penetrate several centimeters
while having ~100 pm resolution, and is used preclinically to evaluate tumour models and test new
therapies,” and clinically as an experimental alternative to methods that utilize ionizing radiation for
imaging breast, and head and neck cancers.!"

There have been extensive efforts to develop photoacoustic imaging agents derived from
nanomaterials and low molecular weight dyes."™® One active area of research is to create contrast
agents that are capable of targeting specific cancer biomarkers.”" To this end, low molecular weight
photoacoustic imaging dyes have been linked to cancer cell-seeking small molecules and antibodies to
concentrate the contrast agent selectively within tumours.'™*" Work to date has largely been
accomplished using indocyanine green (ICG) and conventional ligation chemistry. There is a limited
toolbox of general-purpose strategies available for creating targeted photoacoustic imaging probes
that can be employed by the broader scientific community who may not have access to synthetic
chemistry experts. Herein, we describe the development of a convenient reagent for the preparation
of targeted photoacoustic probes based on a tetrazine functionalized cyanine dye. The new dye creates

the opportunity to employ the selectivity and versatility of inverse electron demand Diels-Alder
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(IEEDA) chemistry between tetrazines and #rans-cyclooctenes (TCO) to create novel photoacoustic
contrast agents. This approach leverages the fact that methods to create TCO-derived targeting

molecules from small molecules and antibody conjugates, are well established and straight-forward."*

19]
4.4 Results and Discussion

The preparation of functionalized cyanine dyes is non-trivial and often low yielding.
Consequently, to ensure general utility and accessibility, an efficient synthetic route to the target
tetrazine was sought (Scheme 4.1). To this end, compound 28 was prepared from the commercially
available dye IR-783, which is known to produce a strong photoacoustic signal and bind albumin. The
latter is attractive because it can be used to promote tumour localization and prolong the circulation
of any dye conjugates while retaining kidney localization and rapid excretion where the first step
involves the preparation of the IR783-aldehyde 20 which was done successfully using a Suzuki-
Miyaura coupling between 17 and 18 in the presence of Pd(PPhs)s and Cs,COs. A significant number
of different catalysts, bases and reaction conditions were screened to maximize the yield of 20 (96%).
The aldehyde was subsequently coupled to tetrazine 27, prepared using a literature procedure,” to
form the hydrazone 28. Following characterization by NMR, HRMS and HPLC, the stability of 28 in
plasma was evaluated. The dye-tetrazine conjugate showed no signs of degradation out to 24 h in
murine plasma at 37 °C (Figure S4.7, Supporting Information) and the tetrazine remained reactive
towards TCO-derivatives during that time.

Photoacoustic properties of 28 in saline were assessed initially in a Vevo Phantom imaging
chamber (Fujifilm VisualSonics Inc., Toronto) scanning over a wavelength range of 680-970 nm. The
photoacoustic spectrum and absorbance spectrum of 28 were nearly identical (Figure $4.13,
Supporting Information) where the optimal wavelength for imaging was 775 nm, which should be

distinguishable from the photoacoustic signals arising from oxygenated and deoxygenated hemoglobin
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(684, 750 and 870 nm). To test this, the photoacoustic spectra of 28 and a TCO-conjugate 30 (vide
infra) in saline (0.1 mM), and blood (0.1 mM) were compared to that for whole blood alone (Figure
4.1A). It was evident that the dyes were readily detected in both saline and blood (shown in green)
and not in the control sample of blood alone (Figure 4.1B). Interestingly, the intensity of the image in
blood was greater than in saline, which is consistent with binding to albumin. The photoacoustic signal
was measured in triplicate over a range of concentrations which showed increasing intensity with
increasing amounts of 28 (Figure S4.13, Supporting Information). This was evident visually when
cotton swabs were dipped in increasing concentrations of 30 and then imaged on the photoacoustic

imaging scanner (Figure 4.1C).”!
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Scheme 4.1 Synthesis of the tetrazine detived cyanine dye 28 and bisphosphonate detivative 30. Reagents and conditions:
a) Pd(PPhs)s, Cs2CO3(aq), 4 h, 100 °C, 96%; b) 20, aniline, EtOH, Ny, 12 h, RT, 35%; ¢) 28, 10% EtOH/saline, RT, 10

min, 35%.

79



Ph.D. Thesis — Samantha R. Slikboer; McMaster University - Chemistry & Chemical Biology

PA Average :
o o o o - _- _- _-
o N B o o B N OB o b N

600 650 700 750 800 850 900 950 1000
Wavelength (nm)

PA Average Threshold
w

0 05 1 15 2 25 3 35 4 4.5

Concentration (mM)

Figure 4.1 A) Photoacoustic spectra of 0.1 mM 30 in saline (black) and blood (grey). B) B-Mode and photoacoustic images
of 0.1 mM 30 in blood (left), and saline (right). C) Photoacoustic image of cotton swabs dipped in increasing concentrations
of 30 (1 mM (top), 2 mM (middle), and 4 mM (bottom)) (red is the most intense signal, blue is the least intense signal). D)

A plot of the average photoacoustic signal at 714 nm vs concentration for the cotton swabs imaged in C.

Prior to developing and testing a targeted derivative, zz vivo imaging studies were performed
with 28 and 143B human osteosarcoma xenografts; leveraging reports that have shown albumin

binding ligands including certain cyanine dyes localize to tumours via macromolecule formation when
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¢ 22-28]

bound with albumin being taken up by the enhanced permeability and retention (EPR) effec
Compound 28 was soluble in 10% ethanol in saline and formulated at a concentration of 5 mg ml.”,
which conveniently is higher than what can be achieved for ICG (1 mg mL"). Prior to injection,
tumours were imaged in order to separate the signals arising from oxygenated and deoxygenated
hemoglobin, and 28, which are shown in red, blue and green respectively in Figure 4.2. Following
administration of 200 uL. of 28 (1 mg), signal arising from 28 was clearly visible in the tumour as early
as 1 hour post-injection (Figure 4.2B). Mice were sacrificed and the tumours were imaged ex vivo
(Figure 4.2C) where uptake of the dye within the tumour was clearly evident. Analysis of the signal
intensity from the 7z vivo images showed a 2.3x increase in signal intensity in the tumour at 1 hour post

injection versus the background signal in the tumour before the injection (Figure 4.2D).

Before Injection After Injection

Figure 4.2 Photoacoustic images of a 143B human osteosarcoma mouse xenograft tumour A) prior to administration and
B) 1 hour after administration of 28. C) Photoacoustic image of the same tumour shown in B) ex vivo 1 hour after injection.
D) Graph of the average signal intensity in the tumour before and after administration of 28 showing a 2.3x increase over
background. The * indicates significance (P < 0.01). Red = oxyhemoglobin, Blue = deoxyhemoglobin and Green = 28.

The dashed white lines outline the tumour.
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There are a number of TCO-derived molecules, including antibodies and small molecules, that
are available for use as targeting vectors.""'*"**! For the proof of concept study, compound 28 was
combined with a TCO-derived bisphosphonate (TCO-BP (29)). TCO-BP has been used successfully
to target radiolabelled tetrazines to sites of high calcium accretion. Conveniently, the compound allows
testing to be performed in inexpensive healthy mouse models since tetrazine derivatives coupled to
TCO-BP should localize to elbow and knee joints where there is elevated turnover of calcium.!'**"!
Compound 30 was prepared by mixing compounds 28 and 29 at room temperature for 10 min in
quantitative yield; highlighting the ease with which new photoacoustic imaging agents can be prepared
using this approach.

Fot in vivo studies, a group of Balb/c mice were administered the patent tetrazine 28 and a
second group received the bisphosphonate derivative 30. Imaging of the knee was performed for both
groups at 1 hour post-injection where the same timepoint was used in studies using radiolabelled
tetrazines and TCO-BP." The photoacoustic images of animals administered 28 did not show any
significant signal in the knee or shoulder joints, which was expected given that the dye is not targeted
to bone. In contrast, mice given compound 30 showed a significant signal in the knee joints (Figure
4.3). Images taken of the leg ex vivo confirmed the results where intense uptake was observed only for

animals who were treated with 30.
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Figure 4.3 Photoacoustic images of A) a mouse leg focusing on the knee joint at 1 hour after injection of 28. B) The
same mouse leg ex vivo. C) A mouse leg 1 hour after injection of 30 and D) Photoacoustic image of the same mouse leg

from C) ex vivo. The white arrows indicate the knee joint and yellow arrows indicate blood vessels.

An additional benefit to using TCO-BP is that the bisphosphonate can be labelled with *™Tc
(31) and the product coupled to 28 so that the whole-body biodistribution of the photoacoustic
imaging dye can be determined quantitatively. " Tc labelling of TCO-BP was performed following a

literature procedure!'! where radio-TLC (Figure S4.8, Suppotting Information) showed the presence
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of the product and a small amount of pertechnetate. Compound 28 was then added to 31 and the

solution allowed to mix at room temperature for 20 min giving 32 in high yield (>99%) (Scheme 4.2).

HO o
PO,

%}Oi ”/\/?o \‘o OH\O ,/%H/V {j —>

31

B-Om,,

o)
&O)k “ﬁ?\» O/OH\O\P)%H/V
HG o oy
32

Scheme 4.2 IEDDA reaction between 28 and [*™T¢c]Tc-TCO-BP (31).

Mice were administered 32 (518 kBq) and sacrificed at 1, 3, 6, and 24 h post injection where
fluids, bone (knee, shoulder), and other key tissues were collected, weighed, and counted in a gamma
counter. The resulting data is shown in Figure 3 and expressed as percent injected dose per gram of
tissue or fluid (%ID g"). The shoulder and knee showed 3-5%ID g (6-10%ID O™) which remained
constant over 24 hours. The compound also exhibited some level of localization in all major tissues
and organs with high uptake in the thyroid and stomach being associated with the presence of
pertechnetate. Activity was detected in both the kidneys and liver suggesting dual routes of excretion
are likely. Due to the albumin binding properties, at the 1 h timepoint, over 15% ID g was found in

the blood, which was 20x higher than that observed for [*™Tc]Tc-TCO-BP alone (0.78 %ID g') at

the same time point which increased to 187x higher at 6 h (Figure 4.5).
Based on the high blood concentrations, a subsequent plasma binding study was performed
on 32 which showed 50% of the activity was present in the pellet containing the proteins and 50% in

the supernatant after 1 hour (Figure S4.11, Supporting Information). A parallel study was also
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performed where the fluorescence intensity arising from the cyanine dye in blood following
administration of 32 to the Balb/c mice was measured at 1, 3, 6, and 24 h. The blood half-life of the
dye (3.8 h) was similar to that determined using radioactive counting (3.2 h) where the small difference

is likely due to dissociation of the T, which is known to happen iz vivo particularly at the modest

concentrations of ligand used in this study.

50+

%ID/g

Tissue and Fluid

Figure 4.4 Biodistribution data for selected fluids and tssues for 32. Expetiments were petformed using Balb/c mice

(n=3 per time point) and tissues and fluids were collected at 1, 3, 6, and 24 h post administration. Data are expressed as

the mean percent injected dose per gram (%ID g1) £ SEM.
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Figure 4.5 A) Blood concentrations expressed as percent injected dose per gram (%ID g) for 31 (black) and 32 (grey) at
1 and 6 h p.i. B) Fluorescence spectra and intensity and concentration data for blood samples (n=3 for each time point)

following the administration of 32 taken at 1, 3, 6, and 24 h p.i.

There is significant interest in bifunctional molecules that bind blood proteins such as albumin
as a way to prolong circulation of drugs that are rapidly excreted.’”>* As was noted, sulfonated cyanine
dyes have been shown to non-covalently bind to the hydrophobic pockets of albumin.’” For the
tetrazine-IR-783 derivative, a preliminary albumin binding study was performed looking at the
absorbance and emission of 28 with varying concentrations of BSA. The absorbance spectrum (Figure
4.6) exhibited a band around 650 nm, which is indicative of H-band aggregates with stacked dipoles.”
Upon the addition of albumin, the absorbance maxima shifts to that for a dimer, seen at 700 nm, and
a monomer (774 nm) which is indicitive of disaggregation. When experiments were performed at high
dye concentrations, aggregation completely quenches the fluorescence signal, which can be restored
through the addition of albumin. This is indicative of cut-on fluorescence and the dye binding to a

hydrophobic binding site of albumin.”’!
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Figure 4.6 Top left: Absorption spectra of 28 (3 uM) with increasing concentrations of BSA. Top right: Absorbance at
776 nm versus concentration of BSA. Bottom left: Fluorescence intensity of 28 (3 pM) with increasing concentrations of

BSA (Aex = 736 nm). Bottom right: Fluotrescence intensity at 786 nm versus concentration of BSA.

4.5 Conclusion

In summary, a new tetrazine-derived cyanine dye that can be used to create targeted
photoacoustic imaging probes through IEEDA chemistry was reported. The ability to rapidly and
effectively couple the dye to a TCO-derivative was demonstrated using a TCO-bisphosphonate and a
?"T¢ labelled analogue where the product was used to visualize the knee joint of mice. The platform

can not only be used to create new photoacoustic probes, it can also be used to promote albumin
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binding of molecules attached to the dye. While active targeting was used in this report, there is also
the opportunity to employ pre-targeting strategies where a TCO-derivative is administered first, and
once optimal target uptake achieved, the tetrazine can be injected, localizing at the site of interest

through IEEDA coupling ## vivo. 'This approach would benefit from the pharmacokinetics and

stability observed for 28.
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4.6 Experimental
Supplementary figures can be found in APPENDIX III.
Materials. Unless otherwise noted, all reagents and solvents were ACS grade and were purchased
from commercial suppliers and used without further purification. 6-(2-(tert-butoxycarbonyl)
hydrazinyl)nicotinic acid was purchased from Ontario Chemicals Inc. (E)-cyclooct-4-enol (TCO-OH),
(E)-4-cycloocten-1-yl-2,5-dioxo-1-pyrrolidinyl ester carbonic acid (TCO-NHS), and(4-(1,2,4,5-
tetrazin-3-yl)phenyl)methanamine hydrochloride were purchaced from Conju-Probe.  N,IN-
dimethylformamide, and methanol were purchased from Caledon. Distilled water was used for all
experiments. Deuterated solvents for NMR samples were purchased from Cambridge Isotope
Laboratories. Sodium borate and potassium sodium tartrate (KNaCyH4O4*4H,O) were purchased
from Anachemia Canada-VWR. Sodium carbonate was purchased from EM Science. All other
compounds were purchased from Sigma-Aldrich. ”™Tc was obtained as TcOy4 from a ”Mo/”™Tc
generator (Lantheus Medical Imaging) in saline (0.9 % NaCl). Cantion: ”"T¢ is a y-emitter (E, = 140 kel
ti12 = 6 h) and should only be used in a licensed and appropriately shielded facility.

"H and P"C NMR spectra were recorded on a Bruker Avance AV-600 instrument at 300 K.
High Resolution Mass Spectra (HRMS) were collected on a Waters/Micromass Q-Tof Global Ultima
spectrometer. Microwave reactions were performed using a Biotage Initiator 60 instrument. High

Performance Liquid Chromatography (HPLC) was performed using a Phenomenex Polar-RP column
(4pum, 250 x 10 mm) operating at a flow rate of 4.0 mL/min was used with a Waters 1525 system
connected to a Bioscan p detector and a 2998 photodiode array detector monitoring at 350 nm and
700 nm operated using the Empower software package. Flow rates were 1 mL/min. (analytical) or 4
mL/min. (preparative) using the following methods: Method 1 (Solvent A: H,O + 0.1% TFA, Solvent

B: Acetonitrile + 0.1% TFA) 0-1 min 90% B, 1-20 min 10% B, 20-21 min 10-90% B). Solvents were
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evaporated using either a Bioatage V10 system or under reduced pressure with a rotary evaporator.

Compounds were dried using a VirTis Benchtop lyophilizer equipped with an Edwards RV5 pump.

Methods

Cells and Culture Methods. 143B (CRL-8303) cells were cultured in MEM, NEAA no glutamine,
0.015 mg/mL 5-bromo-2’deoxyuridine supplemented with 10% FBS, and 1% penicillin streptomycin.
The cell line was maintained at 37 °C under 5% CO..

Animal Care. Female BALB/c immunocompetent mice (Chatles River Laboratories, Kingston, NY)
at 4-6 weeks of age wete stetile housed and maintained at 24 °C with a 12 h light/dark cycle and were
provided autoclaved food and water ad /ibitum. All procedures were conducted according to the
guidelines of the Committee for Research and Ethical Issues of the International Association for the
Study of Pain, and guidelines established by the Canadian Council on Animal Care and the McMaster
University Animal Research Ethics Board. 143B (CRL-8303) cells were purchased from ATCC.
Female 10-11 week old BALB/c nu/nu mice (Charles River Laboratories, Kingston, NY) were
injected with 2.0 x 10° 143B cells in Matrigel:DPBS (1:1) subcutaneously into the right flank.
Photoacoustic studies were performed 10 days following tumour inoculation.

Biodistribution Studies. Biodistribution studies were performed using female Balb/c mice (Chatles
River, Kingston, NY) at the indicated time points. The mice were administered the agents via tail vein
injection with the final volume not exceeding 200 pL. A 5 mg/mL solution of compound 28 in 10%
ethanol in saline was administered at a dose of 20 mg/kg to all mice (approximately 518 kBq of 28).
For all studies, at 1, 3, 6, or 24 h post-injection of the labelled compound, the animals were euthanized
by cervical dislocation. Fluids, bone (knee and shoulder), and select tissues were collected, weighed,

and counted in a PerkinElmer Wizard 1470 automatic gamma counter. Decay correction was used to
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normalize organ activity measurements to time of dose preparation for data calculations. Data is
expressed as percent injected dose pet gram tissue or fluid (%ID/g) ot percent injected dose per organ
(%ID/O).

Photoacoustic Imaging Studies. Photoacoustic imaging was performed using Vevo LAZR-X
(FUJIFILM VisualSonics Inc., Toronto, ON, Canada) Imaging system equipped with a 680-970 nm
laser. Mice were anaesthetized with isofluorane and set up on a platform that monitored the respiration
rate and the heart rate of the mouse. The hair on the hindlimb was removed while the mouse was
anaesthetized. A 30-MHz, linear array ultrasound transducer with integrated fiber optic light delivery
(LZ-400 and MX-400, FUJIFILM VisualSonics, Inc.) was positioned laterally overtop the hindlimb
knee joint. The integrated fiber bundle delivered 15 to 20 m]/cm® of light to the hindlimb of the

mouse.

Synthetic Procedures

Synthesis of 20 In a round bottom flask, IR-783 (80 mg, 0.11 mmol), 4-formylphenylboronic acid
(31 mg, 0.21 mmol), Pd(PPhs)s (10 mg, 8 mol%), and Cs,CO; (20 mg, 50 mol%) were dissolved in
water (10 mL) and heated at 100 °C for 4 hours. The product was then dried and purified by HPLC
(Method 1) yielding a teal solid.

Yield: (71 mg, 96%) 'H NMR (600 MHz, (CD3),SO): 8 (ppm) 10.22 (s, 1H), 8.18 (d, 2H), 7.56 (d, 2H),
7.45 (d, 2H), 7.35 (m, 4H), 7.16 (d, 2H), 6.99 (d, 2H), 6.28 (d, 2H), 4.13 (t, 4H), 2.72 (t, 5H), 1.98 (t,
2H), 1.74 (dd, 9H), 1.08 (d, 14H). "C NMR (150 MHz, (CD3),SO): § (ppm) 193.48, 171.68, 159.78,
147.08, 146.006, 142.55, 141.11, 136.14, 130.99, 130.79, 130.09, 128.93, 125.10, 122.85, 111.65, 100.91,
51.24, 48.65, 43.92, 27.46, 26.54, 24.57, 22.96, 21.30. HRMS (ES) m/z calculated for C4sHs1N20-Ss:

795.3143 [M-H1, found 795.3143.
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Synthesis of 28 In a round bottomed flask 20 (90 mg, 0.113 mmol), HYNIC-tetrazine (44mg, 0.136
mmol), and aniline (62 pL, 0.681 mmol) were added with 10 mL absolute ethanol and the flask was
sealed. This mixture, was allowed to stir at RT for 12 h. The product was isolated by HPLC Method
1, dried under vacuum yielding a green solid. Yield: 30 mg (35%). '"H NMR ((CD;OD), 600 MHz): &
(ppm) 10.33 (s,1H), 8.67 (d, 1H), 8.59 (d, 2H), 8.54 (dd, 1H), 8.45 (s, 1H), 8.23 (d, 2H), 7.66 (d, 2H),
7.43 (d, 2H), 7.34 (m, 2H), 7.29 (d, 2H), 7.26 (d, 2H), 7.23 (s, 1H), 7.16 (t, 2H), 6.23 (d, 2H), 4.09 (t,
4H), 3.20 (m, 2H), 2.84 (t, 4H), 2.76 (t, 4H), 2.07 (m, 2H), 1.93 (s, 2H), 1.87 (m, 7H), 1.31 (t, 4H), 1.22
(s, 12H). PC NMR ((CD3),SO), 150 MHz): 8 (ppm) 171.09, 165.42, 158.08, 142.11, 140.61, 132.02,
131.49, 131.43, 130.74, 130.32, 129.78, 128.78, 128.70, 128.40, 128.18, 128.08, 127.81, 100.22, 50.76,

28.09, 27.06, 26.03, 22.51. HRMS (ES") m/z calculated for CsoHgN10O-S2: 1099.4323 [M-HT, found

1099.4289.
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Chapter 5: Cyanine Dye-Gas Vesicle Conjugates as Dual-Modality Contrast Agent for

Combined Ultrasound and Photoacoustic Imaging

5.1 Description of Contributions

Samantha Slikboer in collaboration with Holly Bilton were responsible for the development
and execution of the experimental work described in this paper including drafting the initial
manuscript and experimental section. Yohannes Soenjaya was responsible for preparing the gas
vesicles and undertaking imaging studies. Prof. Valliant was the primary investigator and led the

research efforts.

5.2 Introduction

A new generation of echogenic contrast agents based on naturally occurring nanostructures
called gas vesicles (GVs) were reported recently by Shaptio ez a/ GV’s are produced by many species
of aquatic bacteria to provide buoyancy to access light and nutrients.”” Thes GV’s are hatvested from
two main strains of bacteria Awnabanea flos-aguae (Ana) and Halobacterrium NRC-1 (Halo). They have
been widely studied over the last century, are well characterized” ! and easily isolated via hypo-osmotic
shock. They are biconical gas-filled protein-shelled nanostructures ranging in size from 45-250 nm

23]

wide and 100-600 nm long and are permeable only to gas (Figure 5.1).
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Figure 5.1 Schematic showing the approximate shape and size of a halo gas vesicle (GV).

As contrast agents, GVs were shown to enhance ultrasound signal and exhibit non-linear
ultrasonic properties due to buckling. They have unique ultrasound-relevant properties due to their
echogenicity, small size, and stability differentiating them from conventional US contrast agents which
are typically 400 to 800 um in size.!">”" GV’s are able to take advantage of the enhanced permeability
and retention (EPR) effect to access extravascular targets due to their size. In addition, the availability
of amino groups on their protein shell provide an opportunity to create a new generation of
molecularly targeted US contrast agents. With respect to toxicology, no adverse effects were noted
when studies were performed in mice using 13-30 OD formulations.

As an alternative to simple amine conjugation strategies to create targeted GVs, frans-
cyclooctene, through #rans-cyclooctene-N-hydroxysuccinimide ester (TCO-NHS), can be added to the
protein shell. The resulting-TCO-linked carbamates can be used as an attachment point for tetrazine
derivatives through IEEDA chemistry like that used successfully in Chapter 4 to created targeted PA
agents. Previously, a multimodal US/SPECT platform was developed which linked the TCO-
conjugated Halo-GVs (TCO-GVs) to a radiolabelled tetrazine. In a healthy mouse model, uptake of

was seen through the reticuloendothelial system (RES) 20 minutes after injection. Since there was no
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disease site to accumulate at, it is likely that the macrophages in the RES removed the *"Tc labelled
GVs from the blood stream similatly to what has been observed for vatious nanoparticles.” Of
particular interest here is the development of a combined PA and US imaging agent, which would
afford a unique technology to visualize both anatomical features and molecular markers of disease.
The GVs enhance echogenicity (by orders of magnitude) creating a clear difference in signal between
regions containing the contrast agent and surrounding tissue and fluids. The PA dye would allow for
high resolution images to be obtained and contrasted with the US images.

Currently in the literature, GVs have been used to image the liver, and colon where they are
able to provide stable contrast at sub-nanomolar concentrations. The GV’s produce high resolution
contrast-enhanced ultrasound (CEUS) images'™”'"! of anatomy and tumours that take up the GVs
through the EPR effect. The EPR effect is a phenomenon whereby molecules of certain sizes
(liposomes, nanoparticles, proteins, drug-polymer conjugates, micelles, DNA polyplexes, and lipid
particles and macromolecular drugs) accumulate in tumour tissue much more than they do in normal
tissue due to leaky vasculature and poor lymphatic drainage.'"™'" In order for tumour cells to grow
quickly, they must stimulate the production of blood vessels. The tumour cells aggregate and start to
become dependent on the blood supply carried by the neovasculature for their nutritional and oxygen
supply. The resulting “leaky” vasculature allows nanosized (<100 nm) drugs and imaging agents with
long circulation times to extravasate into tumour tissues.!"” The reduced lymphatic drainage associated
with many tumours also causes these compounds to be retained. Molecules larger than 40 kDa,
particles or protein bound compounds (i.e. Evans Blue bound to albumin)™*" are above the size
threshold for renal clearance allowing for slow clearance and prolonged circulation which increases
the uptake through the EPR effect.”

Thete are a limited number of examples of PA/CEUS probes for imaging tumours. Those

that have been reported are microbubbles that incorporate dyes or inks into the protein shell or
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encapsulate the PA agent.” " Many dye or ink incorporated microbubbles that exist possess sub-
optimal pharmacokinetics and are not targeted, therefore they are less than ideal for tumour

4201 As shown in Chapter 4, IR783 possess an innate ability to accumulate in tumours through

imaging.
albumin binding and the EPR effect which could be used to promote tumour uptake of GVs 127

Herein we describe the synthesis and evaluation of a new generation multimodal PA-US agent.

5.3 Results and Discussion

To create the multi-modal US/PA probe, the IEDDA chemistry used successfully in Chapter
4 was employed. More specifically the tetrazine-linked cyanine dye IR783-HYNIC-Tz (28) was
combined with the TCO-functionalized GVs. The dye-GV complex (34) was synthesized using TCO-
GVs (Halo) (33) produced using the method we reported previously!™ and gently shaking them with
IR783-HYNIC-Tz (28) prepared as described in Chapter 4. The mixture containing 28 and 33 was
agitated gently at 4 °C for 30 min (Scheme 5.1). Following extensive optimization of the purification
procedure, the newly functionalized GV’s (34) were isolated by centrifugation, where due to their
buoyant nature, they float to the surface of the centrifuge tube.'” The amount of dye present has a
significant impact on the purification duration as well as the PA signal produced where adding 45.5

nmol to 15-30 optical density (OD) GVs produced the optimal results.
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Scheme 5.1 Synthesis of 34.
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Figure 5.2 shows the absorbance spectra of compounds 28, 33, and 34. The absorbance
maxima were observed for 28 at 670 and 780 nm which overlapped with the absorbance maxima seen
for 34, indicating the GVs were successfully tagged with the tetrazine-dye complex without
significantly altering the PA/absorbance properties. One concern is that there could be non-specific
binding however there was a significant colour change between 33 and 34 provides additional evidence
the reaction between the dye-tetrazine and the TCO-GV had taken place. After several rounds of
centrifugal purification, the supernatant appears clear and colorless indicating free 28 has been
removed. The reduction in intensity between 28 and 34 is due to decrease in concentration of the dye
in 34 and the increase in mass of the coupled product.
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Figure 5.2 Absorbance spectra of 28 (green), 33 (ted), and 34 (blue).

The photoacoustic signals (Figure 5.3) of the intact dye-GVs (34) and TCO-GVs (33) showed
a decrease in signal of both when samples of gas vesicles were “popped”, which was done by increasing
the US power from 1 to 100%. There was a 15x decrease in signal with 3 versus only 5x decrease of
1. The major decrease in PA signal is likely due in part to the fact that when the GVs pop they create
a small air bubble which prevents any of the remaining solution from refilling the void in the phantom
tubing. In a living system, where there is dynamic blood flow, there would be a wash-in once the GVs
were popped which would maintain a signal from the dye to go along with the loss of the US contrast

associated with the destruction of the GVs.
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Figure 5.3 Photoacoustic average threshold intensities for: 34 intact (green), 34 popped (red), 33 intact (blue), and 33

popped (black).

In order to determine the optimal amount of tetrazine required to maximize the yield of
conjugated dye-GVs, a loading study was performed. Increasing amounts of 28 were added to 33 and
the mixtures shaken for 30 min at 4 °C to allow sufficient time for complete conversion. This was
followed by centrifugation for 1 hour at 300 rpm. The supernatant was then collected and the
absorbance was measured to determine if any unreacted dye was present. Figure 5.4 illustrates the
increase in signal with increasing dye concentration. The two lowest mass amounts showed little to
no dye present in the supernatant meaning most of the available TCO groups had been consumed
where adding more dye after this point did not result in higher yield. This is better visualized in Figure
5.5 where the absorbance signal (698 nm) is plotted versus the amount of 28 added to each sample. A
colour gradient is seen in each sample (Figure 5.6) before centrifugation. Furthermore, the size of the
unreacted dye pelleted after centrifugation changes as does the intensity of the colour of the extracted

dye-GVs after isolation and washing.
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Figure 5.4 Absorbance of the supernatant in the dye loading study (adding increasing amounts of 28 to 30 OD 33).
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Figure 5.5 A plot of the absorbance at 698 nm found in the supernatant versus the amount of 28 added.

The PA signal of each isolated sample of 34 from the dye loading study was evaluated showing
an increase in signal with an increase in the mass of dye loaded. Unsurprisingly, the sample with the
highest concentration of dye produced the strongest signal (Figure 5.6). From these experiments it
was concluded that the optimal mass of 28 to add was 0.05 mg because it produced an adequate signal
with the smallest amount small amount of unreacted dye remaining thereby requiring fewer cycles of
centrifugation. Prolonged purification requiring multiple rounds of centrifugation can burst the GVs

leading to lower OD.
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Figure 5.6 Left: Samples of the dye loaded GV’s: A) before centrifugation B) after centrifugation and C) after isolation of

34. Right: PA average signal of loading study samples.

In order to assess the concentration (OD) of dye-gas vesicles required to detect the contrast
agent zn vivo above background, various ODs of 34 were mixed with whole blood and PA images
collected. The samples of 34 at 15 and 30 OD (signal of 34 shown in green in Figure 5.7) were seen
above the background signal arising from blood (shown in red) which is consistent with the OD used
literature for zz vivo PA imaging (13-33 OD)¥ The signals from 3 and 0.3 OD were indiscernible from

blood (Figure 5.7) making those concentrations too dilute for zz vivo applications.

30 OD 150D Blood

Figure 5.7 PA images of samples of 34 at various concentration in whole blood (green = 34, red = oxy hemoglobin, blue

= deoxy hemoglobin).
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Further verifying these findings, the signal at each concentration was plotted and only 15 and 30 OD

samples were distinguishable above background of blood (0 OD) (Figure 5.8).
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Figure 5.8 PA average threshold vs optical density of 34. The dashed line indicates the background signal threshold.

To visualize and contrast the ultrasound and photoacoustic signals, 33 and 34 were injected
into a gel phantom and both PA and US images collected. The gel phantom was utilized because the
tubing used in the phantom has a high background US signal that can interfere with measurements.
In Figure 5.9, a sample of 33 was injected with a needle into an Aquaflex® gel pad, where it was
possible to visualize the needle track using US. Figure 5.9A shows the ultrasound signal from the GVs
alone, and 5.9B shows the PA signal in red from the dye as well as the US signal from the GV

component of 34 in white. These results illustrate the feasibility of using 34 multimodal PA and US

imaging agent.
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Figure 5.9 A) B-mode US image of 34 in a gel phantom. B) Overlaid PA and B-mode US images of 34 in a gel phantom

(30 OD samples).

5.4 Conclusion

A method to prepare a multi-modal US and PA agent using gas vesicles was developed. TCO-
modified GVs were combined with the IR783 dye-tetrazine derivative developed in Chapter 4. The
dye functionalized GVs combine the strong PA signal of 28 with the CEUS signal of 33 which was
evident in the multimodal images of phantoms containing 34. The propensity of the GV’s to collect
in tumours via the EPR effect and the ability of the dye to bind albumin (and subsequently localize in
tumours) may enable this new class of multimodal contrast agents to visualize cancers. Future work
will focus on testing in preclinical models and developing ways to incorporate targeting molecules

such as antibodies.
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5.5 Experimental

Gas Vesicle Preparation

Gas vesicle culturing, isolation and purification methods were repeated in the same manner described
previously.! Halobacteria sp. NCR-1 (Carolina Biological Supply, Burlington, NC) were cultured in
high salt Carolina media at 42 °C in a shaking incubator at 100 rpm (Ecotron, Infors AG, Switzerland).
GVs were isolated by TMC lysis buffer and purified by centrifugal floatation (5 to 6 rounds) at 300

rcf in a centrifuge maintained at 4 °C.

Functionalization of GVs with IR783-HYNIC-Tz

Trans-cyclooctene (TCO)-conjugated GVs (TCO-GVs) (1) were prepared as previously
described.”! (E)-cyclooct-4-enyl-2,5-diocopyrrolidin-1-yl carbonate (TCO-NHS) (750 ug, 2.8 umol;
Click Chemistry Tools, 1016-100) in dimethyl sulfoxide (DMSO, 100 pL) was added to a solution of
GVs (ODsoam = 77.2, 300 pL) in PBS and diluted with 477 uL. of DI water. The solution was left on
a shaker for 2.5 h in a cold room. The final TCO-GVs were purified by dialysis using a 6-8 kD dialysis
membrane submerged in DI water overnight in a cold room (Spectra/Por 1 Dialysis Membrane,
Spectrum Labs, USA). The TCO-GVs were then concentrated by centrifugal floatation at 300 rcf for
45 minutes.

Compound 2 dissolved in 100 uL. DMSO was then added (1.5 mg, 1.4 pmol) to the solution
of 1 (ODspnm = 40, 300 uL)) and left shaking in a cold room for 1 h. The IR-GVs were then washed
with cold PBS and purified from any residual 2 using two rounds of centrifugal floatation at 300 rcf

for 1 h, until the bottom PBS layer was colourless.
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Photoacoustic Imaging Studies

Photoacoustic imaging was performed using Vevo LAZR-X (FUJIFILM VisualSonics Inc.,
Toronto, ON, Canada) imaging system equipped with a 680-970 nm laser. A 30-MHz, linear array
ultrasound transducer with integrated fiber optic light delivery (LZ-400 and MX-400, FUJIFILM
VisualSonics, Inc.) was used. The integrated fiber bundle delivered 15 to 20 mJ/cm’ of light. B-mode
2-D power was set to 1% to prevent popping GVs while imaging. To intentionally pop GVs, the 2-D
power was set to 100% and the dynamic range was increased to 100 dB.

Gel phantom studies were performed using Aquaflex ultrasound gel pads. The sample of

interest was injected into the gel pad using a needle and imaged.

Blood Studies
Studies were performed in whole mouse blood treated with 10% EDTA to prevent clotting.

50 puLL of blood was added to 50 pLL of sample and inverted gently to mix.
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Chapter 6: In Vivo Photoacoustic Imaging of Glioblastoma Multiforme

6.1 Description of Contributions

S.R. Slikboer was responsible for the development and execution of all of the imaging work
and the design of the experiments. N. Tatari and C. Venugopal were responsible for creating the
mouse model. Dr. J.M. Kwiecien provided the histopathology results. Dr. S. Singh and Dr. J. Valliant

were the principal investigators.

6.2 Introduction

Glioblastoma multiforme (GBM) is the most common and aggressive primary brain tumour
in adults where the prognosis is notoriously poor. Currently there are no curative options for GBM
and treatment consists of surgical resection followed by chemo- and radiation therapy.'” After
treatment, patients usually relapse and have a median survival post-diagnosis of around 15 months
and under 6% survive 5 years which is among the lowest survival rate of malignant brain tumours.!"”!
GBM tumours are grade IV astrocytomas, the most malignant form of astrocytoma and the most
prevalent form of glioma. They are highly vascularized, heterogeneous, and are characterized by their
infiltrative growth, which can make these cells nearly indistinguishable from normal brain tissue./*"”
This makes distinguishing tumour margins extremely challenging and is believed to be one of the
contributing factors to recurrence. To improve patient prognosis, there is an urgent need to develop
new diagnostics for identifying tumour margins and residual GBM.

With photoacoustic imaging being a noninvasive and non-destructive high-resolution imaging
technique, it has the potential to improve the detection of tumour margins and to be a tool to monitor
response to treatment. PA imaging agents designed for selective uptake in GBM cells could provide

surgeons with the ability to delineate GBM from normal brain tissue for guided resection and post-
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treatment monitoring. Preclinically, PA imaging of the brain has been explored using a number of
agents, such as targeted cyanine dyes like IRDye800-c(KRGDf)®, gold nanoparticles”, copper
nanoparticles!"’, organic nanoparticles''", gold nanospheres!'*"”, and MoS; nanosheets!"*. In all cases,
GBMs were detected above background signal through the intact skull via i.v. injection.

Nanoparticles, with or without PA dyes, accumulate in the brain via the EPR effect and are
optimally imaged after 1-2 days. Nanoparticles are highly “tunable” with respect to their optical
properties due to their unique chemical and physical properties and their ability to carry molecular
cargo (i.e. pharmaceuticals). In addition, they exhibit a large surface area to volume ratio that increases
their sensitivity. However, nanoparticles have several noteworthy challenges including reproducibility
during manufacturing, poor purification efficiency, inhomogeneity, slow clearance rates, as well as
toxicity concerns.!" In contrast, PA dyes have good tissue penetration, desirably fast clearance, and
low toxicity. Unfortunately, PA dyes usually have solubility issues, are known to aggregate, and have
a short circulation time which reduces target uptake. Compound 28 (Chapter 3) did not have these
limitations noting that it is easily soluble in 10% ethanol and saline up to a concentration of 5 mg/mlL.
In addition, interaction with albumin in the blood prevents aggregation and prolongs the circulation
time to several hours, allowing adequate time for the dye to accumulate in its target.

Wu ¢ al. showed that IR783 crosses the blood-brain-barrier (BBB) and blood-tumour-barrier
(BTB) through the EPR effect. This is likely due to fenestration of blood vessels and ventricles when
tumour cells are present (depicted in Figure 6.1). IR783 was used successfully to shuttle the
chemotherapeutic drug gemcitabine across the BBB, which cannot normally cross. In this study, mice
bearing orthotopic U887 GBM xenografts were administered IR783 and IR783-gemtizumide

L Tumour

intraperitoneally and imaged using whole-body and organ-specific fluorescence imaging.
uptake was seen after 1 h and persisted for 24 hours. Unfortunately, optical imaging does not possess

sufficient depth of penetration to effectively delineate tumour margins, especially for sub-millimeter
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lesions. Photoacoustic imaging, conversely, has micrometer resolution and with the appropriate
contrast agent has the potential to delineate tumour margins especially when combined with
anatomical information provided by ultrasonography. To this end, a study was initiated to evaluate
compound 28 for imaging GBM in tumour xenografts.

Blood-Tumor Barrier Blood-Brain Barrier

—
—
N\
Capillary

\ ®
Tumor cells Blood
/ A Tight junction at BBB
Ls
®
Fenestration of BBB
L4 K L ) Endothelial cell

Ependymal cells

Cerebrospinal fluid in third ventricle

Figure 6.1 Schematic representation of the blood-brain batrier and blood-tumour barrier. This figure was generated using
PowerPoint and is a modification and combination of two published figures.[!7-18]

6.3 Results and Discussion

Prior to i.v. administration, preliminary tests were performed to determine if IR783-Tz (28)
(Figure 6.2) could be detected in the brain through an intact mouse skull. First, the oxygenated and
deoxygenated blood in the brain was imaged through the intact skull of a normal mouse prior to
injection to acquire the background signal. After the mouse was sacrificed, a small sample of 28 (1
mg/mL) was injected through the skull and the brain was imaged again. As shown in Figure 6.3, the

dye is easily visible as green signal and easily separable from oxy- and deoxyhemoglobin.
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Figure 6.2 Structure of 28.
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Figure 6.3 A: A schematic representation of the coronal section of the head of a mouse. (Figure generated in PowerPoint
adapted from a published figurel?]). B: Colour doppler image of a mouse head. C: PA image of a mouse head showing
the skull and brain before injection of 1 looking at oxyhemoglobin (red) and deoxyhemoglobin (blue). D: PA image of a
mouse skull and brain after injection of 1 (green).

Next, accumulation of the dye administered via the tail vein was evaluated in an established,

patient derived GBM model.”” For this study, 5 NOD/SCID mice were implanted via bore hole in
the right prefrontal cortex with patient derived GMB cells (5 x 10° cells) and allowed to grow for 12
days. Background images (with skulls intact) were acquired using PA imaging (Figure 6.4A). Mice were

then injected with compound 28 (0.4 mg in 200 pL) via the tail vein. One hour after injection, mice
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were imaged where compound 28 was mainly found in the sub arachnoid space (Figure 6.4). Mice
were sacrificed and their brains imaged ex »ivo. When the brain was removed, the subarachnoid space
was separated from the brain, and only uptake within the brain can be seen. The z# vivo images (Figure
6.4B) shows strong signal in the sub arachnoid space (shown by concentrated green signal), as well as
in the lateral and third ventricles. The ventricle uptake can be seen more clearly in the ex o image
(Figure 6.4C). The signal was quantified 1 hour after injection and compared to the background signal.

A 1.8x increase in photoacoustic signal intensity was detected (Figure 6.5), which is depicted in Figure

6.4.

Figure 6.4 PA images overlaid with the B-mode US of the brain and skull in a murine glioblastoma model. A: Prior to
administration, B: PA image of the same mouse 1 hour after injection of 28 (1 mg/mlL), C: ex ziro 1 hour after injection.
Red = oxyhemoglobin, Blue = deoxyhemoglobin, Green= 28.
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Figure 6.5 Graph of the average signal intensity in the brain before and 1 h after administration of 28 showing a 1.8x
increase over background. The * indicates significance (P < 0.05).

To confirm that this increased signal was due to the presence of GBM cells, brains were fixed,
sectioned, and stained for histopathology analysis. Histopathology confirmed the presence of cancer

cells where the sections were stained with hematoxylin and eosin (H&E) alone or H&E counterstained
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with luxol fast blue (LFB). H&E alone stains the nuclei of cells dark bluish-purple, cytoplasm pink,
and red blood cells red, whereas LFB stains myelin fibers blue, neurophils pink, and nerve cells
purple.”” Two small masses (700200 um and 400x100 um) were found on either side of the needle
track in the striatum (Figure 6.7 & 6.8). Human tumour cells are much larger than native mouse brain
cells, enabling clear differentiation (Figure 6.6B). There was another small aggregation of neoplastic
cells in the 4® ventricle and in the basal meninges of the medulla (Figure 6.9). Histopathology verifies
that while some tumour cells survived in the area of intracerebral injection, most cells escaped from
the injection site into the adjacent cerebral ventricles and into the sub-arachnoid space. Notably,
obliteration of the ependymal lining resulted in local infiltration of the subependymal white matter
(white matter surrounding lateral ventricles) and is indicative of high malignant activity of the tumour
capable of transgressing into the central nervous system (CNS). These findings agree with the
corresponding PA images and show that even micrometer sized masses will accumulate compound 1

enabling detection and differentiation from the native mouse brain.
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Figure 6.6 A) A schematic of basic brain anatomy highlighting areas of interest for histopathology (Figure generated in
PowerPoint adapted from a published figurel?). B) Representative image from histopathology showing mouse red blood
cells (red) and human GBM cells (light purple with darker purple nuclei).
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Figure 6.7Histologic analysis of the infiltration of GBM cells in the striatum. Representative sections stained with H&E
or H&E and LFB showing the tumour cells in the striatum. (Left: scale bar = 1000 um; Right: scale bar = 100 pm).
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Figure 6.19 Histologic analysis of the infiltration of GBM cells in the striatum 3 ventricle, and meninges. Representative
sections stained with H&E or H&E and LFB showing the tumour cells in the striatum. (Left: scale bar = 500 pum; Right:

scale bar = 50 um).
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Figure 6.9 Histologic analysis of the infiltration of GBM cells in the Medulla, and 4% ventricle. Representative sections
stained with H&E or H&E and LFB showing the tumour cells in the striatum. (Top left: scale bar = 1000 um; Top right:
scale bar = 500 pm; Bottom left: scale bar = 100 um; Bottom right: scale bar = 50 um).

6.4 Conclusion

PA imaging employing a new contrast agent was used to detect the presence of GBM cells 7
vivo where the results correlated with pathology. By showing that compound 28 can cross the BBB,
localize selectively to GBM cells creates the opportunity to advance a new technology to support
surgical guidance that leverages the depth of penetration, high resolution, and sensitivity of PA
imaging. Furthermore, because compound 28 has a tetrazine, it can be readily linked to

chemotherapeutics through the use of bioorthogonal chemistry as a way to promote crossing the BBB.
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6.5 Experimental

Supplementary figures can be found in APPENDIX IV.

Animal care. Animals provided by Dr. Singh. Animal studies were performed according to
guidelines under Animal Use Protocols of McMaster University Central Animal Facility. 500,000 BT
241 cells were intracranially injected into right frontal lobe of 6-8 week old immunocompromised
NOD/SCID mice for tumour formation as previously described.”” Briefly, mice were anaesthetized
using 2.5% Isoflurane (gas anaesthesia). Using a 15-blade scalpel a 1.5 cm vertical midline incision was
made on top of the skull. A small burr hole was then made (2-3 mm anterior to the coronal suture, 3
mm lateral to midline) using a drill held perpendicular to the skull. A Hamilton syringe was used to
inject 5pl of cell suspension into the frontal lobe. The syringe was inserted through the burr hole at a
30° angle to a 5 mm depth. The incision was closed using interrupted stitches and sutures were sealed
with a tissue adhesive. Mice were identified using ear notches, placed in recovery cages and were
monitored weekly for signs of illness.

Photoacoustic Imaging Studies. Photoacoustic imaging was performed using Vevo LAZR-X
(FUJIFILM VisualSonics Inc., Toronto, ON, Canada) Imaging system equipped with a 680-970 nm
laser. Mice were anaesthetized with isofluorane and set up on a platform that monitored the respiration
rate and the heart rate of the mouse. The hair on the head was removed while the mouse was
anaesthetized. A 15-MHz, linear array ultrasound transducer with integrated fiber optic light delivery
(LZ-400 and MX-201, FUJIFILM VisualSonics, Inc.) was positioned laterally overtop the head using
the stereotactic frame to keep the head in position. The integrated fiber bundle delivered 15 to 20

m]J/cm’ of light to the head of the mouse. The mice were administered the agent via tail vein injection
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with the final volume not exceeding 200 pL.. A 1 mg/mL solution of 28 in 10% ethanol in saline was

administered at a dose of 20 mg/kg to all mice.
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Chapter 7: Summary and Future Work

7.1 Summary

The overall objective was to develop a new platform for the preparation of targeted multi-
modal contrast agents. In Chapter 2, methods to prepare and characterize a family of PIP ligands and
their isostructural Re(I) and Tc(I) complexes were established. While the ligands offer a convenient
way to develop novel ”™Tc complexes, the biodistribution profiles were not ideal and the
luminescence properties of the Re complexes were not suited for 7z vivo imaging. To address these
issues, a cyanine dye was added to the scaffold, resulting in the production of IR783-PIP (22), which
was engineered as a new platform for preparing SPECT and photoacoustic imaging agents. The NIR
dye was attached to the bidentate PIP ligand in one step where the product was readily labelled with
?™Tc. Unfortunately, the addition of a bifunctional monodentate ligand to these [2+1] complexes was
not successful thereby precluding the development of targeted analogues.

Building on this work, a second PA imaging agent, IR783-HYNIC-TZ (28), was designed to
provide a simple platform for generated targeted PA agents. Being synthesized in only two steps 28
was found to be an exceptionally useful agent for PA imaging. The tetrazine moiety provides a
convenient method to link any TCO bound targeting vector such as TCO-bisphosphonate (TCO-BP)
(29) that was used for imaging regions of calcium turnover in the skeleton. Compound 29 was labelled
with ”™Tc and the distribution of the cyanine dye-Tz adduct determined quantitatively. Through this
approach, a multimodal probe for imaging microfracture and microcalcification detection was created.
The precursor 28 was also found to have innate tumour targeting ability which was examined in
multiple models including GBM. Compound 28 was able to target cancer cells as well as cross the

BBB where PA imaging was performed with the intact skull. The presence of the tetrazine moiety in
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28 will allow in the future for a drug payload to be attached and brought across the BBB which could
improve the effectiveness of treatments.

Further application of the platform was explored with one promising avenue being the
combination of 28 with TCO-derived gas vesicles. The amalgamation of these two concepts allows
for both CEUS via the gas vesicles as well as PA imaging through the signals produced from IR783.
This new multimodal agent has the potential to be used for tumour imaging as both components (GVs
and IR783) have shown innate uptake into tumours through the EPR effect. Moving forward into 7
vivo models will show the practicality of this new multimodal probe for the detection and monitoring

of cancer.

7.2 Future Work

7.2.1 Expanding testing across a greater breadth of disease models

While there is work that can be done on the PIP ligands, the focus of future work should be
on studying the general utility of 28 as a PA probe. Firstly, its use to visualize cancer cells across a
wider array of cancer models is a critical next step to understand the broader potential utility. Some
models of interest include breast, colorectal, prostate, and pancreatic cancer. Breast and prostate are
of interest due to the need for an agent to guide biopsies and surgical resection and for addressing
limitations in existing diagnostic technologies particularly for women with dense breast tissue. The
real time imaging that PA offers, as well as the combination with ultrasound, can provide superior
information to confirm the presence of disease and to more accurately detect cancer cells in
surrounding structures (i.e. lymph nodes). Pancreatic and colorectal cancers have poor outcomes as
they are both difficult to detect before the cancer reaches an advanced stage. Having a targeted PA

probe would allow for non-invasive screening of high-risk patients. The approach proposed would

122



Ph.D. Thesis — Samantha R. Slikboer; McMaster University - Chemistry & Chemical Biology

allow the physician in real time to visualize the pancreas and colon using ultrasound and the cancer
cells using PA.

Based on the work reported in Chapter 6, further studies in GBM should be pursued for its
immediate value in preclinical research and clinically for the assessment of disease progression,
responses to treatment and for surgical guidance. In the short term, an additional study will be
petformed with a control group with PBS injected instead of tumout cells in NOD /SCID mice (n=5)
and mice bearing GBM (n=5) with tumours close to endpoint. The tumours will be imaged at select
timepoints over 24-48 hours to visualize uptake and retention of the dye and find the optimal imaging
window. Following the sacrifice of animals, histology and pathology on the brains will be completed
to see if the signal correlates to the location of the disease. With success, strategies to translate this
agent for clinical studies will be pursued.

Another possible avenue, which is starting to be explored in the group, is using the tetrazine
in 28 to link to targeting antibodies. In collaboration with Kevin Wyszatko in the Valliant research
group, an IR783-HYNIC-Tz-TCO-antibody conjugate that can bind to CD133 which is a biomarker
found on cancer stem cells has been prepared. Having established binding 7z vitro, future work will
focus on imaging studies in hind limb xenografts notably those derived from human colorectal tumour
cells (HT-29) to verify the uptake and retention over time. Further applications using other antibodies
or TCO-derived small molecules is clearly an opportunity to expand the impact of the work described

here.

7.2.2 Utilizing non-covalent albumin binding
Utilizing the natural ability of the cyanine dye-tetrazine complex to non-covalently bind to
albumin provides a unique opportunity to increase the circulation and bioavailability of diagnostics

and therapeutics that exhibit rapid clearance. As a first step, the binding ratio and affinity between 28,
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mouse serum albumin (MSA) and human serum albumin (HSA) will be established through incubation
of the dye with increasing amounts of protein. Subsequently, the amount of time required for complete
binding will be determined through fluorescence detection by sampling the reaction mixture at various
time points. The blood half-life will then be measured 77 vivo compared to 28 coupled to TCO-albumin.
Assuming comparable distribution profiles, future work will focus on modifying pharmaceuticals that
have poor retention with TCO and linking them to the dye-Tz construct. The blood retention and
extent of accumulation at the site of interest versus the pharmaceutical alone will be assessed using
PA. This would be followed by comparative efficacy studies of the free drug versus the albumin

con]ugate.

7.2.3 Development of an instant kit for producing targeted PA imaging agents

Developing a new targeted PA agent typically requires multiple synthetic steps and extensive
optimization. This approach requires new synthesis and optimization efforts for each new PA probe
which is a costly and time-consuming process. A simple and more general-purpose method for
producing PA imaging agents is needed to further advance this field. IR783-HYNIC-Tz (28) offers a
convenient way to quickly create a targeted PA agent in a single step. To facilitate this, lyophilized kits
containing 28 will be prepared so that upon addition of TCO-antibodies, a targeted PA imaging agent
will be generated in high yield (Figure 7.1). Ready in under an hour and accessible to scientists not
experienced with complex synthetic chemistry, compound 28 will expand research and accelerate and
expedite new therapeutic and imaging agents to the clinic. These types of “instant kits” are widely used
to generate *"Tc labelled molecules, and a key driver behind it becoming the most widely used isotope

in diagnostic nuclear medicine.
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Antibody kit

Figure 7.1 Photoacoustic imaging kit for commercialization.

7.3 References

[1] 1. A. E. Agency, Technetinm-99m Radiopharmacenticals: Manufacture of Kits, 2008.

125



Ph.D. Thesis — Samantha R. Slikboer; McMaster University - Chemistry & Chemical Biology

Appendix I: Synthesis and Evaluation of Imidazole Fused Phenanthroline (PIP) Ligands as

a Platform for the Preparation for Re(I) and ¥™Tc(I) Multimodal Probes

3.0
2.50]
2.00]
3 1.50]
1.00

0.5

0.00 P . o

000 200 40 00 800 1000 1200 " 400
Minutes

7 N\
=N N= l
JUL N J._,

—

15 14 13 12 1 10 8 7 6 5 4 3 2 1 0 -1 ppm

Figure S2.2 '"H NMR spectrum ((CD3)2S0O, 600 MHz) of 3a.
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Figure 52.3 3C NMR spectrum ((CD3)280, 150 MHz) of the ligand 3a.

JFV7B24203 (0.027) Is (0.10,0.10) C19H12N4H 1: TOF MS ES+
100+ 297.1140 7.97e12

THEORETICAL MODEL

298.1170

299.1199300.1229
T T

0 T
JFV7B24203 129 (2.454) AM (Med,4, Ht,5000.0,622.03,1.00); Sb (99,10.00 ); Sm (Mn, 2x2.00); Cm (124"
2971153 1.74e3
100+
"
298.1200
] 296.9301
01294.1904 296.0558 96.9301 2991213300 1167 301.1924 5012953031494 iz
T T T T T T T T T

T T
294 295 296 297 298 299 300 301 302 303 304

Figure S2.4 HRMS of 3a.
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Figure S2.5 UV-HPLC trace of 3b (Method B).

COOH

Figure S2.6 'H NMR spectrum ((CD3)2S0, 600 MHz) of 3b.
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Figure §2.7 3C NMR spectrum ((CD3)280, 150 MHz) of 3b.
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Figure S2.9 UV-HPLC trace of 3¢ (Method B).
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Figure $2.15 3C NMR spectrum ((CD3),S0, 150 MHz) of 3d.
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Figure S2.17 UV-HPLC trace of 3e (Method C).
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Figure 52.19 13C NMR spectrum ((CD;3)2S0, 150 MHz) of 3e.
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Figure 52.21 UV-HPLC trace of 3f (Method C).
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Figure $2.23 13C NMR ((CD5),S0), 150 MHz) of 3f.
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139



Ph.D. Thesis — Samantha R. Slikboer; McMaster University - Chemistry & Chemical Biology

VAR
L
0ocC, N
OC;RFQ NI N,)—Q—COOH
co 2
1 ML | JLJJM
5 14 13 12 mn 10 9 8 7 6 5 4 3 2 ppm
B [

Figure $2.28 'H NMR spectrum ((CD3),SO, 600 MHz) of 4b.

................. 1

210 200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 ppm

140



Ph.D. Thesis — Samantha R. Slikboer; McMaster University - Chemistry & Chemical Biology

Figure $2.29 13C NMR spectrum ((CD5),SO, 150 MHz) of 4b.
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Figure S2.31 'H NMR spectrum ((CD3)SO, 600 MHz) of 4c.
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Figure $2.32 13C NMR spectrum ((CD3)SO, 150 MHz) of 4c.
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Figure S2.33 HRMS of 4c.
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Figure $2.35 13C NMR spectrum ((CD3)SO, 150 MHz) of 4d.
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Figure S2.36 HRMS of 4d.
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Figute $2.37 'H NMR spectrum ((CD5),S0), 600 MHz) of 4e.
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Figure $2.38 13C NMR spectrum ((CD5),S0), 600 MHz) of 4e.
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Figure 52.39 HRMS of 4e.
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Figure 52.40 'H NMR spectrum (CD;OD, 600 MHz) of 5a.
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Figure $2.41 3C NMR spectrum ((CD3),S0, 150 MHz) of 5a.
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Figure S2.42 HRMS of 5a.
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Figure 52.43 'H NMR spectrum (CD3)D, 600 MHz) of 5b.

147



Ph.D. Thesis — Samantha R. Slikboer; McMaster University - Chemistry & Chemical Biology

168.89
34.48

VTN

oc | H
oc.,, | N N
e )—@COOH
oc” | B N7 N
N
[
N
T T T T T T T T T T T T
220 200 180 160 140 120 100 80 60 40 20 0 ppm

Figure S2.44 13C NMR spectrum (CD;OD, 150 MHz) of 5b.
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Figure S2.45 HRMS of 5b.
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Figure S2.47 3C NMR spectrum (CD3;CN, 150 MHz) of 5c.

149



Ph.D. Thesis — Samantha R. Slikboer; McMaster University - Chemistry & Chemical Biology

JFV724431 (0.032) Is (0.10,0.01) C27H20N6O4Re 1: TOF MS ES+

5e1
100 679.1105 465012
Theoretical
Model M+
677.1076
LS
b
JFV724431 120 (2.299) AM (Med,6, Ar,10000.0,922.01,1.00); Sb (99,10.00 ); Sm (Mn, 2x2.00); Cm (109:127) 1: TOF MS ES+
100 679.1087 2.86e4
677.1068
=
673.1210 ‘ 684.5953 688.8679 693.1251 700.5665702.8529 705.6429
[ L T Y Y T T T T T T T T T T T T T T T miz

T T T T T
670 672 674 676 678 680 682 684 686 688 690 692 694 696 698 700 702 704 706 708

Figure 52.48 HRMS of 5c.
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Figure S2.49 UV-HPLC trace of 5e (Method D).
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Figure $2.50 'H NMR spectrum (CD;OD), 600 MHz) of 5e.

Figure S2.51 3C NMR Spectrum (CD;0D), 150 MHz) of 5e.
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Figure S2.52 HRMS of 5e.
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Figure 52.53 UV-HPLC trace of 5f (Method D).
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Figure S2.55 1*C NMR spectrum (CD;OD, 150 MHz) of 5f.
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Figure S2.56 HRMS of 5f.
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Figure $2.57 'H NMR spectrum ((CD3),S0), 600 MHz) of 9.
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Figure $2.58 3C NMR spectrum ((CD3),SO), 150 MHz) of 9.
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Figure S2.59 HRMS of 9.
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Figute $2.61 °C NMR spectrum ((CD3),S0), 150 MHz) of 10.
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Figure S2.62 HRMS of 10.
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Figure 52.63 MALDI-TOF MS analysis of BSA samples top: 14 and bottom BSA.
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Figure S2.64 Absorbance spectrum of 4a (278 nm, 0.44 a.u.; 304 nm, 0.28 a.u.; 406 nm, 0.39 a.u.)
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Figure §2.65 Fluorescence emission spectrum of 4a (Aex = 460 nm; 612 nm, 782 a.u.)
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Figure S2.66 Absorbance spectrum of 4b (284 nm, 0.73 a.u.; 302 nm, 0.58 a.u.; 404 nm, 0.087 a.u.)
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Figure $2.67 Fluotescence emission specttum of 4b (Aex = 406 nm; 596 nm, 1166 a.u.)
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Figure S2.68 Absorbance spectrum of 4c (283 nm, 0.34 a.u.; 303 nm, 0.27 a.u.; 412 nm, 0.034 a.u.).
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Figure $2.69 Fluotescence emission specttum of 4¢c (Aex = 410 nm; 616 nm, 713 a.u.).
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Figure S2.70 Absorbance spectrum of 4d (259 nm, 0.35 a.u.; 293 nm, 0.304 a.u.; 344 nm, 0.26 a.u.; 351 nm, 0.094 a.u.).
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Figure S$2.71 Fluorescence emission specttum of 4d (Aex = 351 nm; 649 nm, 69 a.u.).
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Figure S2.72 Absorbance spectrum of 4e (286 nm, 0.497 a.u.; 324 nm, 0.35 a.u.; 399 nm, 0.061 a.u.).
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Figure $2.73 Fluotescence emission spectrum of 4e (Aex = 365 nm; 451 nm, 156 a.u.; 611 nm, 150 a.u.).
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Figure S$2.74 Absorbance spectrum of 5a (276 nm, 0.81 a.u;/ 302 nm, 0.55 a.u.; 400 nm, 0.08 a.u.).
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Figure $2.75 Fluotescence emission specttum of 5a (Aex = 400 nm; 594 nm, 1916 a.u.).
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Figure S2.76 Absorbance spectrum of 5b (282 nm, 0.23 a.u.; 302 nm, 0.19 a.u.; 407 nm, 0.024 a.u.).
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Figure S$2.77 Fluotescence emission specttum of 5b (Aex = 407 nm; 595 nm, 667 a.u.).
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Figure S2.78 Absorbance spectrum of 5¢ (283 nm, 0.40 a.u.; 299 nm, 0.34 a.u.; 414 nm, 0.039 a.u.).
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Figure $2.79 Fluotescence emission specttum of 5¢ (Aex = 422 nm; 574 nm, 213 a.u.).
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Figure S2.80 Absorbance spectrum of 5e (284 nm, 0.54 a.u.; 314 nm, 0.40 a.u.; 399 nm, 0.068 a.u.).
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Figure $2.81 Fluorescence emission specttum of 5e (A = 365 nm; 611 nm, 735 a.u.).
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Figure S2.82 Absorbance spectrum of 5f (282 nm, 1.35 a.u.; 306 nm, 0.97 a.u.; 406 nm, 0.128 a.u.).
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Figure S2.83 Fluotescence emission specttum of 5f (A = 406 nm; 586 nm, 176 a.u.).
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Figure S2.84 Absorbance spectrum of 9a (282 nm, 0.70 a.u.; 300 nm, 0.56 a.u.; 402 nm, 0.084 a.u.).
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Figure $2.85 Fluotescence emission specttum of 9a (Aex = 402 nm; 594 nm, 62 a.u.).
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Figure 52.86 UV-HPLC trace of 5a (top) and y-HPLC trace of 7a (bottom) (Method B).
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Figure S2.87 y-HPLC trace of 7a after 1 and 20 h in saline (Method B).
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Figure 52.88 y-HPLC trace of 7a with histidine challenge (Method B).

171



Ph.D. Thesis — Samantha R. Slikboer; McMaster University - Chemistry & Chemical Biology

0.10;
0.08]
0.06]
T 0.04]
0.02]
0.00]
2000.00
=z co
1500.004 N Nm,,,.Tl ® CO
4 C
HOOC‘_< > <N N/, \CO
> H | N
Z 1000.004 N S
&N
~
500,001
0.00 —
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00
Minutes

Figure 52.89 UV-HPLC trace of 5b (top) and y-HPLC trace of 7b (bottom) (Method B).
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Figure §2.90 y-HPLC trace of 7b after 1, 2 and 19 h in saline (Method B).
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Figure 5§2.91 y-HPLC trace of 7b after 1, 3 and 5 h in histidine (Method B).
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Figure 52.92 UV-HPLC trace of 5¢ (top) and y-HPLC trace of 7¢ (bottom) (Method B).
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Figure S§2.93 y-HPLC trace of 7c¢ after 1 and 24 h in saline (Method B).
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Figure 5§2.94 y-HPLC trace of 7c after 1, 3 and 5 h in histidine (Method B).
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Figure S§2.95 y-HPLC trace of 7d before (top) and after 24 h (bottom) in saline (Method B).
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Figure 52.96 y-HPLC trace of 7d after 1 and 15 h in histidine (Method B).
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Figure 52.97 UV-HPLC trace of 5e (top) and y-HPLC trace of 7e (bottom) (Method D).
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Figure 52.98 y-HPLC trace of 7e after 1 and 6 h in saline (Method D).

176



Ph.D. Thesis — Samantha R. Slikboer; McMaster University - Chemistry & Chemical Biology

35,004 h
30,004 1
25.004

20.004

mV

15,004

10.004
5.0

300.004

250,004 6 h

200.004

mV

150.004
100,004

50.00] J\M
e

0,004
Ll \J L]
0.0 5.0 10.0 15.0
Minutes

Figure 5§2.99 y-HPLC trace of 7e after 1 and 6 h in cysteine (Method D).
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Figure 52.100 UV-HPLC trace of 5f (top) and y-HPLC trace of 7f (bottom) (Method D).
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Figure §2.101. y-HPLC trace of 7f after 1 and 6 h in saline (Method D).
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Figure 52.102 y-HPLC trace of 7f after 1 and 6 h in cysteine (Method D).
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Figure 52.103 UV-HPLC trace of 10 (top) and y-HPLC trace of 12 (bottom) (Method C).
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Figure S2.104 y-HPLC trace of 12 after 0 and 6 h in saline (Method C).
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Figure 52.105 y-HPLC trace of 12 after 0 and 6 h in cysteine (Method C).
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Figure 52.106 y-HPLC trace of 13 (Method E).
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Figure S2.107 UV-HPLC trace of 15 (top) and y-HPLC trace of 15 (bottom) (Method F).
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Appendix II: Synthesis, Characterization and Preliminary Testing of a Near Infrared PIP

Derivative
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Figure S3.1. Gamma HPLC trace of 13. A: Stability of 13 in saline. B: Stability of 13 in excess cysteine.
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Figure $3.2. Biodistribution data for selected fluids and tissues for 13. Experiments wete performed using Balb/c mice
(n=3 per time point) and tissues and fluids were collected at 1, 6, and 24 h post administration. Data is expressed as the

mean petcent injected dose per organ (%oID/O) = SEM.
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Figure S3.3. Biodistribution data for selected fluids and tissues for 13 with excess NMI. Experiments were performed
using Balb/c mice (n=3 per time point) and tissues and fluids were collected at 1, 6, and 24 h post administration. Data is

expressed as the mean percent injected dose per organ (%oID/O) + SEM.
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Figure S3.4. Crude 'H NMR of 19.
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Figure S§3.5. HRMS of 19.
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Figure S3.6. Crude 'H NMR of 22.
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Appendix III: An Albumin-Binding Tetrazine-Derived Near-Infrared Dye as a Facile

Reagent for Developing Targeted Photoacoustic Imaging Agents
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Figure $4.20 'H NMR (CD3).SO, 700 MHz of 20.
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Figure S$4.21 13C NMR (CD3).SO, 150 MHz of 20.
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Figure S4.4 'H NMR CD;OD, 600 MHz of 28.
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Figure S4.5 3°C NMR (CD3)250, 150 MHz of 28.
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Figure S4.6 HRMS of 28.
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Figure S4.7 Plasma Stability of 28 A) Before addition to plasma, B) 24 h after incubating at 37 °C in plasma, C) Reacting

with TCO-BP after 24 h in plasma.
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Figure S$4.8 RadioTLC traces of 31. Left: Acetonitrile radioTLC showing 2.66% free pertechnetate. Right: Water

radioTLC showing 11% colloidal *™Tc.
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Figure $4.9 Biodistribution data for selected fluids and tissues for active targeting of 32. Experiments were performed
using Balb/c mice (n=3 per time point) and tissues collected at 1, 3, 6, 24 h post administration. Data are expressed as the
mean petcent injected dose per organ (%oID/O) + SEM.
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Figure S4.10 Plasma binding study of 32.
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Figure S4.11 Absorbance of 0.1 mM 28 in saline (green), 0.1 mM 28 in whole blood (red), and whole blood alone (blue).
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Figure S4.12 Left: PA average threshold spectra of 28. Right: Absorbance spectra of 28.
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Figure S4.13 A) Normalized PA Spectra of 0.1 mM 28 in saline (black) and blood (grey). B) PA average threshold vs.
concentration of 28 at maxima in phantom (775 nm). C) Overlay B-Mode and photoacoustic image in phantom with

spectral unmixing of 0.1 mM 28 in blood, and 0.1 mM 28 in saline.
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Appendix IV: In Vivo Photoacoustic Imaging of Glioblastoma Multiforme

Figure S6.23 PA images of the brain and skull of mouse 1-1 in a glioblastoma model. A: Prior to administration, B: PA

image of the same mouse 1 hour after injection, C: ex vivo 1 hour after injection. Red = oxyhemoglobin, Blue =

deoxyhemoglobin, Green= 28.
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Figure S6.2 Histologic analysis of the infiltration of GBM cells in the striatum and midbrain of mouse 1-1. Representative

sections stained with H&E showing the tumour cells in the striatum and midbrain. (Left: scale bar = 1000 pm; Right: scale

bar = 50 pm).
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Figure $6.3 Histologic analysis of the infiltration of GBM cells in the midbrain and striatum meninges of mouse 1-1.
Representative sections stained with H&E showing the tumour cells in the striatum. (Left: scale bar = 500 pum; Right: scale

bar = 50 pm).

Thalamus
H&E
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Figure S6.4 Histologic analysis of the infiltration of GBM cells in the thalamus of mouse 1-1. Representative sections
stained with H&E or H&E and LFB showing the tumour cells in the thalamus. (Top left: scale bar = 1000 um; Top right:

scale bar = 50 pm; Bottom left: scale bar = 500 um; Bottom right: scale bar = 50 um).
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Figure S6.5 PA images of the brain and skull of mouse 1-3 in a glioblastoma model. A: Prior to administration, B: PA

image of the same mouse 1 hour after injection, C: ex vivo 1 hour after injection. Red = oxyhemoglobin, Blue =

deoxyhemoglobin, Green= 28.
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Figure S6.6 Histologic analysis of the infiltration of GBM cells in the striatum and ventricles of mouse 1-3. Representative
sections stained with H&E and LFB showing the tumour cells in the striatum and ventricles. (Top left: scale bar = 1000

um; Top right: scale bar = 50 um; Middle left: scale bar = 1000 pm; Middle right: scale bar = 50 pm; Bottom left: scale

bar = 50 pm).
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Figure S6.24 Histologic analysis of the infiltration of GBM cells in the thalamus of mouse 1-3. Representative sections
stained with H&E and LFB showing the tumour cells in the thalamus. (Top left: scale bar = 1000 um; Top right: scale bar

= 50 um; Bottom left: scale bar = 100 um; Bottom right: scale bar = 50 um).

Figure S6.8 PA images of the brain and skull of mouse 1-4 in a glioblastoma model. A: Prior to administration, B: PA
image of the same mouse 1 hour after injection, C: ex vivo 1 hour after injection. Red = oxyhemoglobin, Blue =

deoxyhemoglobin, Green= 28.
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Figure $6.9 Histologic analysis of the infiltration of GBM cells in the pons of mouse 1-4. Representative sections stained
with H&E and LFB showing the tumour cells in the pons. (Top left: scale bar = 1000 um; Top right: scale bar = 50 pm;

Bottom left: scale bar = 1000 pm; Bottom right: scale bar = 50 um).

Figure S6.10 PA images of the brain and skull of mouse 1-5 in a glioblastoma model. A: Prior to administration, B: PA
image of the same mouse 1 hour after injection, C: ex vivo 1 hour after injection. Red = oxyhemoglobin, Blue =

deoxyhemoglobin, Green= 28.
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Figure S6.11 Histologic analysis of the infiltration of GBM cells in the striatum and midbrain of mouse 1-5. Representative
sections stained with H&E and LFB showing the tumour cells in the striatum and midbrain. (Top left: scale bar = 1000
um; Top right: scale bar = 50 pm; Middle left: scale bar = 100 pm; Middle right: scale bar = 50 pm; Bottom left: scale bar

= 1000 um; Bottom right: scale bar = 50 um).
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