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Abstract

Molecular imaging allows non-invasive visualization of biological processes in their native
environment within living systems. It can give a better understanding of fundamental biology, help in
identifying disease mechanisms and visualizing pathological tissues, and enable monitoring disease
progression and studying the drug efficacy in intact living organisms. Among various imaging
modalities, bioluminescence and fluorescence imaging are powerful techniques that have become

essential methods for non-invasive real-time studies of biological processes in vivo.

The aim of my thesis was the development of novel fluorescent and bioluminescent probes for
in vivo imaging of fatty acid and triglyceride uptake. The goal of my first project was the development
of a near-infrared fluorescent fatty acid probe for glioma imaging. Some tumors such as glioma may
rely on the uptake of extracellular fatty acids. Fatty acids can therefore be considered as targeting
molecules for these tumors and could be used to develop tumor-imaging probes. The probe design is
based on a near-infrared fluorophore indocyanine green (ICG) that is conjugated to a long-chain fatty
acid palmitic acid. The conjugation of ICG to a fatty acid (ICG-FA) was envisioned to improve cell
permeability of the fluorophore and its accumulation in glioma. The ICG-FA probe was first evaluated
for its ability to mimic the uptake of natural fatty acids in cells and was then applied for glioma imaging
studies in vivo, where it showed significant tumor accumulation. As a proof-of-concept, the probe was
tested for intraoperative image-guided surgery in a canine patent with mastocytoma, where it allowed
intraoperative fluorescence tumor imaging and provided optical guidance for a surgeon during tumor

resection.

The aim of my second project was the development of bioluminescent triglyceride probes for
real-time non-invasive imaging of triglyceride uptake in vivo. Applying an optimized stategy for
generating conjugates with luciferin, | developed several bioluminescent triglyceride probes. These
imaging tools were validated in cells and mice and were shown to mimic the absorption of natural
triglycerides. The developed probes enabled sensitive non-invasive real-time imaging and
quantification of triglyceride absorption in living mice. Futhermore, these probes were successfully
used to demonstrate the effects of the anti-obesity drug orlistat and the influence of the gut
microbiota on the intestinal absorption of triglycerides in vivo. Considering the high importance of

triglycerides for human health and nutrition and their implication in several pathologies such as
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obesity, metabolic syndrome, type 2 diabetes and cancer, the bioluminescent triglyceride probes could

offer valuable imaging tools for preclinical research.

Keywords

In vivo molecular imaging; bioluminescence imaging; near-infrared fluorescence imaging;
molecular imaging probes; tumor imaging; indocyanine green; glioma; mastocytoma; image-guided

surgery; fatty acids; triglycerides; lipid absorption; gut microbiota.
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Résumé

L'imagerie moléculaire permet une visualisation non-invasive des processus biologiques dans
leur environnement natif au sein des systémes vivants. Elle peut permettre une meilleure
compréhension de la biologie fondamentale, aider a identifier les mécanismes de la maladie et a
visualiser les tissus pathologiques, et permettre de suivre la progression de la maladie et étudier
|'efficacité du médicament dans les organismes vivants intacts. Parmi les diverses modalités
d'imagerie, la bioluminescence et l'imagerie par fluorescence sont des techniques puissantes qui sont
devenues des méthodes essentielles pour des études en temps réel non invasives de processus

biologiques in vivo.

Le but de ma thése était le développement de nouvelles sondes fluorescentes et
bioluminescentes pour l'imagerie in vivo de I'absorption des acides gras et des triglycérides. Le but de
mon premier projet était le développement d'une sonde d'acide gras fluorescente proche infrarouge
pour l'imagerie du gliome. Certaines tumeurs telles que les gliomes peuvent dépendre de I'absorption
d'acides gras extracellulaires. Les acides gras peuvent donc étre considérés comme des molécules de
ciblage pour ces tumeurs et pourraient étre utilisés pour développer des sondes d'imagerie tumorale.
La conception de la sonde était basée sur un fluorophore Indocyanine green dans le proche infrarouge
(ICG) qui est conjugué a un acide palmitique d'acide gras a longue chaine. La conjugaison de I'lCG a un
acide gras (ICG-FA) a été envisagée pour améliorer la perméabilité cellulaire et I'accumulation dans le
gliome. La sonde ICG-FA a d'abord été évaluée pour sa capacité a imiter I'absorption des acides gras
naturels dans les cellules et a ensuite été appliquée pour des études d'imagerie du gliome in vivo ou il
a montré une accumulation tumorale significative. Comme preuve de concept, la sonde a été testée
pour une chirurgie intra-opératoire guidée par imagerie dans un brevet canin avec mastocytome, ou
elle permettait I'imagerie tumorale peropératoire par fluorescence et fournissait un guidage optique

pour un chirurgien lors de la résection tumorale.

Le but de mon deuxieéme projet était le développement de sondes bioluminescentes a base de
triglycérides pour I'imagerie non invasive en temps réel de I'absorption des triglycérides in vivo. En
appliquant une stratégie optimisée pour générer des conjugués avec la luciférine, j'ai développé
plusieurs sondes de triglycérides bioluminescentes. Ces outils d'imagerie ont été validés dans des
cellules et des souris et ont montré qu'ils imitent I'absorption des triglycérides naturels. Les sondes

développées ont permis l'imagerie sensible non-invasive en temps réel et la quantification de
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I'absorption des triglycérides chez les souris vivantes. De plus, ces sondes ont été utilisées avec succes
pour démontrer les effets de I'Orlistat, médicament contre I'obésité, et l'influence du microbiote
intestinal sur l'absorption intestinale des triglycérides in vivo. Compte tenu de la grande importance
des triglycérides pour la santé et la nutrition humaine et de leur implication dans plusieurs pathologies
telles que l'obésité, le syndrome métabolique, le diabéte de type 2 et le cancer, les sondes
bioluminescentes a triglycérides pourraient offrir des outils d'imagerie précieux pour la recherche

préclinique.

Mots-clés

Imagerie moléculaire in vivo; imagerie de bioluminescence; imagerie de fluorescence proche
infrarouge; sondes d'imagerie moléculaire; imagerie tumorale; vert d'indocyanine; gliome;
mastocytome; chirurgie guidée par l'image; acides gras; triglycérides; absorption des lipides;

microbiote intestinal.
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Chapter 1 Introduction

1.1 Molecular imaging

Molecular imaging is an interdisciplinary research field with the aim to visualize, characterize
and quantify specific biological processes at the molecular and cellular levels in living systems in a
non-invasive manner (1-3). Molecular imaging technologies are based on the interaction of different
forms of energy with biological tissues and commonly utilize molecular probes to produce the imaging
signal. They employ energies within a wide range of spectrum, where electromagnetic or acoustic
signals are collected and transformed into images in order to provide spatio-temporal information
about certain molecular and cellular processes in living subjects (4-6). Molecular imaging modalities
include computed tomography (CT) measuring the absorption of X-rays by biological tissues,
single-photon emission computed tomography (SPECT) and positron emission tomography (PET) that
detect gamma ray and positron annihilation photons, respectively, magnetic resonance imaging (MRI)
that detects radiofrequency radiation, optical imaging techniques such as bioluminescence imaging
(BLI) and fluorescence imaging (FLI) that exploit photons in the visible through near-infrared (NIR) part
of the electromagnetic spectrum (4), and ultrasound imaging that uses high-frequency acoustic waves.
FLI and MRI require excitation process in order to trigger the signal production, while SPECT and PET
are based on nuclear radioactive decay to generate the signal. BLI relies on light emission that is
produced as a result of special chemical reactions inside living organisms catalyzed by enzymes known
as luciferases. In order to interrogate a biochemical process of interest most of the molecular imaging
modalities require specific molecular imaging probes (2, 5), therefore the development of novel

imaging agents is important for the field of molecular imaging and biomedical research (3, 5).

1.2 Optical imaging

Among various molecular imaging techniques used in biomedical research, optical imaging
modalities such as fluorescence imaging (FLI) and bioluminescence imaging (BLI) are the most
commonly applied for live animal studies due to their high sensitivity, relatively low cost and versatility
(4, 6). Both BLI and FLI utilize low energy photons as compared to high-energy imaging modalities such
as PET and SPECT, therefore optical imaging is relatively safe (7). Ease of operation, short acquisition
times and the possibility of simultaneous imaging of several animals make both BLI and FLI suitable for

high-throughput imaging and useful for preclinical research (5). Optical imaging modalities rely on light
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detection using highly sensitive systems such as charge-coupled device (CCD) cameras that provide
registration of very low levels of photons from ultraviolet (UV) to near-infrared (NIR) range of optical

spectrum (5, 8).

1.3 Bioluminescence imaging

Bioluminescence (BL) is a natural phenomenon and a form of chemiluminescence, in which the
light is produced inside living organisms from an enzymatic oxidation reaction of luciferase enzymes
with their substrates, luciferins. The vast majority of bioluminescent organisms is of marine origin and
includes luminescent fishes, crustaceans and microorganisms. Click beetles, fireflies, glowworms and
some types of fungi represent terrestrial luminescent organisms. These spieces use BL for various
purposes such as locating food, attracting a mate or defending against predators (9-11). BLl is based
on this biological phenomenon and represents a valuable tool for non-invasive real-time quantitative
analysis of various molecular and cellular processes in cell culture and in vivo. Unlike FLI, BLI does not
require an external excitation light. In addition, biological tissues do not have endogenious
bioluminescence. These factors make BLI highly sensitive and result in higher signal to background
ratios as compared to fluorescence (7). Although many different types of luciferase enzymes have been
found in nature, only a few of them are utilized for imaging applications. Luciferase-luciferin pairs
commonly applied for molecular imaging can be divided into several categories, based on a substrate

used for luminescence (Table 1.1):

1. Luciferases utilizing D-luciferin. These enzymes isolated from click beetles, North American and
Italian fireflies and their engineered analogs oxidize the substrate in the presence of molecular oxygen,
ATP and Mg?* to form oxyluciferin in the excited electronic state that undergoes relaxation to the
ground state with light emission at around 600 nm (Table 1.1, entries 1-5). The exact emission
wavelength depends on the tertiary structure of the enzyme that determines the internal
microenvironment of the luciferase-luciferin complex (12, 13).

2. Luciferases utilizing coelenterazine. These enzymes found in marine speices such as Renilla or
Gaussia oxidize the substrate to coelenteramide using molecular oxygen and produce blue-green light
(Table 1.1, entries 6-8). These luciferases do not require co-factors such as ATP and therefore can
operate extracellularly. Gaussia luciferase is a naturally secreted enzyme (14).

3. Nanoluc luciferase utilizing furimazin. This luciferase was engineered from a native enzyme
isolated from the deep sea shrimp, Oplophorus gracilirostris. Nanoluc was found to have optimal
performance with a synthetic analog of coelenterazine, furimazine that produces blue light upon

enzymatic oxidation with molecular oxygen (Table 1.1, entry 9). This engineered luciferase-substrate
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pair generates glow-type luminescence with high intensity, possesses high physical stability and has
been applied for in vivo imaging (15, 16).

4. Vargula luciferase utilizing vargulin. Naturally secreted from cells, the enzyme was found in a
small marine organism, Vargula hilgendorfii. This luciferase catalyzes oxidation of vargulin by
molecular oxygen with emission of blue light (Table 1.1, entry 10) (17). In combination with Gaussia
and firefly luciferases a codon-optimized variant of Vargula luciferase has been applied for trimodal
BL in vivo imaging (18).

5. Bacterial luciferases LuxAB utilizing reduced flavin mononucleotide (FMNH,) and a long-chain
aldehyde as substrates. These enzymes are mainly present in marine bacteria (Vibrio harveyi), but can
also be found in bacteria in terrestrial environment (Photorhabdus luminescens). LuxAB luciferases
generate light in a two-step mechanism and utilize two substrates. First, reduced flavin
mononucleotide (as FMNH") binds to LuxAB followed by oxidation with molecular oxygen and
generates a peroxy-intermediate that then reacts with a long-chain aldehyde to produce a second
intermediate (peroxyhemiacetal adduct). The latter decays into a carboxylic acid and enzyme bound
hydroxyflavin in the excited state that undergoes transition to the ground state with emission of a
photon (Table 1.1, entry 11). Bacterial lux operon (luxCDABE) contains luciferase genes luxA and luxB
as well as the genes that are required for the substrate expression. Hence, lux operon encodes all
necessary components for luminescence and provides a system that is not dependent on addition of

an external luciferase substrate (19, 20).

Table 1.1 Luciferase-luciferin pairs commonly used for BLI (adapted from (13) and (21)).

Luciferase Luciferin Enzymatic reaction Emission Ref.
peak in
vivo
A, nm
North American
firefly;

1 ! 12 22
Photinus pyralis 6 (22)
(FLuc)

North American
firefly;

2 Photinus pyralis 618 (23)
red (PpyRE8/9)

Click beetle COOH

3 | B \C[ j \C[ >—</ 544 (22, 24)

yrophorus D-luciferin
plagiophthalamus D-Luciferin ATP, 02 AMP, CO,, Oxyuciferin
Click beetle red; PPi

4 Pyrophorus 611 (22, 24)
plagiophthalamus
Italian firefly;

5 Luciola italica 610 (25)




Introduction

Gaussia;
6 Gaussia princeps o oH 480 (26, 27)
(GLuc) < 0.
Sea pancy; N_N _N_NH oH
7 | Renilla reniformis | Coel L] 7N < 480 28
if oe ?ntera N N (28)
(RLuc8) -zine H 0, co,
HO HO
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Vargula . 3
_ ” Vargulin N_N N__NH
10 | hilgendorfii (Cypridinid i h \ ]VW 460 (17, 18)
(VLuc) YP! Qj/)iN N\YNH2 ; i Qt/):"‘/ N\YNHZ )
ne H \ 0, co, J

luciferin)
H, NH,

Vargulin

HO 0. .0 HO o. 0
P P0®
¢} 0o
HO © HO

H
N__N_O N__N_O
FMNH, + Y Y
Photorhabdus . NH Pz NH
long-chain N N
H o 0, HoO
+

11 | /uminescens fatty FMNH, o EMN 490 (30)
(LuxAB)
aldehyde +
[0} o
o o
Long-chain Long-chain
fatty aldehyde fatty acid

1.4  Firefly luciferase/D-luciferin system

FLuc/D-luciferin pair is the most intensively studied and commonly used BL system for
molecular imaging. FLuc is the intracellular enzyme (62 kDa) that catalyzes oxidation of D-luciferin

(D-LH2) by molecular oxygen with production of light and requires cofactors such as ATP and Mg?*.

The enzymatic process starts with the reaction of D-LH; with ATP to produce enzyme-bound
D-luciferyl-adenylate (D-LH,-AMP) due to Sx2 nucleophilic attack of an oxygen atom of the carboxylate
group of D-LH; on the electrophilic phosphorous atom of the a-phosphoryl group of ATP with the
release of pyrophosphate (PPi) as a leaving group (Scheme 1.1). This adenylation reaction proceeds with
an involvement of Mg?* cations that act as a Lewis acid and form ATP-Mg?* complexes, facilitating the
Sn2 nucleophilic attack of the carboxylate due to the influence of Mg?* cations on the phosphate groups
conformation and partial shielding of the negative phosphate charges. The attachment of AMP to

D-LH; increases the acidity of C4 carbon in D-LH,-AMP and leads to the formation of a carbanion
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intermediate (enolate) D-LH-AMP that acts as a nucleophile and attacks molecular oxygen to produce
a peroxide anion D-LH-O,-AMP. Since AMP is a good leaving group, intramolecular nucleophilic
substitution of AMP by generated peroxide anion forms a strained four-membered cyclic intermediate,
an energy-rich luciferin dioxetanone anion (Dx). This intermediate undergoes spontaneous
decarboxylation with the production of oxyluciferin (OL)* in a singlet excited state, since the energy
of decomposition of Dx is sufficient for chemiexcitation of the decomposition product (OL") (31).
Relaxation of }(OL)* to the ground state results in the light emission with a broad spectrum
(530-640 nm) and maximum intensity in vitro around 562 nm at pH 7.5 (Scheme 1.1) (32-34). FLuc is a
temperature- and pH-sensitive enzyme. Acidic conditions (pH 5-6) shift the emission to the red region
of the spectrum (peak maximum shift to 620 nm) as well as diminish the quantum yield (maximal
quantum vyield 41.0 + 7.4% was determined at pH 8.5) (35). Higher temperatures and heavy metal

cations also shift the BL spectrum to longer wavelengths (32).

mo

é P .P._P__AAd o AMP
2 @ ~o "o ™ enosine
NH + fogofogo T
o/ S]
3 Mig2* PPi-| Mg2+
D-Luciferin (D-LH,) ATP-Mg?* D-LH,-AMP
o L o
O-o0 o &O
HO s N (‘O’AMP HO s NZ ) AMP 0, HO s NS O,AMP
7 - 2 (0} - 7
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Scheme 1.1 Mechanism of D-luciferin oxidation catalysed by firefly luciferase that results in bioluminescence
(adapted from (33)).

The colour of bioluminescence is determined by conformational changes of FLuc during the
reaction, influencing the microenvironment of the active site. The wild-type enzyme undergoes
conformational switch of its active site from the open to the closed form during the formation of

D-luciferyl-adenylate, resulting in tight binding of the oxyluciferin in the excited state that becomes
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surrounded by non-polar microenvironment created by the hydrophobic residue of 11e288 (36). Upon
the conformational change 11e288 moves towards the benzothiazole ring of oxyluciferin, consequently
minimizing energy dissipation of the excited molecule *(OL)* that finally emits yellow-green light. This
hypothesis was supported by the fact that the S286N mutant of FLuc was found to keep an open
conformation during the catalysis, producing red luminescence. Additionally, analysis of the BL spectra
from 1288V and 1288A mutants demonstrated that the spectral changes correlated with the size and
hydrophobicity of the introduced amino acid residues at the position 288 with the shift towards orange
and red light respectively. Since less hydrophobic and less rigid microenvironment of the active site
allows some energy dissipation from the excited state of oxyluciferin, this results in the spectral

changes with emission of lower-energy light (36).

F-Luc also catalyzes a side-reaction, in which D-LH,-AMP reacts with molecular oxygen via a
dark reaction pathway that produces dehydroluciferyl-AMP (L-AMP) and hydrogen peroxide (Scheme

1.2).

0 0
HO s. N o™™P o, HO s N o AP
/>_</ \CE />_</ | + H,0,
N s N s

D-LH,-AMP L-AMP

Scheme 1.2 Dark reaction pathway of luciferin-adenylate oxidation catalysed by firefly luciferase.

Both L-AMP and the product of a luminescent oxidation pathway, oxyluciferin, have an
inhibitory effect on FLuc with Ki 3.8 uM and 0.5 uM respectively. These products are responsible for
the flash pattern of bioluminescence produced by FLuc/D-luciferin pair in vitro, where a fast initial
increase in light production is followed by suppression of BL signal to low level within a few seconds

(33).

BL produced by FLuc is a stereospecific process, in which only the D-enantiomer of luciferin
can be oxidized with light emission, whereas the L-isomer acts as a competitive inhibitor of FLuc (K;
between 3 and 4 uM) (37). However, FLuc is able to adenylate L-luciferin that can further be converted
to a CoA derivative by the enzyme. The enolization of the L-luciferyl-CoA derivative leads to
racemization and formation of D-LH,-CoA that upon hydrolysis yields D-luciferin. This process explains
weak luminescence with slow kinetics produced by L-luciferin upon interaction with FLuc and suggests
that L-luciferin can be a biosynthetic intermediate in the synthesis of D-luciferin in vivo, since cysteine,

the presumed precursor of D-luciferin biosynthesis, exists in vivo as L-enantiomer (33, 37, 38).
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A synthetic luminescent D-luciferin analogue that is widely used for BLI was obtained by
replacing the 6’-OH group of D-luciferin by NH,-group to generate D-aminoluciferin (AL) (Figure
1.1) (39).

(0]
H,N S N OH
\C[ />_</ j)\
N S
D-aminoluciferin

Figure 1.1 Chemical structure of D-aminoluciferin.

AL emits more red-shifted light with the maximum at 578 nm. Compared to D-luciferin, AL
possesses higher affinity for FLuc (K, 16 and 0.62 uM respectively), whereas D-luciferin demonstrates
about 10-times higher rate of photon emission (Vma) in vitro, meaning that FLuc has a higher catalytic

efficiency for AL (higher value Vime/Knm for AL than for D-luciferin) (40).

1.5 Caged luciferin probes for in vivo molecular imaging

The presence of the electron-donating 6’-hydoxy or 6’-amino group in the luciferin molecule is
crucial for the light generation (39, 41, 42). Modifications at these groups may prohibit the substrate
interaction with FLuc resulting in bioluminescence turn off. Specifically, alkylation or acylation of the
6’-hydoxy group of D-luciferin or acylation of the 6-amino group of D-aminoluciferin abolishes
bioluminescence. Analogously, modifications of the carboxylic group of luciferins, such as esterification
or amidation, prevent the first step of the BL reaction, the substrate adenylation, and turn off
bioluminescence. Therefore, structural transformations of luciferin with installation of appropriate
protecting groups (cages) that undergo deprotection with the release of free luciferin only in the
presence of a specific enzyme or a small bioactive molecule allow the development of caged-luciferin
probes for imaging applications. Such probes can produce BL only upon removal of protecting groups,
where the amount of deprotected (uncaged) luciferin, and consequently the light intensity, is

proportional to the activity of an enzyme or a small molecule of interest (Figure 1.2).
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Figure 1.2 Concept of bioluminogenic (caged luciferin) probes. Chemically modified lucierin with protecting
groups (cages) at 6’-hydroxy or 6’-amino position or with a masked carboxylic group does not produce light in
the presence of firefly luciferase. A specific enzyme or a small molecule triggers uncaging, which results in
generating free luciferin that interacts with luciferase with light emission.

Interestingly, 6’-N-alkylated aminoluciferins still act as substrates for FLuc, which was
demonstrated for a series of aminoluciferin derivatives with increasing 6’-N-alkyl chain length, where
some analogs emitted stronger luminescence than D-aminoluciferin (43). This N-alkyl aminoluciferin

scaffold was shown to be a useful alternative to luciferin for generating bioluminogenic probes (44).

Caged luciferin probes have been developed for in vitro and in vivo imaging of various enzymes
and small molecules either via functionalization of luciferin at the 6’-hydroxy or 6’-amino group or by
masking the carboxyl group of luciferin (Table 1.2). First bioluminogenic assays based on caging
D-luciferin were reported by Miska et al. for in vitro sensing the activity of various enzymes such as
alkaline phosphatase, carboxylic esterase, carboxypeptidases A and B and aryl sulfatase. The probes
contain corresponding cages at 6’-hydroxy group of luciferin and act as enzyme substrates exhibiting
high sensitivity with the detection limit for enzymes between 10 and 500 fg per assay (41, 45). Caging
6’-amino group of D-aminoluciferin with N-acetyl-L-phenylalanine afforded a bioluminogenic probe for

a-chymotrypsin with a detection limit for the enzyme 0.3 ng per assay (Table 1.2, entry 2) (42).

Upon development of luciferase expressing cells and animals the caged luciferin approach was
translated from in vitro assays to in vivo studies, where various bioluminogenic probes have been
applied for imaging of enzymatic activity in living mice (Table 1.2, entries 4-11). Caged luciferin probes
have been utilized to visualize protease activity in vivo, such as activation of caspases, which play

important role in the mechanism of apoptosis or programmed cell death and are involved in a number
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of pathologies such as cancer and neurodegenerative diseases (46). A bioluminogenic substrate
DEVD-aminoluciferin (Table 1.2, entry 7) that is caged at 6’-amino group with amino acid sequence
DEVD (Asp-Glu-Val-Asp) via an amide bond is recognized by caspases 3 and 7 and cleaved to produce
free D-aminoluciferin. The probe was applied for in vivo monitoring of tumor xenographts apoptosis
following the chemotherapeutic treatment (46). A conjugate of D-luciferin with a nitrofuryl cage via
the 6’-hydroxy group of the former was developed for imaging of nitroreductase (NTR) activity (Table
1.2, entry 9) (47). The reduction of the nitro group of the probe by nitroreductases produces the amino
group that leads to cage removal due to 1,6-elimination of D-luciferin acting as a leaving group. The
probe was applied for NTR imaging in bacteria, cells and mouse models and it should be useful for

preclinical development of enzyme-activatable prodrugs for cancer treatment.

An alternative way for generating caged luciferin probes employs modifications of the
carboxylic group of luciferin. This approach was used to create molecular probes for imaging such
enzymes as fatty acid amide hydrolase (FAAH), which metabolizes a neurotransmitter anandamide, an
agonist of the cannabinoid receptor CB1. FAAH is an appealing drug target for the treatment of certain
neurological diseases including pain and anxiety. Nonluminescent luciferin amides (Table 1.2, entry 10)
are hydrolyzed to corresponding luciferins by FAAH and allow imaging the enzyme activity in cells and

mice (48), which makes the probes useful for in vivo screening of FAAH inhibitors.

The caged luciferin approach is also used for imaging of bioactive small molecules in living
systems (Table 1.2, entries 13-21). Van de Bittner et al. developed a caged luciferin probe via protecting
the 6’-hydroxy group of D-luciferin with H,0,-sensitive aryl boronic acid (Table 1.2, entry 15) that is
sensitive to hydrogen peroxide (H,0,). The probe was applied for in vivo imaging of H,O, production in
a tumor xenographt mouse model (49). Caged luciferin probes were also developed for in vivo imaging
of metal ions. A bioluminogenic probe for iron(ll) detection contains endoperoxide cage attached to
D-aminoluciferin via a carbamate linker that undergoes metal- and redox-specific Fe?*-triggered
uncaging with the production of free D-aminoluciferin (Table 1.2, entry 13). The probe was shown to
detect physiological changes of labile iron(Il) as well as iron accumulation in a mouse model of systemic

bacterial infection (50).

Another application of the luciferin caging strategy is imaging of metabolic processes using the
Staudinger ligation. The approach was developed by Bertozzi et al. and relies on utilizing azido-labeled
molecules that can react with caged luciferin-phosphine (Table 1.2, entry 22) producing free D-luciferin
upon the Staudinger ligation. This strategy was used to image cell-surface glycosylation in live cells

following metabolic incorporation of azido sugars in the cellular glycans (51). This approach could
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potentially be expanded for imaging of other molecules of interest, provided that a molecule allows

incorporation of the azido group.

Table 1.2 Examples of caged luciferin probes used for molecular imaging of enzymatic activity, small molecules
and metabolic events in vitro and in vivo.

Caged luciferin Imaging target | Application Ref.

I. Imaging of enzymatic activity

Caging at 6’-position of luciferin
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HO' °\©v COOH (52)
<y

Ac.
NH
2 %N s N ,COOH a-Chymotrypsin In vitro (42)
o \©[N/ /sj/

O, o
/s\:

R
NaO ©O \©\/ COOH
3 a O \©[ :l/ Sulfatase In vitro (53)
—

R =H; 2,6-F; 3,5-F

H
N s In vitro, in
4 m I"g)\/o COOH B-Lactamase 7 (54)
o j/ vivo

COOH \©[ P~

COOH

S N

> _</ . In vitro,

5 \©[N/ sj/ B-Galactosidase e (55, 56)
H in vivo

COOH
H
; N s N COOH y-Glutamyl In vitro, (57)
HoN — transpeptidase in vivo
o N/ s

COOH

H
z-Asp-Glu-Val-Asp—N s N In vitro,
7 \©[ /: /sj/ Caspase-3/7 in vivo (46, 58)
N

10




Introduction

COOH

H
Ac-Arg-Val-Arg-Arg—N s N . In vitro,
8 \©[ > j/ Furin in vive (59)
N S
9 OZN“Q\/O s N_ ,COOH Nitroreduct In vitro, 47
\@E p j’ itroreductase in vivo (47)
N S
Caging via masking the carboxyl group of luciferin
(o}
HO S N NH
\©[ — j)\ : Fatty acid .
N S . In vitro,
10 o Amide L (48)
in vivo
H hydrolase
N S N NH,
O~
N S
1 )\o )\ Cytochrome In vitro, (60, 61)
HO S N o P450 in vivo !
/>_</
N S
HO_ o
(o]
HO S N NS Carboxy- .
12 \@E P j)L N o sentidase G Invitro | (62)
N S
(0]
Il. Imaging of small molecules
Caging at 6’-position of luciferin
0-o H
o.__N s, N_COoH Fe?t In vitro,
13 @0)0/ To( \©[N/>_</Sj/ (Iron(11)) in vivo (50)
| o S N__COOH F In vitro
Si .
14 / \©[ />—</ j/ (Fluoride) in vivo (63)
N S
CI)H
.B H.0, .
HO
15 \©\/0 s N_ ,COOH (Hydrogen l'? VI%'I"O, (49)
. in vivo
/>—</ j/ peroxide)

11




Introduction

COOH

N o S N clo In vitro,
/ 7
16 \”/ \©[ />—</ j/ (Hypochlorite) in vivo (64)
S N s
O W
17 N s N_fo0H ONOO Invitro, | o)
o \©[ />—</ j/ (Peroxynitrile) in vivo
O,N N S
N, s N COOH
o<
N S Ha5 In vitro
18 N3 (Hydrogen in vivo’ (66, 67)
o. N s N ,COOH sulfide)
T
N S
>Ls/°\©\/ o RSH In vitro
19 o o s N OH (IntraFeIIuIar (cellular (68)
/>—</ thiols) assays)
N S
= | o
N 0 S N
@ " \©[ < j)L > cu* In vi
20 \ | N N S u (1v1?ro, (69)
(Copper(l)) in vivo
~ "N
- |
Caging via masking the carboxyl group of luciferin
(o)
HO S N NH, Cu? In vitro,
21 \©[ />—</ j)\H (Copper(ll)) in vivo (70)
N S
I1l. Imaging of metabolic processes using the Staudinger ligation
Caging at 6’-position of luciferin
(o}
Pho o s N OH Cell surface In vitro
22 b \©[ />—</ glycosylation (cellular (51)
Ph” N S (azido glycans) assays)

The caged luciferin strategy has also been applied to monitor cellular uptake of biomolecules

in cells and animals. An uptake probe consists of a biomolecule of interest that is conjugated to a caged
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D-luciferin via a disulfide-carbonate linker. Once such a conjugate is taken up by cells, it encounters a
high intracellular concentration of gluthatione (GSH) that triggers the reduction of the disulfide
bond (Figure 1.3). Generated thiolate intramolecularly attacks the carbonate group with the
intracellular release of free D-luciferin, followed by its oxidation catalyzed by luciferase and light
emission (71). This approach allows for measurement of real-time cellular uptake kinetics of
biomolecules, provided that the conjugation with D-luciferin does not drastically change their

biological properties and the uptake by cells.

Biomolecule
S/S\/\/OTOKIS
(0]

=y

N™"cooH
1. Cellular uptake
2. Intracellular GSH SH
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D<) sco LI~
N N ‘COOH N “COOH
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©
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ATP, Mg2+ 0, N  N”“cooH
Figure 1.3 Bioluminescent approach for monitoring cellular uptake of biomolecules using caged luciferin strategy.

The reported examples of the application of this strategy include the uptake studies of
cell-penetrating peptides and long-chain fatty acids (Table 1.3, entries 1-2). Henkin et al. developed
the conjugate of caged luciferin with palmitic acid (Table 1.3, entry 2) for real-time imaging of fatty
acid uptake in luciferase expressing cells and mice (72). The probe was first validated in luciferase
expressing cells, where it showed the competition with oleic acid for cellular uptake in 3T3-L1
adipocytes as well as it exhibited increased uptake in HEK293 cells following the transient expression
of the fatty acid transporter FATP5, demonstrating the cellular uptake behavior similar to that of
natural long-chain fatty acids. The probe was further orally gavaged in luciferase expressing mice to
determine the intestinal site of fatty acid absorption. Additionally, the fatty acid-luciferin probe was
administered to mice to image the metabolic activation of brown adipose tissue (BAT), since long-chain
fatty acids act as a main energetic substrate for BAT (72). Lynes et al. successfully employed the fatty

acid-luciferin probe to prove the metabolic effects of a novel BAT activator 12,13-dihydroxy-9Z-
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octadecenoic acid (12,13-diHOME) in a transgenic mouse model that expresses luciferase specifically

in BAT (73).

Table 1.3 Examples of caged luciferin probes used to monitor cellular uptake of biomolecules.

Caged luciferin Imaging target | Application Ref.
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In vivo
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Octaarginine-luciferin Peptide
1 uptake

In vitro
(cellular (76-78)
assays)

COOH
Long-chain

S o (o}
~ N S S . .
2 > < fatt d I 72,73
T)f \©[/ \j atty aci n vivo (72, 73)

N N""cooH uptake

Fatty acid-luciferin

1.6 Fluorescence imaging

Another optical imaging modality that allows for obtaining relevant biological information
from living organisms is fluorescence imaging (FLI). FLI employs molecules called fluorophores that can
absorb photons with a specific energy to reach the excited electronic state followed by returning to
the ground state with fluorescence emission. Fluorescence imaging is a very sensitive modality, as it
requires as low as 10°— 102 M concentrations of fluorescent probes to obtain detectable signal (5).
The process of energetic transitions of molecules that result in fluorescence is described by Jablonski

diagram (Figure 1.4).

14




Introduction

Energy
o

SO y v
(¢ ~ J [N ~ J | R —
Absorbance Fluorescence Phosphorescence

Figure 1.4 Simplified Jablonski diagram representing the energy transitions for fluorophores following light
absorption. Sp — the ground electronic singlet state, S; and S; — the first and the second electronic singlet states
respectively, T1— the lowest excited triplet state. IC — internal conversion, ISC — intersystem crossing.
hvex— excitation light, hvs—fluorescence emission, hv,, — phosphorescence emission. Blue, green, orange and red
arrows represent energy transitions leading to excitation, fluorescence emission, phosphorescence emission and
non-radiative (vibrational) relaxation respectively. Numbered levels represent vibrational states for each
electronic energy level (adapted from (79) and (80)).

When a fluorescent molecule absorbs a photon, the photon’s energy (E = h x ¢/A, where c and
A are speed of light in vacuum and the wavelength of a photon absorbed respectively and h is Plank’s
constant) is transmitted to the fluorophore, which results in its transition from the ground electronic
singlet state So to one of the excited singlet states S;or S,. If the energy provided by a photon is higher
than the minimal energy required for the transition from Soto S; or S,, the molecule will occupy one of
the vibrational levels of S; or S,. Such a transition occurs in femtoseconds (10%° s) (79). The absorption
spectrum of a fluorophore represents the energy transitions that happen during the excitation process,
where the molar extinction coefficient of a molecule € shows the probability of light absorption, when
it passes through a solution of a fluorophore. Organic molecules used for fluorescence imaging have €

values in the range between 100000 and 200000 M*x cm™ (81).

Following a photon absorption an excited molecule will release the absorbed energy and
return to the ground state So via several distinct pathways. The first mechanism to take place after
excitation is the internal conversion (IC) that allows isoenergetic transition from low vibrational levels
of one electronic state to higher vibrational levels of a lower electronic state (e.g. transition from S,
to Si1) (Figure 1.4). After this, the energy excess is dissipated to the environment through vibrational
relaxation resulting in the energy transition to the lowest vibrational level of S;. Internal conversion

may continue further to bring the molecule back to the ground state So. Internal conversion and
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vibrational relaxation are nonradiative transitions that occur in picoseconds (10*? s). Once the
molecule reaches the lowest vibrational level of Sy, it can also undergo the transition to So through
radiative process. There are two possible pathways of radiative relaxation: fluorescence and
phosphorescence. Fluorescence results from energy transitions to one of the vibrational levels of the
ground state So and takes place in nanoseconds (10 s). Phosphorescence requires first intersystem
crossing (ISC) via forbidden isoenergetic transition to a vibrational level of the lowest excited triplet
state Ty (S1 — Ti1), where an electron has to change its spin, and consequently has a low probability.
Following vibrational relaxation to the lowest vibrational level of T; the molecule can undergo radiative
transition to one of vibrational levels of the ground singlet state So (T1 — So) that is called
phosphorescence (Figure 1.4). This transition is forbidden and has low probability. Phosphorescence
lifetimes can vary from microseconds (10 s) to seconds (79, 80). As a molecule emits fluorescence
from the lowest vibrational level of S;, the emitted photons have longer wavelengths than the
absorbed photons (Stokes shift), since the excess of energy is released through vibrational relaxation
during de-excitation to the lowest vibrational mode of Si. Fluorophores in the triplet state can be

subjected to photochemical reactions leading to phototoxicity and irreversible bleaching.

1.7 Near-infrared fluorescence

Since fluorescence imaging requires both excitation and emission photons to travel through
biological tissues, one has to take into account optical properties of tissues in order to choose suitable
fluorophores with optimal spectral parameters. Biological systems interact with light leading to light
absorption and scattering by endogenous molecules such as water, haemoglobin and lipids, which
limits the penetration depth of photons. Additionally, native tissues produce strong autofluorescence
within ultraviolet (< 400 nm) and visible (400-650 nm) regions of the spectrum, which significantly
complicates utilization of fluorophores that absorb and emit light within these regions. However,
fluorescent dyes with excitation and emission wavelengths within the near-infrared (NIR) region that
spans the part of the optical spectrum between 650 nm and 900 nm are suitable for in vivo imaging.
For NIR photons the tissue absorption coefficient is much lower, since hemoglobin and water have the
minimal absorbance in the NIR region. As a result, NIR light penetrates deeper into biological tissues.
In addition, NIR light has lower scattering, because the scattering intensity is a function of the inverse
fourth power of the wavelength (1/A*). Moreover, tissue autofluorescence also achieves its minimum
within the NIR window (5, 81-83). Altogether, these properties of NIR fluorescence allow for deeper

tissue imaging and improve signal to background ratio (SBR).

16



Introduction

The most commonly used NIR fluorophores are small organic molecules (Table 1.4). They are

used as free dyes (indocyanine green) or as conjugates to targeting moieties such as proteins,

peptides, antibodies, antibody fragments or small molecules.

Table 1.4 Selected examples of near-infrared organic fluorescent dyes for in vivo imaging applications (adapted

from (84)).
Quantum
-1. -1
Fluorophore Aabs, NM | Aem, NM | €, M1-cm vield, %
1 N 807 822 121000 9.3
ICG ?
©)
038 SO3Na
2 680 697 166000 21.0
3 743 767 196000 16.8
OH
SO3Na
4 786 800 237000 14.2
CW800-CA
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Besides organic fluorescent molecules, there is another type of near-infrared fluorescent imaging
agents such as inorganic semiconductor nanocrystals or quantum dots. These agents consist of such
elements as Cd, Zn, S, Se and Te. Quantum dots have a core-shell structure surrounded by organic
coating and emit fluorescence with a high quantum vyield and a narrow fluorescence bandwidth
(25-35 nm) being resistant to photobleaching (85, 86). However, these fluorescent agents have
limitations for in vivo applications due to their large size (hydrodynamic diameter 3-20 nm), which
hampers their clearance by renal filtration resulting in high background. Moreover, they consist of
toxic inorganic materials, which may lead to systemic toxicity. Quantum dots may also form aggregates
in the bloodstream and compromise microcirculation. All these drawbacks significantly limit the

potential of quantum dot-based imaging agents for clinical translation (85, 87).
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Chapter 2 Fluorescent Fatty Acid Probe
for Non-Invasive in Vivo Imaging of Glioma

Malignant glioma is a higly invasive primary brain cancer with poor prognosis despite active
treatment, which accounts for up to 80% of primary brain tumors (88). This type of tumor is
characterized by high aggressiveness and invasiveness. Glioblastoma multiform (GBM), a grade IV
glioma, is the most common and most aggressive manifestation of glioma with a median survival time
from 9 to 12 months (89). GBM is characterized by rapid malignant progression with very high
resistance to therapy. Glioblastoma extensively invades into surrounding healthy brain tissues and
tends to recur adjacent to resection margins. Maximal surgical resection of glioma is associated with a
longer remission period and increased survival of patients with both low-grade and high-grade gliomas
(90, 91). Intraoperative fluorescence imaging based on employing specific imaging agents for tumor
targeting can provide real-time precise visualization of tumor tissues during surgical treatment and has
a potential to become a state-of-the-art technology that enables maximal efficiency of brain tumor

resection (91, 92).

2.1  Fluorescent probes for glioma imaging

Several types of fluorescent imaging agents have been developed for glioma imaging in
preclinical settings. However, a very limited number of imaging probes have been applied in clinical
studies in humans. Fluorescent probes for potential image-guided glioma surgery can be classified into
three groups based on the mechanism of action: 1) passive probes, 2) activity-based or metabolic
probes, and 3) affinity-based molecular probes (90, 91, 93). Probe accumulation in tumors can often

result from a combination of these mechanisms.

Passive probes accumulate in tumor tissues due to a diffusive mechanism, which is also called
enhanced permeability and retention (EPR) effect (94, 95). Solid tumors are characterized by extensive
angiogenesis, defective and leaky vasculature and impaired lymphatic drainage that lead to the EPR
effect for lipid molecules and macromolecules (96). Indocyanine green (ICG) and fluorescein are
examples of passive fluorescent probes for glioma imaging (Figure 2.1) (97, 98). ICG is a small
fluorescent dye with absorption around 800 nm and emission around 820-830 nm in tissue (99, 100).

Since ICG absorbs and emits near-infrared light, it has favourable optical properties for deeper tissue
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imaging (84, 100). Fluorescein is a small fluorescent dye with an excitation peak around 490 nm and
emission in the region from 500 nm to 550 nm (101). Upon binding to plasma proteins ICG and
fluorescein behave as macromolecules and may diffuse into the brain tumor due to the EPR effect and
a compromised blood-brain barrier (BBB) (90). However, the passive and non-specific delivery
mechanism of such probes into the tumor and their ability to diffuse into peritumoral regions may limit

the precision of optical guidance during glioma surgery (90, 91); therefore, these agents do not find

O COONa
1o Lo o,

Fluorescein

wide applications for glioma resection (102).

N
3S SO3Na

Figure 2.1 Chemical structures of ICG and Fluorescein (disodium salt) that enable passive tumor imaging via EPR
effect.

The second group of probes includes metabolic or activity-based probes that provide
fluorescent signal in tumors due to their transformation from a non-fluorescent state into a fluorescent
state as a result of upregulation of a certain metabolic process in the tumor tissue. The most widely
studied metabolic agent for image-guided surgery of glioma is 5-aminolevulinic acid (5-ALA) (103),
which was approved for visualization of malignant tissue during glioma surgery by the U.S. Food and
Drug administration in 2017. This agent is a natural metabolic intermediate in the heme biosynthesis.
In the tissues, 5-ALA is metabolised into the red fluorescent molecule protoporphyrin IX (PpIX) with
the excitation peak at 405 nm and two emission peaks at 635 nm and 710 nm (Figure 2.2) (91).
Following oral administration of 5-ALA malignant brain tumors exhibit increased accumulation of the
endogenous fluorophore PplX, however, the detailed mechanism of enhanced PpIX synthesis in tumor
cells is not completely understood (99, 104). Compromised blood-brain barrier was suggested as one
of key factors for selective accumulation of 5-ALA in gliomas (105). 5-ALA-induced PpIX formation was
more prominent in higher-grade gliomas compared to low-grade gliomas (99). Glioma surgery guided
by fluorescence from 5-ALA derived PplX allows more complete removal of malignant tissues and
results in increased progression-free survival of patients (103). The PpIX fluorophore has drawbacks
such photobleaching and the requirement of blue light for excitation that limits tissue depth
penetration (99). Additionally, 5-ALA may not provide sufficient fluorescence for detecting low-grade

gliomas (91).

20



Fluorescent Fatty Acid Probe for Non-Invasive in Vivo Imaging of Glioma

N
(0]
® O —»

H3N O I

(0]
5-Aminolevulinic acid

(5-ALA)

HOOC COOH

Protoporphyrin IX
(PpIX)

Figure 2.2 5-Aminolevulinic acid (5-ALA) is a metabolic precursor of fluorescent protoporphyrin IX (PplX) for
glioma imaging.

Another example of an activity-based agent for glioma imaging is a fluorogenic probe, named
GB119, which was investigated in a mouse model. The probe activation is triggered by cysteine
protease cathepsin-L, which is upregulated in glioma cells. GB119 contains a Cy5 fluorophore linked to
a quencher QSY 21 via a peptide substrate that specifically targets cathepsin-L. Interaction of the probe
with the enzyme results in a bond rearrangement and release of the quencher, followed by
fluorescence turn on and covalent binding of the fluorophore to the enzyme (106). Topical application
of the probe in a mouse model allowed glioma visualization and identification of residual malignant

cells after tumor resection (107).

The third group of probes for glioma imaging includes affinity-based molecular agents. These
probes selectively bind to tumor tissues via recognizing specific molecular targets on a cell surface or
inside the tumor cells (91, 102). Such probes consist of a recognition part (small molecule, peptide,
antibody or antibody fragment) that is responsible for selective binding to a molecular target and a
fluorescent dye conjugated to the recognition element via a linker. An example of affinity-based agents
utilizing a small molecule as a targeting moiety for glioma imaging is a near-infrared fluorescent probe
named CLR1502 (108, 109). This probe is an alkylphosphocholine derivative containing a near-infrared
cyanine dye that has an increased uptake into various cancer cells including glioma. CLR1502 probe
was tested in a glioblastoma xenographt mouse model and demonstrated higher tumor-to-normal
brain ratio in comparison to 5-ALA. However, the probe requires administration in vivo four days

before imaging (109).

Another example of an affinity-based imaging probe for glioma is an antibody-fluorophore

conjugate cetuximab-IRDye 800 CW that binds to the epidermal growth factor receptor (EGFR) (110).
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2.2 Results

2.2.1 Probe design

Tumors are known to have an increased de novo synthesis of fatty acids due to expression of
high levels of fatty acid synthase (111). Some tumors may have upregulated uptake of extracellular
fatty acids. It has been demonstrated that hypoxia, which is a predominant feature of
glioblastoma (112), leads to upregulation of fatty acid binding proteins 3 and 7 (FABP3, FABP7) in
tumor cells and suppression of de novo fatty acid synthesis, which results in glioblastoma dependency
on fatty acid uptake from the circulation (113). In addition, Lin et al. have recently demonstrated that
proliferation of malignant glioma cells requires fatty acid oxidation, whereas the majority of acetyl-CoA
in these cells is not produced from glucose sources, suggesting that fatty acids may act as metabolic
substrates for glioma in vivo (114). Thus, fatty acids may be envisioned as potential targeting molecules
for the development of probes for glioma imaging.

The strategy for design of a molecular probe that can represent cellular uptake of natural fatty
acids and be applied for in vivo fluorescence imaging was based on the conjugation of a near-infrared

(NIR) fluorophore indocyanine green (ICG) to a long-chain fatty acid palmitic acid (Figure 2.3).
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Figure 2.3 Design of ICG-FA probe.

Since ICG lacks functional groups that enable its conjugation to other molecules, a monocarboxylic ICG
analog (ICG-COOH) was synthesized and utilized as a building block for the probe synthesis. For the
fatty acid part, an amino analog of palmitic acid was synthesized and conjugated to ICG-COOH via the

amide bond to give the final probe ICG-FA (Figure 2.3).
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The choice of the w-carbon atom of palmitic acid for the attachment of the ICG fluorophore
was based on the structural requirements for substrates of fatty acid transport proteins, since they
tolerate chemical modifications of long-chain fatty acids at the end of the aliphatic chain (72, 115).
Fluorescent analogs of long-chain fatty acids containing fluorophores such as BODIPY or NBD at the
w-carbon atom are taken up by cells similarly to natural fatty acids and utilized as fatty acid probes for
cellular studies (115-120). However, BODIPY- and NBD-based fatty acid probes cannot be applied for
in vivo imaging because of their unsuitable spectral properties, since they absorb and emit light in the
visible range of the electromagnetic spectrum.

ICG has been chosen as a fluorescent dye for the probe development due to its optical
properties, as it absorbs and emits light within the near-infrared region of 650-900 nm (the absorption
and emission maxima of ICG in plasma are 805 or 807 nm and 822 nm respectively) (100, 121). Since
NIR light has minimal absorption by biological tissues and tissue autofluorescence is low within the NIR
region, fluorophores such as ICG enable deeper tissue imaging and provide much better signal-to-noise
ratio compared to fluorophores that absorb and emit light in the visible range of the spectrum. These
optical properties make ICG suitable for in vivo imaging (83, 100, 122, 123). In addition, ICG is the only
800 nm NIR fluorophore, which was approved by the Food and Drug Administration and European
Medicines Agency (EMEA) for clinical applications (100, 124-126). Moreover, ICG is a suitable contrast
agent for optoacoustic imaging due to the partial conversion of its excitation energy into optoacoustic
waves (ICG quantum yield in plasma 9.3% (100)) that could be detected and processed into
high-resolution images (127-129). Therefore, ICG-based molecular probes including ICG-FA can be

applied for both optical and optoacoustic imaging.

2.2.2 Probe synthesis

Convergent synthesis of ICG-FA proceeded in 9 steps, which included the synthesis of
16-aminopalmitic acid (4) and an ICG derivative (9) containing a carboxylic group. The conjugation of

(4) and (9) via amide bond formation led to the final probe ICG-FA (11).

16-Aminopalmitic acid (4) was synthesized in three steps (96% overall yield) as a hydrochloride

salt (Scheme 2.1).
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Scheme 2.1 Synthesis of 16-aminopalmitic acid (4). (i) NaNs, DMF, 90°C, 14 h; (ii) H, (1 atm), 5% Pd/C, MeOH, 6
M HCl (aq.), 4 h; (jii) 1. NaOH, H,0-MeOH, 12 h; 2. HCI (aq.).

First, methyl 16-bromohexadecanoate (1) was reacted with NaNsz in DMF to produce azido ester (2) in
99% yield, which was subsequently reduced by Pd-catalyzed hydrogenation in the presence of HCI (aq.)
to afford amino ester (3). Addition of HCl was found to be essential to obtain the product (3), since in
the absence of HCl the catalytic reduction of azido ester (2) led to the formation of a significant amount
of a secondary amine as a result of a reductive dimerization (130, 131). Hydrolysis of amino ester (3)
by aqueous NaOH followed by acidification afforded the final amino fatty acid (4) as hydrochloride salt

(97% vyield over two last steps).

A monocarboxylic analog of ICG (9) was synthesized in four steps (Scheme 2.2).

Scheme 2.2 Synthesis of ICG-COOH (9). (i) 1,4-butane sultone, 130°C, 3 h; (ii) N-[5-(phenylamino)-2,4-
pentadienylidene]aniline monohydrochloride, Ac,O, 100°C, 1.5 h; (iii) 6-bromohexanoic acid, CH3;NO,, MW,
150°C, 2 h; (iv) pyridine, 40°C, 30 min.

First, 1,1,2-trimethyl-1H-benzo[elindole (5) was alkylated with 1,4-butane sultone to produce

sulfonate (6) in 67% yield. Sulfonate (6) underwent a condensation reaction with N-[5-(Phenylamino)-
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2,4-pentadienylidene]aniline monohydrochloride in acetic anhydride to give hemicyanine (7) in 76%
yield. It has been reported that the synthesis of quaternary heterocyclic N-alkyl ammonium salts can
be facilitated by the microwave irradiation, which allows reducing reaction times and also promotes
reactions when N-halogenalkylcarboxylic acids are utilized as alkylating agents [3, 4]. This approach
was employed to synthesize the second fragment of the ICG moiety containing N-alkylcarboxylic group
(8). Specifically, 1,1,2-trimethyl-1H-benzo[e]indole (5) was alkylated by 6-bromohexadecanoic acid in
nitrometane in a sealed tube under microwave irradiation to afford the product (8) after 2 h in 62%
yield. Condensation of compound (8) with hemicyanine (7) in pyridine under mild heating resulted in

the monocarboxylic analog of ICG (9) in 62% yield.

For the conjugation of aminopalmitic acid (4) to the monocarboxylic ICG analog (9), the latter
was first converted into N-hydroxysuccinimide derivative (10) upon treatment with N,N,N’,N’-

tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate (TSTU) (Scheme 2.3).

Scheme 2.3 Synthesis of ICG-FA (11). (i) TSTU, DIPEA, DMF, 30 min; (ii) 16-aminopalmitic acid 4, DIPEA, DMSO,
24 h.
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Then, the resultant NHS-ester (10) was reacted in the same flask with aminopalmitic acid hydrochloride
(4) in the presence of DIPEA to give ICG-FA probe (11) in 74% vyield after reverse-phase

chromatographic purification.

2.2.3 Optical properties of ICG-FA probe

Free ICG is known to bind to plasma proteins, which shifts the absorption spectrum about
25 nm towards longer wavelengths from 780 nm to 805 nm (100, 121, 132) and leads to chemical
stabilization of the dye (133). Similarly, ICG binding to plasma proteins shifts the emission peak (126).
For absorption and emission spectra measurements, ICG-FA probe was dissolved in PBS in the presence
of bovine serum albumin (BSA). ICG-FA demonstrated two absorption peaks, the lower at 730 nm and
the higher at 800 nm (Figure 2.4a) being similar to the absorption spectrum of ICG in plasma that has
two absorption maxima at 730 nm and 805 nm (121). Free fatty acids are known to bind to serum
albumin, which acts as a transport vehicle for them in the bloodstream (134-136). This suggests that
ICG-FA also binds to albumin, which leads to decrease of the probe aggregation in aqueous solutions.
Irradiation of ICG-FA solution by NIR light at 731 nm resulted in fluorescence with the peak maximum
at 818 nm (Figure 2.4b) that is similar to the observed emission maximum of ICG in serum at

822 nm (100).
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Figure 2.4 Optical properties of ICG-FA. Absorption (a) and emission (b) spectra of 10 uM ICG-FA dissolved in PBS
containing 0.1% fatty acid free BSA. The emission spectrum was obtained by excitation at 731 nm. a.u., arbitrary
units.

2.2.4 1CG-FA uptake studies in 3T3-L1 cells
To evaluate the ability of ICG-FA probe to mimic the cellular uptake of long-chain fatty acids,

the probe uptake in 3T3-L1 cells was investigated. 3T3-L1 cell line originally derived from mice is a
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widely used cellular model to study the fatty acid uptake, since 3T3-L1 fibroblasts can be differentiated
to adipocytes following specific culturing conditions (116, 119, 137, 138). Cell differentiation into
adipocytes induces expression of fatty acid transport proteins such as FATP1, FATP4, CD36, caveolin-1
and FABPpm, which results in significant enhancement of long-chain fatty acid uptake and
accumulation of lipid droplets in the cytosol (116, 117, 119, 120, 139-142). For ICG-FA uptake
experiment, 3T3-L1 fibroblasts and adipocytes were incubated with a solution of ICG-FA bound to
bovine serum albumin, which was supplemented with a fluorescent BODIPY-labeled analog of palmitic
acid BODIPY™ FL C16 (BODIPY-FA) as a positive control, and after washing and nuclear staining the cells

were examined with a fluorescent microscope (Figure 2.5).
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Figure 2.5 Comparison of ICG-FA and BODIPY-FA uptake in 3T3-L1 fibroblasts and adipocytes by fluorescence
microscopy. The cells were incubated with a mixture of BODIPY-FA (1 uM) and ICG-FA (5 uM) in HBSS containing
0.1% fatty acid free BSA for 30 min at 37°C and washed, and then the nuclei were stained with Hoescht 33342
(1 pg/mL) followed by live-cell fluorescence microscopy at 40x magnification. (a) Merged images for red (ICG-FA)
and blue (Hoescht) channels. (b) Merged images for green (BODIPY-FA) and blue (Hoescht 33342) channels.
(c) Merged images for red (ICG-FA) and green (BODIPY-FA) channels, which show colocalization of ICG-FA and
BODIPY-FA signals resulting in yellow color. Fluorescent images were acquired using the same imaging settings
for fibroblasts and adipocytes.

This experiment clearly demonstrated that ICG-FA produces fluorescence inside adipocytes,
confirming that ICG-FA is a cell permeable probe. Comparison of fluorescent signals from fibroblasts

and adipocytes revealed much higher ICG-FA uptake by the differentiated cells (Figure 2.5a). A similar
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difference in cellular uptake by 3T3-L1 fibroblasts and adipocytes was obtained for BODIPY-FA, which
was used as a positive control (Figure 2.5b). These results are in agreement with the previous studies
based on radiolabeled, fluorescent and bioluminescent fatty acids (72, 116, 117, 120). In addition,
ICG-FA and BODIPY-FA demonstrated similar localization patterns in the intracellular space of
adipocytes except the lipid droplets (Figure 2.5c), where ICG-FA did not give significant fluorescence. A
possible reason for lack of fluorescence from ICG-FA in the lipid droplets may be due to the
dependence of a molar absorptivity of the ICG fluorophore as well as its quantum yield and therefore
overall fluorescence intensity on the polarity of the environment, where non-polar solvents suppress
fluorescence intensity of ICG (143, 144). Since lipid droplets consist of triglycerides and sterol esters
(145), they provide non-polar environment, which may inhibit ICG-FA fluorescence. In contrast,
BODIPY fluorescence is almost insensitive to environmental polarity (146). In addition, ICG-FA
fluorescence can be quenched because of the dye aggregation (132, 147, 148), which can be expected

in non-polar lipid droplets.

The uptake of ICG-FA in 3T3-L1 fibroblasts and adipocytes was also analyzed and quantified
using a fluorescence microplate reader. The cells were treated with increasing concentrations of
ICG-FA and after washing and lysing cells in MeOH the fluorescence of lysates was measured with a
microplate reader. Cell lysis and dilution in MeOH decreases probe aggregation as ICG fluorophore has
high affinity to MeOH (149). Both fibroblasts and adipocytes demonstrated a dose-dependent increase
in ICG-FA fluorescence from cell lysates with an increase of the probe concentration (Figure 2.6).
However, adipocytes showed much more robust probe uptake compared to fibroblasts, which is
consistent with the results for ICG-FA uptake in 3T3-L1 cells obtained with fluorescence microscopy

(Figure 2.5).
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Figure 2.6 Concentration-dependent ICG-FA uptake by 3T3-L1 fibroblasts and adipocytes. (a) Measured
fluorescent signals from lysates of adipocytes and fibroblasts in MeOH following incubation with indicated
concentrations of ICG-FA in HBSS containing 0.1% fatty acid free BSA for 30 min at 37°C. (b) Bar-graph
representation of data shown in (a). Fluorescence measurements were performed with Tecan Infinite M1000
plate reader with excitation at 785 nm and emission 815 nm. Error bars are +SD, n = 3. Statistical analyses were
performed with a two-tailed t-test (¥*P < 0.0001). a.u., arbitrary units.

Moreover, adipocytes revealed a non-linear increase in fluorescence for higher probe concentrations,
whereas fibroblasts demonstrated a linear fluorescent response (R? = 0.9984) for all range of used
concentrations of ICG-FA (0-50 uM) (Figure 2.6a). These results suggest that ICG-FA uptake by
adipocytes exhibits saturation effects at higher probe concentrations due to the presence of a known
saturable protein-mediated component of fatty acid uptake in differentiated cells (116, 120, 141). A
decrease in the ratios of fluorescent signals from adipocytes and fibroblasts for higher ICG-FA
concentrations is also indicative of saturable probe uptake by adipocytes (Figure 2.6b). In contrast to
adipocytes, the same concentrations of ICG-FA did not exhibit saturation effects in undifferentiated
3T3-L1 cells, being consistent with the fact that undifferentiated fibroblasts take up fatty acids by

passive diffusion (120).

Next, ICG-FA uptake kinetics in 3T3-L1 adipocytes was compared to that in fibroblasts. The cells
were incubated with the same concentration of ICG-FA for various time intervals (5, 10, 20, 40, 60,
90 min), followed by measurements of fluorescence from cell lysates. While fibroblasts showed slow
increase of fluorescent signal over 90 min, adipocytes demonstrated much faster ICG-FA uptake

kinetics (Figure 2.7).
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Figure 2.7 Kinetics of ICG-FA uptake by 3T3-L1 fibroblasts and adipocytes. Fluorescent signals from cell lysates in
MeOH were measured after cell incubations with ICG-FA (20 uM) in HBSS containing 0.1% fatty acid free BSA for
indicated periods of time at 37°C. Fluorescence measurements were performed with Tecan Infinite M1000 plate
reader with excitation at 785 nm and emission 815 nm. The difference between adipocytes and fibroblasts for
each time point is significant (P < 0.0001). Error bars are SD, n = 3. a.u., arbitrary units.

The analysis of the kinetic curves represented in Figure 2.7 between two first time points (from 5 to 10
min) provided slope values 1062 a.u./min and 49 a.u./min for adipocytes and fibroblasts respectively,
indicating about 22-fold higher ICG-FA uptake rate in differentiated cells compared to fibroblasts
within this time interval. This kinetics pattern for ICG-FA uptake is consistent with the previous kinetics

data for fatty acid uptake in 3T3-L1 cells obtained using fluorescent BODIPY-FA probe (117).

To further test the hypothesis that ICG-FA uptake by cells is similar to the uptake of natural
fatty acids, 3T3-L1 adipocytes were incubated with ICG-FA in the presence of increasing concentrations
of a natural fatty acid oleic acid (used in the form of sodium oleate). Addition of oleate resulted in a
dose-dependent decrease of ICG-FA fluorescence from differentiated 3T3-L1 cells (Figure 2.8),
demonstrating a competition between ICG-FA and oleic acid for cellular uptake in adipocytes. This
result suggests that the probe uptake by adipocytes overlaps with that of natural fatty acids. As can be
seen in Figure 2.8 excess of oleate did not fully suppress ICG-FA uptake. This may result from the fact
that oleate influences only the protein-mediated component of cellular fatty acid uptake (150-153),
suggesting that the observed residual fluorescence from the probe in the presence of high

concentrations of oleate represents passive uptake of ICG-FA into adipocytes.
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Figure 2.8 Effect of oleate on the uptake of ICG-FA by 3T3-L1 adipocytes. (a) Measured fluorescent signals from
lysates of cells in MeOH after incubation with ICG-FA (1 uM) in HBSS in the presence of indicated concentrations
of sodium oleate for 30 min at 37°C. (b) Sigmoidal graph representation of data shown in (a), which gives ICso
value of 43 uM for oleate. Error bars are +SEM, n = 3. Statistical analyses were performed with a two-tailed t-test
(*P < 0.05, **P < 0.01, ***P < 0.001 relative to signal in the absence of oleate). a.u., arbitrary units.

Taken together, the results of ICG-FA uptake experiments in 3T3-L1 cells are consistent with
the previous studies of differentiation-induced changes in long-chain fatty acid uptake by 3T3-L1 cells
based on utilizing radiolabeled and fluorescent fatty acids (116, 117, 120), which supports the

hypothesis that ICG-FA mimics the uptake of natural long-chain fatty acids.

2.2.5 ICG-FA uptake studies in U87MG-luc cells

ICG-FA probe uptake was investigated in a U87MG human glioblastoma cell line (154, 155) that
was expressing luciferase enzyme (U87MG-luc), as US7MG is one of the most commonly used cell lines
for studies on human glioma. U87MG-luc were subsequently used in this work for generating tumor
xenographt models for in vivo studies of ICG-FA, since the expression of luciferase in xenographts
provides the ability for non-invasive monitoring of tumor growth using D-luciferin substrate and

bioluminescence imaging (156).

For ICG-FA uptake studies, U87MG-luc were incubated with a solution of the probe bound to
BSA and after washing and nuclear staining the cells were examined by fluorescence microscopy. As
can be seen in Figure 2.9 the fluorescent signal from ICG-FA was detected inside the cells, verifying that

the probe is cell permeable and accumulates in UB7MG-luc cells.
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Figure 2.9 Imaging of ICG-FA uptake in U87MG-luc by fluorescence microscopy. The cells were incubated with
ICG-FA (20 uM) in HBSS containing 0.1% fatty acid free BSA for 3 h at 37°C and washed, and then the nuclei were
stained with Hoescht 33342 (1 pg/mL) followed by live-cell fluorescence microscopy at 40x magnification.
(a) Bright-field image. (b) Fluorescent image representing blue channel (Hoescht 33342). (c) Fluorescent image
representing green channel (ICG-FA). (d) Merged fluorescent image for green (ICG-FA) and blue (Hoescht 33342)
channels.

Next, the uptake of ICG-FA by U87MG-luc cells was compared with the uptake of ICG. Cells
were incubated with increasing concentrations of the probes in a BSA solution followed by washing
and cell lysis in MeOH and then measuring fluorescence using a microplate reader. Both ICG-FA and
ICG showed an increase of a fluorescent signal from cell lysates in a concentration-dependent manner
(Figure 2.10). ICG-FA demonstrated robust dose-dependent uptake by U87MG-luc cells, whereas the
cellular uptake of ICG was significantly lower (Figure 2.10b). As a negatively charged molecule, free ICG
dye cannot passively cross a cellular membrane. Uptake of ICG by tumor cells is not well studied,
however some reports showed involvement of organic anion transporting polypeptide (OATP) in
squamous cell carcinoma (157), organic anion transporting polypeptide 1B3 (OATP1B3) and
sodium-taurocholate co-transporting polypeptide (NTCP) in hepatic tumor cells in the ICG uptake
(158). In a recent study, Onda et al. investigated ICG uptake in colon cancer cells and suggested that
membrane transporters such as OATP1B3 facilitate ICG incorporation in tumor cells only partially, and

it was proposed that endocytosis plays a major role in ICG uptake by tumor cells (124).
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Figure 2.10 Comparison of ICG-FA and ICG uptake by U87MG-luc cells. (a) Measured fluorescent signals from
lysates of cells in MeOH after incubation with indicated concentrations of ICG-FA or ICG in HBSS containing 0.1%
fatty acid free BSA for 3 h at 37°C. (b) Bar-graph representation of data shown in (a). Error bars are +SD, n = 3.
Statistical analyses were performed with a two-tailed t-test (**P <0.01, ***P < 0.001, ****P <0.0001). a.u.,
arbitrary units.

The results of the uptake studies in U87MG-luc cells demonstrate that conjugation of ICG to a
long-chain fatty acid to form ICG-FA results in increased cellular uptake of the conjugate compared to
the uptake of free ICG and provides enhanced fluorophore accumulation inside the cells (Figure 2.10).
U87MG cells were shown to express high levels of the fatty acid transporter FATP3, which is also called
acyl-CoA synthase ACSVL3 that was shown to be important for growth and maintenance of the
malignant phenotype of the cells and glioma xenographts in mice (159). The expression of another
member of fatty acid transport proteins family, FATP4, was also found in U87MG cells (159). FATPs are
known to be implicated in the uptake of long-chain fatty acids by cells (160). In addition, fatty acid
binding proteins 3 and 7 (FABP3 and FABP7) as well as adipophilin (ADRP), which are involved in the
cellular uptake of long-chain fatty acids (161-163), are upregulated in U87MG cells under hypoxia that
occurs during the increase of the tumor mass, and they become essential for cellular fatty acid uptake
as well as for the maintenance of in vivo growth of U87MG xenographts (113). This suggests that
enhanced uptake of ICG-FA by U87MG-luc may result from the involvement of the cellular proteins
mediating the transport of long-chain fatty acids in glioma cells, which leads to stronger fluorescent

signal from ICG-FA in the cells as compared to ICG.
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2.2.6 Biodistribution studies in mice

The biodistribution of ICG-FA in mice was evaluated and compared with the biodistribution of
free ICG by whole body in vivo fluorescence imaging and ex vivo imaging of the excised organs. Two
groups of Swiss nu/nu mice were intravenously injected with equal doses of ICG-FA and ICG
respectively, and the whole body dorsal and ventral fluorescent signals were monitored in vivo over
50 hours (Figure 2.11 and Figure 2.12). Imaging 30 min post injection detected non-significant difference
between whole-body fluorescence from ICG-FA and ICG (Figure 2.13) that produced respectively
31 (P <0.01) and 22-fold (P <0.0001) higher dorsal signals than the background fluorescence and
34 (P <0.001) and 49-fold (P < 0.001) higher ventral signals than the background signal. However,
ventral imaging 30 min post injection revealed stronger fluorescence from ICG in the upper abdominal
area (Figure 2.12). ICG is known to have rapid elimination from the bloodstream (plasma half-life 3-4
min) via fast and exclusive uptake by hepatocytes with subsequent excretion with the bile into the
intestine (132). ICG demonstrated fast decrease of in vivo dorsal fluorescence and slower decrease of
ventral fluorescent signal due to the intestinal excretion of the fluorophore that in turn determines
the rate of ICG elimination from the body. However, for ICG-FA the dorsal fluorescent signal was stable
up to 8 h post injection followed by gradual decrease. Analysis of ventral images revealed that ICG-FA
also accumulated in the liver and during later time points post injection produced strong fluorescence
from the abdominal region (Figure 2.12), which suggests that the probe or its metabolite undergoes
hepatobiliar excretion into the intestine. Dorsal and ventral whole-body fluorescent signals from
ICG-FA 50 h post injection were respectively 4 and 5-fold (P < 0.0001) stronger than the background
level. Invivo fluorescence from ICG 50 h post injection was not different in comparison to the

background signal.
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Figure 2.11 /n vivo dorsal fluorescence imaging of Swiss nu/nu mice after intravenous administration of ICG-FA
(left mouse) or ICG (right mouse). Equal dose of ICG-FA or ICG (20 nmol/25 g, 100 uM probe solution in PBS
containing 0.1% (w/v) fatty acid free BSA) was injected via tail vein and imaging was performed at indicated time
points post injection. Representative images (n = 3 per group).
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Figure 2.12 In vivo ventral fluorescence imaging of Swiss nu/nu mice after intravenous administration of ICG-FA
(left mouse) or ICG (right mouse). ICG-FA and ICG (20 nmol/25 g, 100 uM probe solution in PBS containing 0.1%
(w/v) fatty acid free BSA) were injected via tail vein and imaging was performed at indicated time points post
injection. Representative images (n = 3 per group).
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Figure 2.13 Comparison of whole-body fluorescent signals from ICG-FA and ICG in Swiss nu/nu mice. Mice were
injected with equal doses of ICG-FA or ICG (20 nmol/25 g, 100 uM probe solution in PBS containing 0.1% (w/v)
fatty acid free BSA) via tail vein and were imaged at indicated time points post injection. (a) Kinetics of dorsal
fluorescence from mice injected with ICG-FA or ICG. (b) Bar-graph representation of data shown in (a). (c) Kinetics
of ventral fluorescence from mice injected with ICG-FA or ICG. (d) Bar-graph representation of data shown in (c).
The signals for t = 0 correspond to background fluorescence from mice before administration of the probes. Error
bars are £SEM, n = 3 (n = 2 for t = 0.5 h). Statistical analyses were performed with a two-tailed t-test (*P < 0.05,
**P <0.01, ¥***P < 0.001, ****P < 0.0001).

Ex vivo imaging of excised organs (liver, kidney, lung, brown adipose tissue and white adipose
tissue, spleen, skeletal muscules, heart, brain) 2 h after intravenous injection of ICG-FA revealed about
an order of magnitude stronger tissue fluorescence compared to the signal from the organs following

equimolar ICG injection (Figure S2.1).

Intravenous administration of the probe with the doses up to 50 nmol per mouse (2 mg/kg)
did not lead to any behaviorial or physiological alterations during the observation period over 6

months, suggesting that the probe does not exhibit toxic effects in vivo for the used range of doses.

Taken together, the biodistribution studies in vivo and ex vivo demonstrate that the

conjugation of ICG to the long-chain fatty acid palmitic acid results in much higher accumulation and
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longer retention of ICG-FA in various tissues. These results are consistent with the cellular experiments,
which demonstrated that ICG-FA is a cell-permeable probe that mimics the uptake of long-chain fatty
acids. Since various organs require fatty acid uptake from the circulation for their metabolic
needs (164), it can be suggested that the fatty acid uptake mechanism contributes to the increased

organ accumulation and retention of ICG-FA in vivo.

2.2.7 Invivo fluorescence imaging of glioma in living mice using ICG-FA

The cellular studies demonstrated high ICG-FA accumulation in U87MG-luc glioma cells. To
determine whether ICG-FA can be utilized for glioma imaging in vivo, the probe accumulation was
studied in a subcutaneous murine U87MG-luc tumor xenographt model. To establish tumor
xenographts, U87MG-luc cells were subcutaneously implanted in Swiss nu/nu mice. Expression of the
luciferase enzyme in the implanted cells allowed non-invasive in vivo monitoring of the tumor location
and size, which was achived by intraperitoneal D-luciferin injection (Figure 2.14a). When the tumors
had reached 4-7 mm in diameter, two groups of xenographt-bearing mice were injected with equal
doses of ICG-FA and ICG (20 nmol/25 g) respectively followed by in vivo fluorescence imaging over 24 h
in order to determine the singlal kinetics from the injected probes in the tumors. ICG-FA produced
fluorescent signal in the tumor that was distinguishable from the signal in surrounding tissues as early
as 30 min post injection (Figure 2.14b). The fluorescence from ICG-FA in the tumor was increasing over
time and reached the maximum around 8 h post injection. However, the same dose of free ICG dye did
not produce comparable fluorescence in the tumor (Figure 2.14b). The quantification of detected
signals from ICG-FA and ICG in the xenographts demonstrated completely different kinetics of
fluorescence from the probes (Figure 2.15a,b). Whereas tumoral fluorescence from ICG-FA was
increasing during 8 h post injection with a slow decrease during later time points, the tumoral signal
from ICG was continuously decreasing over 24 h after injection. When 2.5 times higher dose of probes
(50 nmol/25 g) was injected in the xenographt bearing mice the kinetics pattern for the tumoral
fluorescence from each probe was similar to the corresponding kinetic curves observed for the lower
dose (Figure 2.15c, Figure S2.2). ICG-FA signal in the tumor increased 1.9 times (P = 0.019) during 8 hours
after injection (dose 50 nmol/25 g) and then until the last imaging time point (49 h) decreased 3.3
times (P < 0.005) from the maximal level. The tumor-to-background ratio (T/B) for ICG-FA was in the
range 1.9-2.5 (P < 0.05 for all time points) over 49 h. The same dose of ICG gave the maximal tumoral
signal during the first hour post injection that was comparable to the fluorescence from ICG-FA,
however the ICG signal rapidly decreased with 32-fold reduction over 48 h. The highest in vivo T/B
value for ICG was 2.0 that was only observed 1 h post injection, and after that the tumor signal was

close to the background level during the later imaging period.
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Figure 2.14 In vivo imaging of glioma xenographts in a mouse model. Swiss nu/nu mice bearing subcutaneous
tumors (U87MG-luc) were injected with D-luciferin potassium salt (3 mg/kg in PBS i.p.) followed by
bioluminescence imaging 10 min post injection. After 24 h the mice (n = 2 per group) were injected with ICG-FA
or ICG (20 nmol/25 g for both probes i.v.) and fluorescence was monitored over 24 h. (a) Representative
bioluminescence images of tumor xenographts following D-luciferin injection. (b) Representative fluorescence
images of tumor xenographts at indicated time points post injection over 0-24 h following ICG-FA or ICG
administration. The images correspond to the same mice, which are shown in (a).
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Figure 2.15 Comparison of fluorescent signals in vivo after administration of ICG-FA or ICG in Swiss nu/nu mice
bearing subcutaneous glioma (U87MG-luc) xenographts. (a) Kinetics of fluorescent signals from ICG-FA or ICG
(20 nmol/25 g for each probe i.v.) in tumor (T) and skin above healthy region (BG) of mice measured over 24 h
post injection. (b) Comparison of fluorescent signals in tumors from ICG-FA and ICG (20 nmol/25 g for each probe
i.v.) at indicated time points post injection. (c) Kinetics of fluorescent signals from an increased dose of ICG-FA or
ICG (50 nmol/25 g for each probe i.v.) in tumor (T) and skin above healthy region (BG) of mice monitored over
48 h post injection. (d) Comparison of fluorescent signals in tumors after injecting a higher dose of ICG-FA or ICG
(50 nmol/25 g for each probe i.v.) at indicated time points post injection. In (a,b) n = 2 for each group. In (c,d)
n = 3 for ICG-FA, n = 2 for ICG. Error bars are +SEM.

To confirm in vivo results, ICG-FA accumulation in the subcutaneous U87MG-luc tumor
xenographts was also analyzed by ex vivo imaging of excised tumors. In addition, tumor-to-background
ratio (T/B) for the resected glioma xenographts was calculated, where the fluorescence from the
healthy brains of mice was used as a background level. In this experiment first the tumor fluorescence
was measured in vivo 15 h post injection of ICG-FA and ICG followed by registration of in vivo
bioluminescent tumoral signals, which was initiated by D-luciferin administration. Immediately after

that, the mice were euthanized and the excised tumors and brains were imaged ex vivo (Figure 2.16).
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Similar to in vivo results, robust fluorescent signals from ICG-FA were detected in the excised tumor

xenographts.
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Figure 2.16 Representative in vivo and ex vivo images showing fluorescent signals from ICG-FA or ICG and
corresponding bioluminescent signals in the subcutaneous glioma (U87MG-luc) xenographt mouse model. Swiss
nu/nu mice bearing the tumor xenographts were injected with ICG-FA or ICG (50 nmol/25 g for each probe i.v.)
followed by in vivo fluorescence imaging 15 h post injection. Then, the mice received injection of D-luciferin
potassium salt (3 mg/kg in PBS i.p.) and in vivo bioluminescence imaging (BLI) was performed 10 min post
injection. Immediately after that, the mice were euthanized, the tumor (T) and the brain (B) from each animal
were harvested and their ex vivo fluorescence was measured. Next, bioluminescence imaging for excised tumors
was performed. For ICG-FA n = 4, for ICG n = 1. Fluorescence units are [p/s/cm?/sr] / [uW/cm?]). Bioluminescence
units are [p/s/cm?/sr].

The tumor that was excised from the mouse after ICG injection did not produce significant
fluorescence. ICG-FA generated 26-fold stronger signal in the glioma xenographt compared to the
tumor signal from ICG (Figure 2.17). The calculated T/B ratio (tumor signal/brain signal) for the mice
injected with ICG-FA was 4.5 (P < 0.01), whereas for the mouse that received ICG injection there was
no difference between ex vivo fluorescent signals from the tumor and the brain. According to the

literature, accumulation of a fluorescent probe in a tumor is considered substantial if the tumoral

fluorescence is > 2.5-fold stronger as compared to the fluorescence from the healthy tissue (165).
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Figure 2.17 Ex vivo comparison of fluorescent signals from ICG-FA and ICG in subcutaneous U87MG-luc tumor
xenographts and in the corresponding brains after their excision from Swiss nu/nu mice bearing the xenographts.
The mice were injected with ICG-FA or ICG (50 nmol/25 g for each probe i.v.) and were sacrificed 15 h post
injection followed by fluorescence imaging of excised tumors and brains. Error bars are +SEM; n = 4 for ICG-FA,
n =1 for ICG. Statistical analysis was performed with a two-tailed t-test (**P < 0.01).

ICG-FA was also tested in a transgenic mouse model GRLp53fko that spontaneously develops
glioma (166). This experiment was performed in collaboration with Dr. Ksenya Shchors (Prof. Douglas
Hanahan lab, EPFL). Symptomatic GRLp53fko mice and wild-type FVB/NJ mice were intravenously
injected with equal doses of ICG-FA or ICG followed by ex vivo fluorescence imaging and
histopathological analysis of excised brains. As shown in Figure 2.18, ICG-FA produced strong
fluorescence in the brain with tumor, with the brightest fluorescent signal coming from the middle
part of the brain, which corresponded to the tumor location determined using histopathological
analysis. In contrast, ICG generated 7.1-fold weaker fluorescence in the brain that contained bigger
tumor (Figure 2.18, Figure 2.19). Importantly, ICG-FA revealed 2.8-fold stronger signal from the brain

with glioma than in the normal brain.
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Figure 2.18 Ex vivo fluorescence imaging of brain tumors using ICG-FA and ICG in GRLp53fko transgenic mouse
model that develops spontaneous high-grade glioma and comparison with fluorescence imaging of normal
brains. Symptomatic mice that developed spontaneous brain tumor and wild-type FVB/NJ mice were injected
with ICG-FA or ICG (20 nmol/25 g for each probe). After 2 h the mice were euthanized and the brains were excised
followed by fluorescence imaging. For each fluorescence image the corresponding hematoxylin and eosin (H&E)
staining is shown on the right. Dashed line in H&E images indicates the border between the tumor (T) and healthy
tissue. Fluorescence units are [p/s/cm?/sr] / [uW/cm?]. The experiment was performed in collaboration with
Dr. Ksenya Shchors (Prof. Douglas Hanahan lab, EPFL). H&E staining was performed by Dr. Ksenya Shchors.
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Figure 2.19 Ex vivo comparison of fluorescent signals from ICG-FA and ICG in the whole brains of GRLp53fko
transgenic mice that develop spontaneous high-grade glioma (indicated as Tumor) versus fluorescent signals in
whole brains of wild-type FVB/NJ mice (indicated as Normal). The data correspond to Figure 2.18. Each group
represents one mouse. The experiment was performed in collaboration with Dr. Ksenya Shchors (Prof. Douglas
Hanahan lab, EPFL).
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Although a small sample size restricts statistical value of the studies in the spontaneous tumor
model, the obtained experimental results are consistent with the data for the ICG-FA and ICG studies

in the subcutaneous glioma xenographt model.

Altogether, these results demonstrate the ability of ICG-FA to target glioma in mice in

U87MG-luc xenographt model and in GRLp53fko transgenic model.

2.2.8 Intraoperative tumor fluorescence imaging and image-guided surgery using
ICG-FA

The ability to detect tumor margins is necessary for complete removal of malignant tissues,
which in turn determines the effectiveness of surgical treatment and patient prognosis. Visual
inspection and palpation are standard ways for a surgeon to discriminate between malignant and
healthy tissues during surgery; however, they are not always sufficient. Near-infrared fluorescent
probes that target cancer cells can aid a surgeon to achieve complete tumor resection (167). ICG-FA
probe was assessed as an imaging agent for intraoperative tumor imaging in a canine patient with
mastocytoma. Mastocytoma is the most common skin cancer in dogs accounting for up to 21% of all
canine skin cancers and represents a malignant transformation of mast cells that are normally involved
in immune responses and inflammatory processes (168, 169). A canine patient with mastocytoma was
intravenously injected with a solution of ICG-FA prior to surgery to assess the ability of the probe to
target the tumor. The canine imaging experiment was performed by veterinarian Dr. Arno Roos
(Veterinair Verwijscentrum Gouda, Netherlands) according to the provided experimental protocol. An
open-air intraoperative fluorescence imaging system was used for detecting near-infrared
fluorescence from ICG-FA in the canine patient in real time (170). Intraoperative imaging 10 h
post-injection detected a strong fluorescent signal from ICG-FA in the tumor (Figure 2.20). Following

mastocytoma resection the tumor bed showed minimal background fluorescence (Figure 2.20d).
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Photo Overlay with FLI

Figure 2.20 Intraoperative in vivo fluorescence imaging of mastocytoma in a dog using ICG-FA probe. A canine
patient with mastocytoma was injected intravenously with ICG-FA (0.32 mg/kg, 200 uM solution in PBS
containing 0.1% (w/v) fatty acid free BSA). 10 h post injection in vivo fluorescence imaging and
fluorescence-guided tumor surgery were performed. The images demonstrate a photograph (left) and an overlay
of a photograph with a fluorescence image (FLI) (right). Fluorescence is represented by green pseudocolor.
(a) Tumoral area with skin dissected around the tumor. (b) Left tumor margin is exposed. (c) Right tumor margin
is exposed. (d) Wound bed after tumor excision. Arrows indicate the tumor. Imaging was performed using Solaris
open-air fluorescence imaging system (PerkinElmer) with a fluorescent channel 800 nm. The imaging experiment
was performed by Dr. Arno Roos (Veterinair Verwijscentrum Gouda, Netherlands).
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The excised tumor tissue was imaged ex vivo and showed strong fluorescence that was

detectable through the intact skin above the tumor (Figure 2.21).

Photo Overlay with FLI

Figure 2.21 Ex vivo fluorescence imaging of excised mastocytoma from a canine patient injected i.v. with ICG-FA
(0.32 mg/kg) 10 h prior to surgery. The images demonstrate a photograph (left) and an overlay of a photograph
with a fluorescence image (FLI) (right). Fluorescence is represented by green pseudocolor. (a) Images of excised
tissue with the intact skin above the tumor. (b) Images of excised tissue with dissected skin above the tumor.
Imaging was performed using Solaris open-air fluorescence imaging system (PerkinElmer) with a fluorescent
channel 800 nm. The imaging experiment was performed by Dr. Arno Roos (Veterinair Verwijscentrum Gouda,
Netherlands).

Although, the exact mechanism of the probe accumulation in this type of tumor is not clear,
this result demonstrates the ability of ICG-FA to target mastocytoma in vivo. Enchanced permeability
and retention (EPR) effect that is known to be present in various tumors may play role in ICG-FA
targeting mastocytoma. Another possible mechanism could be the upregulation of long-chain fatty
acid uptake in mastocytoma cells. One study found that the uptake rate of a polyunsaturated
long-chain fatty acid arachidonic acid was very fast in murine mastocytoma cells (171), which suggests
the involvement and possible upregulation of the protein-mediated fatty acid uptake mechanism in

these cells that can be shared for the uptake of other types of long-chain fatty acids (116).

This proof-of-concept experiment demonstrates the applicability of the ICG-FA probe for
image-guided tumor surgery that provides valuable optical guidance for a surgeon during the tumor

resection allowing maximal cancer excision with preservation of healthy surrounding tissues. The
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established ability of ICG-FA to target glioma in murine tumor models suggests that the probe may also

be applicable for image-guided surgery of glioma.
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2.3 Experimental Section

2.3.1 Materials and methods. Chemical part

General information. All reactions were performed under inert atmosphere of nitrogen unless
otherwise noted. The solvents and reagents were ordered from Acros, Sigma-Aldrich, TCI, Fluorochem
and were used as received. Analytical thin-layer chromatography was carried out using SiO»-coated
glass plates (DC Kieselgel 60G Fzs4, Merck). The compounds on TLC plates were visualized by UV-light
at 254 nm or by immersing the plates in cerium molybdate solution followed by heating. LCMS analysis
was carried out with Waters Acquity UPLC system with Acquity UPLC® BEH C8 or C18 column (2.1 x 50
mm, 1.7 um) connected to Waters Acquity LC/MS system or with Agilent Infinity 1260 HPLC system
(Agilent, Santa Clara, CA) using SunFire® C18 column (2.1 x 20 mm, 3.5 um) connected to Quadrupole
LC/MS system (Agilent). Degassed HPLC grade solvents from Fisher Chemicals and Millipore water
were used for LCMS analysis. Preparative HPLC purification was performed with Waters preparative
HPLC system connected to XTerra® Prep MS C18 OBD™ column (5 pm, 19 x 50 mm) using HPLC grade
solvents from Fisher Chemicals and Millipore water. Nuclear magnetic resonance spectra were
acquired on Bruker AV-400 MHz spectrometer. NMR chemical shifts are reported in parts per million
6 (ppm) using the central line of the solvent residual proton and carbon signal as an internal reference.
Splitting patterns are defined as s (singlet), d (doublet), dd (doublet of doublets), t (triplet), q (quartet),
m (multiplet), br (broad). HRMS measurements (ESI-HRMS) were performed at the EPFL Mass

Spectrometry Service using Micro Mass QTOF Ultima (Waters).

Methyl 16-azidohexadecanoate (2) was synthesized following a modified procedure described
in (189). Sodium azide (746 mg, 11.5 mmol) was added to a solution of methyl
16-bromohexadecanoate (2.0 g, 5.74 mmol) in DMF (20 mL) at RT and then the mixture was stirred at
90°C for 14 h under N,. Next, the reaction mixture was cooled to RT and then diluted with AcOEt
(80 mL) and then mixed with water (100 mL). A separated water phase was extracted with AcOEt
(2 x 40 mL). Combined organic fractions were washed with brine (2 x 50 mL), then dried with Na,SO4
and then concentrated in vacuo to give almost colourless oil, which upon drying in high vacuum yielded
a white solid of 2 (1,71 g, 99% vyield), which was directly used in the next step without purification.
1H NMR (400 MHz, CDCl5) & 3.66 (s, 3H), 3.25 (t, J = 7.0 Hz, 2H), 2.30 (t, / = 7.6 Hz, 2H), 1.68-1.53 (m,
4H), 1.41-1.19 (m, 22H).

Methyl 16-aminohexadecanoate hydrochloride (3) was synthesized following a modified
procedure described in (189). Methyl 16-azidohexadecanoate 2 (860 mg, 2.76 mmol) was dissolved in
MeOH (35 mL) followed by three vacuum-N, cycles. Then, 5% Pd/C (175 mg) and aqueous 6 M HCI

(2.3 mL, 13.8 mmol) were added to the reaction mixture under N,. The reaction flask was filled with
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H,, and the compound 2 was hydrogenated under normal pressure for 4 h. The catalyst was removed
by filtration through a pad of Celite and the filtrate was concentrated in vacuo to provide the product 3,
which was directly used in the next step without purification. MS (ESI): calculated for C;7H3sNO; [M+H]*
286.3, found 286.3.

16-Aminohexadecanoic acid hydrochloride (4). The whole amount of ester 3 obtained in the
previous step was dissolved in MeOH (25 mL) followed by dropwise addition of 4.5 M NaOH
(6 mL, 27.3 mmol) under stirring at RT. The resultant suspension was sonicated for 5 min and then was
stirred overnight at RT. Next, the reaction mixture was evaporated in vacuo to dryness and then was
redispersed in aqueous 1.2 M HCI (35 mL) followed by filtration. A separated white precipitate was
washed on a filter with aqueous 1.2 M HCI (2 x 20 mL) followed by drying in vacuum to give the
product 4 as a white solid (816 mg, 96% yield), which was used in the following synthesis without
purification. MS (ESI): calculated for C16H3aNO; [M+H]*272.3, found 272.3.

4-(1,1,2-trimethyl-1H-benzo[elindol-3-ium-3-yl)butane-1-sulfonate (6) was prepared
following the procedure described in (190). 1,1,2-trimethyl-1H-benzo[e]indole 5 (5.00 g, 23.9 mmol)
was mixed with 1,4-Butanesultone (3.25 g, 23.9 mmol) and the reaction mixture was refluxed for 3 h
at 130°C. The black solid was filtered and washed with acetone (3 x 30 mL) and then dried in vacuo to
afford the product 6 as a grey powder (5.50 g, 67%). MS (ESI): calculated for C19H24NO3S [M+H]*346.2,
found 346.2.

4-(1,1-dimethyl-2-((1E,3E,5E)-6-(N-phenylacetamido)hexa-1,3,5-trien-1-yl)-1H-

benzo[elindol-3-ium-3-yl)butane-1-sulfonate (7) was prepared following a modified procedure
described in (191). Sulfonate 6 (1.21 g, 3.51 mmol) was mixed with acetic anhydride (50 mL) followed
by addition of N-[5-(phenylamino)-2,4-pentadienylidene]aniline monohydrochloride (1.0 g, 3.51
mmol), and the resultant mixture was stirred at 100°C for 1.5 h. After cooling down, the mixture was
mixed with water (30 mL) and the formed precipitate was isolated and washed with water (1 x 30 mL)
and then with Et,0 (3 x 20 mL) followed by drying in vacuo to give the product 7 as a violet solid (1.45
g, 76% yield). MS (ESI): calculated for C3;H3sN,04S [M+H]*543.2, found 543.2.

6-(1,1,2-trimethyl-1H-benzo[e]indol-3-ium-3-yl)hexanoate (8). 1,1,2-trimethyl-1H-
benzo[e]indole 5 (969 g, 4.63 mmol) was dissolved in nitromethane (1 mL) in a tube for microwave
synthesis, followed by addition of 6-bromohexanoic acid (903 mg, 4.63 mmol). The resultant
suspension was sonicated for 5 min and then was heated in a microwave reactor at 150°C for 2 h. After
cooling down, the reaction mixture was mixed with Et;O (30 mL) to form a sticky solid, which was
filtered and mixed again with Et,0 (30 mL) followed by sonication. Dark-brown powder was separated

and mixed with DCM (10 mL) followed by sonication. The solid was filtered and washed with DCM
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(1 x5 mL), then with Et,0 (3 x 20 mL) and then was dried in vacuo to provide the product 8 as a purple

powder (1.17 g, 78% yield). MS (ESI): calculated for C21H26NO> [M+H]*324.2, found 324.2.

4-(2-((1E,3E,5E,7E)-7-(3-(5-carboxypentyl)-1,1-dimethyl-1,3-dihydro-2H-benzo[e]indol-2-

ylidene)hepta-1,3,5-trien-1-yl)-1,1-dimethyl-1H-benzo[e]indol-3-ium-3-yl)butane-1-sulfonate  (9).
Compound 7 (336 mg, 0.62 mmol) was dissolved in pyridine (9.5 mL), followed by addition of the
intermediate 8 (250 mg, 0.77 mmol), and the resultant mixture was stirred at 40°C for 30 min under
N». Then, the mixture was concentrated in vacuo and the solid obtained was dissolved in DCM with
subsequent addition of toluene (15 mL), and then the solvents were evaporated in vacuo. The green
residue was purified by SiO, column chromatography using a gradient elution with a mixture of
DCM-MeOH (from 0% to 12% (v/v) of methanol) to give a dark green powder of the product 9 (222 mg,
49%). MS (ESI): calculated for C4sHs1N20sS [M+H]*731.35, found 731.30.

4-(2-((1E,3E,5E,7E)-7-(3-(6-((15-carboxypentadecyl)amino)-6-oxohexyl)-1,1-dimethyl-1,3-

dihydro-2H-benzo[e]indol-2-ylidene)hepta-1,3,5-trien-1-yl)-1,1-dimethyl-1H-benzo[e]indol-3-ium-
3-yl)butane-1-sulfonate (11). Monocarboxylic analog of ICG 9 (6 mg, 8.2 umol) was dissolved in DMF
(0.5 mL) followed by addition of O-(N-Succinimidyl)-N,N,N’,N'-tetramethyluronium tetrafluoroborate
(TSTU) (3.2 mg, 10.6 pumol) and DIPEA (1.7 pl, 9.8 umol). The mixture was stirred for 1 h at RT with
protection from light to produce N-hydroxysuccinimide derivative 10, the formation of which was
monitored by LCMS analysis. Then, a suspension of compound 4 (7.6 mg, 24.6 umol) in DMSO (1 mL)
was added directly to the reaction mixture containing NHS-ester 10 followed by addition of DIPEA
(4.3 ul, 24.8 umol) and stirring for 20 h at RT under N, with protection from light. Next, the mixture
was concentrated in vacuo and the residue was purified by preparative HPLC (C18 column,
solvent A: H,0 + 0.1% formic acid, solvent B: acetonitrile + MeOH 1:1 (v/v), gradient: from 20% to 100%
of solvent B over 10 min) to afford pure ICG-FA (11) as a dark-green solid (6 mg, 74% yield).
HRMS (ESI): calculated for Cs;Hs1N3sNaOgS [M+Na]* 1006.5744, found 1006.5704.

2.3.2 Materials and methods. Biological part.

Cell lines. 3T3-L1 cells were obtained from ATCC. U87MG-luc cells were obtained from

Dr. Aleksey Yevtodiyenko.

3T3-L1 differentiation into adipocytes. 3T3-L1 fibroblasts were grown in Dulbecco's Modified
Eagle Medium (DMEM) containing 4.5 g/L glucose, 10% fetal calf serum and 1%
penicillin/streptomycin. Differentiated cells were generated by treating fibroblasts 48 hours post-
confluency with DMEM containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin, 1

pg/ml insulin, 0.25 uM dexamethasone, 0.5 mM IBMX and 2 uM rosiglitazone (DM1-R medium) for
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48 h. Then DM1-R medium was replaced by DMEM containing 10% FBS and 1%
penicillin/streptomycin, supplemented with 1 pug/ml insulin (DM2) for 48 h, followed by maintenance
in DMEM containing 10% FBS and 1% penicillin/streptomycin (DMS). Differentiated adipocytes were
used between day 8 and day 12 after initiating the differentiation with DM1-R.

ICG-FA uptake experiments in 3T3-L1 cells. 3T3-L1 fibroblasts were seeded in 6 well plates
(Corning® CellBIND® 6 Well Clear Multiple Well Plates, Flat Bottom, with lid, Sterile, Product #3335) at
density 3000 cells/cm? in DMEM (4.5 g/L glucose) containing 10% fetal calf serum and 1%
penicillin/streptomycin. Differentiation into adipocytes was performed as described above. ICG-FA and
BODIPY-FA (BODIPY™ FL C16, ThermoFisher Scientific, Cat. # D3821) were dissolved in DMSO to get
10 mM or 50 mM stock solutions and were stored under nitrogen in darkness at -20°C. Prior to the
experiments the stock solutions were diluted in 0.1% fatty acid-free BSA in HBSS (with Ca?*and Mg?*)
to get the final uptake solutions, unless otherwise noted. Sodium oleate was dissolved in Millipore

water to get 100 mM stock solution and aliquots were stored under nitrogen in darkness at -20°C.

For the fluorescence microscopy study, fibroblasts and adipocytes were seeded in a 8-well
chamber slide 24 h before the experiment. After starvation in FBS-free DMEM for 1 h the cells were
incubated with an uptake solution containing a mixture of BODIPY-FA (1 uM) and ICG-FA (5 uM) in
HBSS containing 0.1% fatty acid free BSA for 30 min at 37°C and then were washed three times with
0.5% fatty acid-free BSA-HBSS for 10 min on ice. Next, the nuclei were stained with Hoescht 33342
(1 pg/mL) for 5 min followed by washing with PBS. Live-cell fluorescence microscopy was performed
using EVOS FL Auto Cell Imaging System at 40x magnification applying the same imaging settings for

both fibroblasts and adipocytes for each fluorescent channel.

For the dose-response experiment, 3T3-L1 fibroblasts and adipocytes grown in 6 well plates
were serum starved in FBS-free DMEM (4.5 g/L glucose) for 1 h before the assay and then were
incubated with ICG-FA solutions (1-50 uM) in 0.1% fatty acid-free BSA-HBSS for 30 min. Following the
incubation the cells were rinsed with HBSS containing 0.1% fatty acid free BSA and then were washed
three times with 0.5% fatty acid-free BSA-HBSS for 10 min while keeping the cells on ice. After washing
the cells were rinsed with PBS and trypsinized, and then the cell suspension was diluted with 0.1% fatty
acid free BSA-HBSS followed by centrifugation at 1300 rpm for 5 min. The cell pellet was resuspended
in 1 ml of absolute MeOH followed by sonication to give a fine dispersion. The cell dispersions were
loaded in Corning® clear bottom black wall 96 well plates (200 ul per well) in triplicates and

fluorescence measurements were performed using Tecan Safire2 plate reader at Aex/em 785/815 nm.

Kinetics of ICG-FA uptake in 3T3-L1 cells was measured by incubating the cells with a solution

of ICG-FA (20 uM in HBSS containing 0.1% fatty acid free BSA) for the indicated time periods (0-90 min)
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followed by processing the cells using the protocol as described above for the dose-response

experiment.

For the competition experiment with oleate, an uptake solution of ICG-FA (1 uM) was prepared
in HBSS supplemented with 2% of HEPES followed by the addition of sodium oleate (100 mM stock
solution) to obtain the indicated final concentrations of oleate. Cell incubations and all the following

steps were performed according to the protocol described above for the dose-response assay.

ICG-FA uptake experiments in U87MG-luc cells. U87MG-luc cells were grown in Eagle's

Minimum Essential Medium (EMEM) containing 10% FBS and 1% penicillin/streptomycin.

For the fluorescence microscopy study, U87MG-luc cells were seeded in a 8-well chamber slide
(10* cells per well) 24 h before the experiment. After starvation in FBS-free DMEM for 1 h the cells
were incubated with ICG-FA (20 uM) in HBSS containing 0.1% fatty acid free BSA for 3 h at 37°C and
then were washed three times with 0.5% fatty acid-free BSA-HBSS for 10 min on ice. Next, the nuclei
were stained with Hoescht 33342 (1 pg/mL) for 5 min followed by washing with PBS. Live-cell
fluorescence microscopy was performed with EVOS FL Auto Cell Imaging System applying 40x

magnification using the near-infrared EVOS light cube.

For the comparison of ICG-FA and ICG uptake, U87MG-luc cells were seeded in Corning®
CellBIND® 6 Well Clear Multiple Well Plates 24 h before the experiment. After starvation in FBS-free
EMEM for 1 h the cells were incubated with ICG-FA or ICG (1-20 uM for each probe) in HBSS containing
0.1% fatty acid free BSA for 3 h at 37°C and then the cells were processed using the protocol as

described above for the dose-response experiment in 3T3-L1 cells.

Animal experiments. Animals were housed and treated in accordance with the animal
protocols approved by the Swiss Federal Food Safety and Veterinary Office. The canine experiment

was performed in accordance with the regulations at Veterinair Verwijscentrum Gouda, Netherlands.

Imaging Equipment and Software. Mice imaging was performed using the IVIS Spectrum
imaging system (PerkinElmer). Photon fluxes of regions of interest were calculated with the IVIS Living

Image software.

Biodistribution studies of ICG-FA. Two groups of Swiss nu/nu mice were injected intravenously
with ICG-FA (group 1) and ICG (group 2) (20 nmol/25 g, 100 uM solution in 0.1% fatty acid free BSA in

PBS) followed by fluorescence imaging under anesthesia with 2% isoflurane in oxygen.

Glioma imaging in a subcutaneous xenographt mouse model. Swiss nu/nu female mice (6-7

weeks old) were injected with U87MG-luc cells (2x108 cells/mouse in 100 pL PBS) subcutaneously into
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the lower dorsal side. For bioluminescence imaging of xenographts the mice were injected
intraperitoneally with D-luciferin potassium salt (3 mg/kg in PBS) 10 min before imaging. Fluorescence
imaging was performed when the tumors reached 4-7 mm in diameter. Xenographt bearing mice were
administered intravenously with ICG-FA or ICG (20 or 50 nmol/25 g, 100 uM solution in 0.1% fatty acid
free BSA in PBS) followed by in vivo fluorescence imaging under anesthesia with 2% isoflurane in

oxygen.

For ex vivo imaging experiment, the mice were first injected with ICG-FA or ICG (50 nmol/25 g)
and imaged 15 h post injection. Then the animals received injection of D-luciferin potassium salt
(3 mg/kg in PBS) followed by bioluminescence imaging 10 min post injection. Immediately after that

the mice were euthanized and the xenographts and the brains were excised and imaged ex vivo.

Glioma imaging in a transgenic mouse model. The experiment was performed in collaboration
with Dr. Ksenya Shchors (Prof. Douglas Hanahan lab, EPFL) who provided the animals. Symptomatic
GRLp53fko mice and wild-type FVB/NJ mice were intravenously injected with ICG-FA or ICG (20
nmol/25 g, 100 uM solution in 0.1% fatty acid free BSA in PBS). After 2 h the mice were sacrificed
followed by harvesting the brains and ex vivo imaging. Then, the brains were fixed by zinc formalin
fixative followed by histopathological analysis using hematoxylin and eosin staining (performed by Dr.

Ksenya Shchors).

Intraoperative mastocytoma imaging using ICG-FA in a canine patient. The experiment was
executed by veterinarian Dr. Arno Roos (Veterinair Verwijscentrum Gouda, Netherlands) who selected
the dog with mastocytoma, carried out the probe administration according to the provided
experimental protocol, performed surgery and in vivo and ex vivo tumor imaging. The dog with
mastocytoma was intravenously injected with ICG-FA solution (0.32 mg/kg, 200 uM in PBS containing
0.1% fatty acid free BSA) 10 h before the surgery. Intraoperative in vivo and ex vivo tumor imaging was
performed using Solaris open-air fluorescence imaging system (PerkinElmer) with a fluorescent

channel 800 nm.
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2.4 Supplementary figures
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Figure S2.1 Comparison of ICG-FA and ICG biodistribution in healthy FVB/NJ mice. Mice were injected with ICG-FA
or ICG (20 nmol/25 g) and sacrificed 2 h postinjection. Organs were harvested and imaged using IVIS Spectrum
imaging system. (a) Fluorescence images of harvested organs. SM - skeletal muscles, K - kidney, Lu - lung,
H - heart, BAT - brown adipose tissue with surrounding white adipose tissue, S - spleen, L - liver. (b) Measured
fluorescence from harvested organs. The measurement was performed using the same size region of interest
(ROI) for all organs.
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Figure S2.2 In vivo imaging of glioma xenographts in a mouse model. Swiss nu/nu mice bearing subcutaneous
tumors (U87MG-luc) were injected with D-luciferin potassium salt (3 mg/kg in PBS i.p.) followed by
bioluminescence imaging 10 min post injection. After 24 h the mice were injected with ICG-FA or ICG (50 nmol/25
g for both probes i.v.) and fluorescence was monitored over 24 h. (a) Representative bioluminescence images
of tumor xenographts following D-luciferin injection. (b) Representative fluorescence images of tumor
xenographts at indicated time points post injection over 0-24 h following ICG-FA or ICG administration. The
images correspond to the same mice, which are shown in (a). For ICG-FA n =3, for ICG n = 2.
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Chapter 3 Bioluminescence Imaging of
Triglyceride Uptake

Triglycerides (TGs) are a major lipid component in the diet comprising 95% of consumed
lipids (192). They are one of the most important energy sources providing about 40% of daily calories
in the Western diet (192, 193). TGs deposited in the adipose tissue and in the liver constitute the main
form of energy storage in the human body (194). Dietary TGs act as a source of fatty acids including
essential fatty acids that cannot be synthesized by humans and must be taken up with food. Dietary
TGs also act as a vehicle for fat-soluble vitamins. Intact triglycerides cannot pass through the
gastrointestinal barrier, as they should be hydrolysed first by gastrointestinal lipases in order to be
absorbed (195-200). The stomach and the small intestine are the major organs of triglyceride digestion
and absorption, where important physico-chemical and enzymatic processes take place that enable
efficient uptake of the lipolysis products of TGs by enterocytes (192, 193, 195, 201). The efficiency of
TG absorption by the digestive system under normal conditions is more than 95% (193, 202). Although
TGs play important nutritional role, their increased consumption may lead to the development of
obesity, the metabolic syndrome, cardiovascular disease, non-alcoholic fatty liver disease, diabetes,
and cancer (203-207). Considering the high significance of TGs for human health and nutrition, studies
of TG absorption in vivo and monitoring its changes in various physiological and pathological conditions
as well as a result of pharmacotherapy and certain approaches for modulating lipid digestion are of

great importance (208-212).

3.1 Triglyceride structure

Triglyceride molecules consist of a glycerol backbone and three acyl groups attached to it via
ester bonds (Figure 3.1). Since TGs may contain different fatty acids, their positions are designated by
the stereochemical numbering system (sn). If the acyl group of a TG, which is connected to the middle
carbon of glycerol, is drawn to the left in the Fischer projection, then the top, the middle and the
bottom carbons of glycerol become designated as sn-1, sn-2 and sn-3 respectively (Figure 3.1) (213,
214). In most TGs the acyl groups at sn-1 and sn-3 positions are different, which makes the sn-2 carbon

asymmetric, and therefore two enantiomers for such TGs exist.
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Figure 3.1 The general stereochemical structure of a triglyceride. Fischer (left) and wedge-and-dash (right)
projections. R, R? and R3 represent different acyl groups. For the R20-group drawn to the left in the Fisher
projection, the top carbon of the glycerol backbone is designated as sn-1, the middle carbon is designated as
sn-2, and the bottom carbon is designated as sn-3 (214).

Each type of fat (vegetable oil, animal fat) consists of hundreds of different complex
triglycerides due to the presence of various types of fatty acyl chais in TG molecules (213). The aliphatic
chain length of fatty acids can vary from 4 to 28 carbons, which determines their classification: short
chain (< 6 carbons), medium chain (6 to 12 carbons), long chain (13 to 21 carbons), and very long chain
(=2 22 carbons) (215). In turn, the length of the fatty acyl chains in TG molecules defines the
nomenclature of short-chain TGs (SCTGs), medium-chain TGs (MCTGs) and long-chain TGs (LCTGs)
(215). The majority of dietary triglycerides are LCTGs, which may contain both saturated and
unsaturated fatty acids (192, 213, 216). MCTGs provide less calories than LCTGs, 8.3 kcal/g and 9.2
kcal/g respectively (215, 217). Examples of TGs, which are present in some dietary fats and oils, are

shown in Figure 3.2.

(0] (0]
o)j\/\/\/\/\/\/\/\ 0)‘\/\/\/\/\/\/\/\
}OT]/\/\/\/\/\/\/\/ >/0\n/\/\/\/\/\/\/\/
o\n/o\/\/\/\/\/\/\/ O\n/o\/
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tripalmitin (PPP) 1,2-dipalmitoyl-3-butyryl-sn-glycerol (PPB)

(0] (0]
O\HB\/\/\/\/\/\/\/ O\H/O\/\/\/\/\/
(o) (0]
1,2-dioleyl-3-palmitoyl-sn-glycerol (OOP) tridodecanoin (DDD)
Figure 3.2 Triglycerides which are present in some natural fats and oils.

LCTG tripalmitin (PPP) is present in palm oil (218). 1,2-dipalmitoyl-3-butyryl-sn-glycerol (PPB) and
1,2-dioleyl-3-palmitoyl-sn-glycerol (OOP) are major components in butter fat and olive oil

respectively (213). MCTG tridodecanoin (DDD) is a major constituent of the coconut oil (213).
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3.2 Intestinal absorption of triglycerides

Intact triglycerides cannot be absorbed in the gastrointestinal tract. The digestion of dietary
TGs requires several sequential physicochemical and enzymatic processes that convert TGs into more
water-soluble products, which can be absorbed by enterocytes (195-200). The first step results in
emulsification of dietary fat in the stomach. During the second step, the emulsion undergoes
enzymatic hydrolysis in the stomach and small intestine by the action of gastrointestinal lipases. Then,
the products of TG hydrolysis are solubilized in mixed micelles with bile salts and phospholipids and
are transported to the surface of enterocytes. During the last step, the lipolytic products (fatty acids
and sn-2-monoacylglycerol) are taken up by enterocytes, reassembled into TGs and secreted as
chylomicrons from the basolateral side of the cells into the lymphatic system (derived from LCTG) or
predominantly into the portal vein as free fatty acids (derived from MCTG) (192, 196, 201, 215, 216,
219).

3.2.1 Gastric lipid digestion

The digestion of dietary lipids starts in the stomach, where they first undergo emulsification to
form lipid droplets due to mechanical processing (propulsion, grinding, retroplulsion) by stomach
peristaltis. Emulsification leads to an increase of the surface area of the lipid-water interface, which is
necessary for the efficient TG digestion by lipases, since lipases are water-soluble enzymes that exibit
their activity only on the surface of water-insoluble substrates (192, 195, 220). Potential emulsifying
agents that act in the acidic environment of the stomach are digestion products of dietary proteins,
complex polysaccharides and phospholipids (220). The generated lipid droplets consist of a
hydrophobic core, which includes the majority of TG molecules mixed with esterified cholesterol and
fat soluble vitamins, and a surface monolayer containing phospholipids, free cholesterol and small
amount of TGs (2-5 mol%) available for cleavage by lipases (221).

Gastric lipolysis of TGs takes place by the action of acid-stable preduodenal lingual and gastric
lipases. Humans produce predominantly gastric lipase, whereas rodents produce predominantly
lingual lipase(201). One study reported that lingual lipase activity in humans has only 0.015% of the
total gastric lipase activity (222). Human gastric lipase consists of 379 amino acid residues with a
molecular weight of about 50 kDa and has close homology with rat lingual lipase, which is composed
of 377 amino acid residues (223). Both lingual and gastric lipases show lack of homology with porcine
pancreatic lipase and do not require any cofactors such as colipase (223). Lingual and gastric lipases
perform their catalytic action under acidic conditions and have a pH optimum between pH 4.0
and 6.0 (224). Preduodenal lipases are inhibited only by 20% in the presence of bile salts above their
critical micellar concentration, which is in contrast to pancreatic lipase that has 100% inhibition by bile

salts (220). Gastric lipase is still active at pH 6.5-7.0, therefore it can continue to hydrolyze TGs in the
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duodenum, where pH is between 6 and 7 (201, 225). Preduodenal lipases preferentially cleave fatty
acids at the sn-3 position of TGs, which occurs two times faster than the cleavage at the sn-1 position
(201, 221, 226), and these lipases possess 5-8-fold higher activity towards MCTG than towards
LCTG (227). The gastric lipolysis results in the digestion of 10-30% of dietary TGs and leads to the
formation of diacylglycerols and fatty acids as major lipolytic products and monoacylglycerols as minor
products, which together with dietary phospholipids facilitate the emulsification of lipids in the
stomach (192, 201, 221, 228, 229). The protonated free long-chain fatty acids generated in the course
of gastric lipolysis provide a feedback inhibition of gastric lipase, as the lipase becomes entrapped in
free fatty acid-rich particles that are formed on the droplets surface during lipolysis (230). This
phenomenon explains the relatively limited degree of gastric lipolysis (10-30%). For the same amount
of TGs smaller initial lipid droplet size facilitates gastric lipolysis and increases the extent of TG
digestion in the stomach, since under physiological conditions lipases are released in excess relative to
its substrate, and larger lipid-water interface allows the binding of the higher number of lipase
molecules to the TG substrate (219, 231). At the same time, the larger interface area delays inhibition
of gastric lipase by free fatty acids, since high surface concentrations of fatty acids inhibiting the
lipolysis are reached at later time points for larger surface areas (231). Taken together, the TG lipolysis
in the stomach has an important contribution to the total TG digestion, since it hydrolizes 10-30% of
TGs and promotes fat emulsification by generated lipolytic products, therefore it facilitates the final
digestion of lipids by pancreatic lipase (219). Moreover, in conditions of physiological (infants) and
pathological (pancreatitis, cystic fibrosis) pancreatic deficiency gastric lipase plays a crucial role in the

TG digestion (219, 221).

3.2.2 Intestinal lipid digestion

Following gastric digestion, partially hydrolyzed lipid emulsion enters the duodenum, where
lipolysis is completed by the action of pancreatic enzymes. The duodenal entry of the gastric chyme
containing free fatty acids triggers the release of a peptide hormone cholecystokinin (CCK) into the
circulation, which stimulates the pancreatic secretion of digestive enzymes, activates gallbladder
contraction with release of bile into the duodenum and slows gastric emptying (220, 232). Pancreas
produces several enzymes with lipolytic activity: colipase-dependent lipase or pancreatic lipase (PL),
carboxyl ester lipase (also named cholesterol ester hydrolase, cholesterol esterase, carboxylic ester
hydrolase or bile salt-stimulated lipase) and phospholipase A, (195, 221). Pancreatic secretions also
contain two pancreatic lipase-related proteins (PLRP1 and PLRP2), which have structural homology
with pancreatic lipase, with only PLRP2 possessing TG lipase activity (197). The role of PLRP1 and PLRP2
in lipid digestion remains unclear. Among various lipolytic enzymes PL plays a major role in the

digestion of TGs (193, 196, 201, 220, 221). Human PL is a serine hydrolase with a single-chain
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glycoprotein containing 449 amino acids and has a molecular weight 49,558 (200, 233). The catalytic
triad of PL consists of serine (Serl52), histidine (His263) and aspartate (Asp176) (233, 234). The

mechanism of TG lipolysis by pancreatic lipase is illustrated in Figure 3.3.
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Figure 3.3 Mechanism of pancreatic lipase catalysis.

During the first step, the hydroxyl group of Ser152 is deprotonated by His263, as the basicity of the
latter is increased by hydrogen bonding to Asp176 (Figure 3.3a). This results in an increase of
nucleophilicity of the hydroxyl residue of Ser152 that attacks the carbonyl group of one of the terminal
fatty acyl chains of triglyceride producing the first tetrahedral intermediate (Figure 3.3b). The oxyanion

hole formed by Phe77 and Leul53 stabilizes the negatively charged tetrahedral intermediate and
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decreases the activation energy for its formation; therefore, it promotes the catalysis (234, 235). Then,
the tetrahedral intermediate anion undergoes transformation with the restoration of the carbonyl
group to form the acyl-enzyme intermediate, accompanied by the release of diglyceride as a leaving
group (Figure 3.3c). During the following step, the acyl-enzyme intermediate undergoes a nucleophilic
attack by a hydroxyl ion generated from a water molecule after donating its proton to His263 base.
This attack produces the second tetrahedral intermediate, which is stabilized by the oxyanion hole
(Figure 3.3d). Transformation of the tetrahedral intermediate anion restores the carbonyl group with
the liberation of free fatty acid and release of the catalytic hydroxyl residue of Ser152 (Figure 3.3e)
(234, 236). This catalytic triad is common to a large superfamily of lipases, esterases and

thioesterases (237).

PL reaches the maximum of its catalytic activity in the range of pH 6.5-9.0 (238). The enzyme
possesses much higher hydrolytic activity towards water-insoluble substrates such as TGs, than
towards water-soluble substrates. It has been suggested that PL undergoes a conformational change,
triggered by lipid-water interface, which is necessary for the catalytic site to become accessible for a
substrate (200). For the lipolysis PL requires an additional protein, colipase, that enables efficient

binding of lipase to the surface of lipid droplets (196).

In the small intestine the products of lipolysis are mixed with bile salts, phospholipids and
cholesterol present in the bile with the formation of colloidal structures (multi- and unilamellar vesicles
and mixed micelles), which provide solubilization of the lipolytic products in the intestinal lumen and
their subsequent delivery to the brush border membrane of enterocytes for the cellular uptake.
Incorporation of released fatty acids and monoglycerides into colloidal structures significantly
facilitates the transport of these molecules across the unstirred water layer that acts as a barrier
between the fluid phase in the intestine and the membrane of enterocytes (201, 239, 240).
Interestingly, sn-2-monoglycerides can decrease the lipolysis of triglycerides as a result of their
accumulation and absorption on the water-lipid interface, which prevents the access of lipase to the
substrate. Therefore, sn-2-monoglycerides can have regulatory effect on lipolysis. Due to the action of
bile salts sn-2-monoglycerides are solubilized and removed from the interface, which restores lipid

digestion in vivo (211).

3.3 Methods for in vivo measurement of intestinal triglyceride absorption

Considering essential role of TGs in health and nutrition and their implication in a number of
pathologies, methods and tools that allow measurement and quantification of intestinal triglyceride

absorption in vivo are important for fundamental research as well as for clinical diagnostics. Existing
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methods for in vivo measurement of intestinal triglyceride absorption are based on non-invasive and
invasive protocols, and some of them require animal euthanasia.

A direct non-invasive method for the measurement of dietary fat absorption is a fat-balance
assay, where the difference between fat intake and faecal fat excretion is calculated (241). However,
this method is difficult in practice and has many limitations due to errors, as it requires accurate
measurement of fat in the diet as well as complete collection of feces (242, 243). Another
semiquantitative assay is based on fecal microscopy using stains for fat (244). Alternative method
utilizing sucrose polybehenate as a non-absorbable marker was proposed by Tso and co-authors,
where the marker that is non-hydrolizable by gastrointestinal lipases was mixed with dietary fat and
fed to rats and mice (242). Sucrose polybehenate is a component of a fat substituent olestra that is
used commercially and has physical properties identical to that of TGs, but has no interference with
absorption of dietary TGs. After animal feeding with the test food containing the marker a small fecal
sample was assayed and fat absorption was determined from the ratios of behenic acid to other fatty
acids in the diet and in feces, which was analyzed by gas chromatography of fatty acid methyl
esters (242). An invasive approach that utilizes TG with odd-chain fatty acids was proposed as a fat
absorption test, where simultaneous oral administration of odd-chain pentadecanoic acid and
triheptadecanoin was followed by using gas-liquid chromatographic analysis of blood samples (245).
This approach is based on the fact that odd-chain lipids are present in small quantities only in diary
food and their serum levels are very low (245).

Another group of methods for the assessment of intestinal TG absorption employs radiolabeled
or stable isotope labeled TGs. Radiolabeled medium- and long-chain TGs as well as mixed TGs such as
[*4C]-trioctanoin, [**C]-tripalmitin, [**C]-triolein and 1,3-dioleyl-2-['*C]-decanoyl glycerol have been
proposed for non-invasive lipid absorption measurements in patients with pancreatic insufficiency,
where the breath excretion of a fatty acid oxidation product '#CO, was measured after oral
administration of !C-labeled TGs with a test meal (246-248). In a study performed by
Greenberger et al. [**C]-tripalmitin and ['*C]-trioctanoin were employed for the comparison of the
intestinal hydrolysis and absorption of medium-chain TGs versus those of long-chain TGs in isolated
intestinal loops of rats (249). In this study radiolabeled TGs were injected into the loops followed by
radioactivity measurements of the excised intestine and collected blood samples.

Another radiolabeled TG tracer [9,10-3H]-triolein is also utilized for dietary lipid absorption
studies by analyzing feces, blood samples or excised intestine from animals fed with the probe (2089,
250-252). Huggins et al. used [9,10-3H]-triolein to measure the rate of lipid absorption in pancreatic
lipase-knockout mice by measuring radioactivity in plasma after time point blood sampling (251).
A study using [9,10-3H]-triolein was performed by Hellgren et al. to investigate the influence of the

emulsifier type on the intestinal TG absorption in mice by ex vivo analysis of the excised gastrointestinal
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tract (209). In a study performed by Meier et al. radiolabeled TGs [9,10-3H]-triolein, [**C]-tripalmitin,
[*4C]-triolein and [*C]-tri-y-linolenin were used to investigate the influence of the lipase inhibitor
orlistat on the intestinal absorption of TGs in mice by measuring the residual radioactivity in feces
excreted after oral administration of test meals mixed with the TG tracers (252).

TG probes containing radioactive iodine isotopes such as [*?°l]-triolein and [*3!]-triolein were
developed for the assessment of intestinal lipid absorption and were tested in humans and rats
respectively (253, 254). These molecules were administered orally in a combination with a
non-absorbable marker glycerol [7>Se]-triether (1-butylselenyl-[7>Se]-2,3-di(octadecyloxy)propane),
followed by radioactivity measurements in feces using isotope balance method (oral ingestion minus
fecal excretion) or isotope ratio method (comparison of isotope ratios in a test meal and in a stool
sample).

TG tracers based on the stable isotope '*C were applied for non-invasive assessment of intestinal
lipid absorption by measuring 3CO, to *2CO, isotope ratio in exhaled air using continuous flow isotope
ratio mass spectrometry (255-257). Mixed TG 1,3-distearoyl-2-[1-3C]octanoyl glycerol containing a
13C-labeled medium-chain fatty acid at the sn-2 position and a long-chain stearic acid at the sn-1 and
sn-3 positions was introduced by Ghoos et al. for the assessment of pancreatic function using the
breath test (256). Kalivianakis et al. utilized this probe to study TG absorption in a rat model of lipid
malabsorption generated by orlistat administration and demonstrated the relationship between the
orlistat dose and a measured 3CO; response (255).

A dual-modal optical/PET TG probe with oleic acid at sn-1 and sn-3 positions and a fluorescent
fatty acid BODIPY-FL-C;6 (BODIPY-palmitic acid) at sn-2 position has been recently reported by
Paulus et al. as a TG imaging agent for in vitro and in vivo applications (258). The probe contains a
BODIPY fluorescent dye that was labeled with 8F after performing 8F/'°F exchange reaction. Since
BODIPY fluorophore does not possess suitable optical properties for in vivo imaging, in vivo utilization
of this probe is limited only to PET modality. In the report only probe development but no in vivo
applications were demonstrated (258).

In summary, the methods for in vivo measurement of TG absorption described to date require
ex vivo processing and analysis of collected biological samples, which contain ingested radioactive or
non-radioactive TG tracers or their metabolites, using weight measurements, chromatography, mass
spectrometry or radioactivity counting. Many of them require invasive procedures and animal
euthanasia. These methods do not give spatiotemporal information about the intestinal TG absorption;
they enable measurements of the amount of absorbed TGs but do not allow for real-time in vivo
imaging of lipid absorption dynamics. Up-to-date, no optical probes have been reported for in vivo
imaging of TG absorption. Bioluminescence imaging is an attractive alternative to be used for

preclinical studies, since it allows obtaining important biological information in a non-invasive way, is
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rapid and relatively easy for implementation, affords high sensitivity and has relatively low cost,

provided that an animal model being used is expressing luciferase (5, 13, 259).

3.4 Results

3.4.1 Probe design

The approach used for the design of the probes for in vivo bioluminescence imaging of TG
uptake is based on a bioluminescent reporter-biomolecule conjugate strategy, where a biomolecule is
labeled with a bioluminescent reporter that generates the signal upon cellular uptake. The conjugation
is performed in a way that it does not perturb the natural behavior of a biomolecule and at the same
time, it enables the signal production only upon the cellular uptake of the conjugate or its metabolite.
A previously described approach for generating luciferin-biomolecule conjugates for cellular uptake
studies utilizes D-luciferin as a bioluminescent reporter, the latter one being connected to a
biomolecule of interest through the disulfide-carbonate linker. The main disadvantage of this approach
is the limited hydrolytic stability of the disulfide-carbonate linker, which leads to an increase of the
background signal (71, 72, 74-77, 260). Moreover, the attempts to synthesize triglyceride-luciferin
probes using the disulfide-carbonate linker turned out to be ineffective. In order to overcome these
problems, for the design of TG probes a 6-N-alkylated analog of D-aminoluciferin 6-N-(3-
mercaptopropyl)-aminoluciferin (MPr-AL) was employed as a bioluminescent reporter. This MPr-AL
contains a non-hydrolizable N-propyl linkage and a terminal thiol group for the conjugation to a
biomolecule via a disulfide bond. 6-N-alkylated aminoluciferins are known to act as substrates for
firefly luciferase (43, 44, 261-264). The applicability of MPr-AL scaffold for labeling biomolecules was
first demonstrated by Manuel Drefahl, who generated the conjugates with nucleic acids (unpublished
results). Based on the MPr-AL scaffold, bioluminescent analogs of a long-chain triglyceride tripalmitin,
a medium-chain triglyceride tridecanoin and a long-chain free fatty acid palmitic acid (entries I-V,
Table 3.1) were developed, where MPr-AL was attached to the lipid molecules at the end of their
aliphatic chains via a disulfide bond. The choice of this site of the lipid molecules for the attachment
of the bioluminescent reporter MPr-AL was based on the previous reports, which demonstrated that
the modifications of fatty acids at the omega-carbon atom did not change their uptake mechanism by
cells (72, 115, 116). Long-chain triglyceride probes LCTG-Lucl1 and LCTG-Luc2 contain MPr-AL linked to
the terminal acyl chain and to the sn-2-acyl chain respectively (entries | and Il, Table 3.1). The
medium-chain triglyceride probe MCTG-Lucl (entry IV, Table 3.1) contains MPr-AL linked to the
terminal acyl chain. As a control compound, which lacks hydrolyzable ester groups, a glycerol triether
LCGE-Lucl, labeled with MPr-AL at the terminal acyl chain, was developed (entry Illl, Table 3.1).
LCTG-Lucl, LCGE-Lucl and MCTG-Lucl were produced from racemic (RS)-3-benzyloxy-1,2-
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propanediol. As a bioluminescent probe for long-chain free fatty acids, FA-Luc was generated, where
MPr-AL was attached to palmitic acid (entry V, Table 3.1). FA-Luc is an improved bioluminescent fatty
acid probe with stability to hydrolysis, compared to a previously reported fatty acid probe FFA-SS-Luc

containing the disulfide-carbonate linker (72).

Table 3.1 Structures of triglyceride-luciferin and fatty acid-luciferin probes
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3.4.2 Mechanism of the probe activation

The cellular absorption of triglycerides requires first their hydrolysis by lipases (195-198, 265,
266), with pancreatic lipase (PL) playing the main role in the gastrointestinal tract. PL hydrolizes
triglycerides acting at sn-1 and sn-3 positions, which leads to the release of free fatty acids and
sn-2-monoacylglycerol (196, 238, 267). Upon the action of PL, triglyceride probes LCTG-Lucl,

LCTG-Luc2 and MCTG-Lucl would produce bioluminescent metabolites: long-chain fatty acid-luciferin
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(LCFA-Luc = FA-Luc), sn-2-monoacylglycerol-luciferin (LCMG-Luc2) and medium-chain fatty

acid-luciferin (MCFA-Luc) respectively (Scheme 3.1a-c).
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Scheme 3.1 Lipolysis of TG probes by pancreatic lipase. Only bioluminescent metabolites are shown as the
products.

These metabolites would be taken up by cells, followed by intracellular release of MPr-AL, as the
disulfide bond is stable extracellularly but undergoes rapid cleavage upon cellular uptake due to the
high concentration of glutathione in the cytosol (71, 72, 74, 75, 268), as shown in Figure 3.4 for
LCTG-Lucl probe. The released bioluminescent reporter MPr-AL would be converted by firefly
luciferase to the corresponding oxyluciferin derivative producing a photon. Thus, the photon flux
would represent the amount of triglyceride, which is hydrolyzed by lipases and absorbed by cells.
Emitted light is detected with a charge-coupled device (CCD) camera allowing the quantification of the

triglyceride absorption in luciferase expressing cells and mice (Figure 3.4). For the control compound
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LCGE-Lucl, no lipolysis is possible as all the ester groups are replaced with the ether groups, therefore

the probe cannot be hydrolysed by lipase and no specific signal would be generated (Scheme 3.1d).
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Figure 3.4 The mechanism of the BL signal generation by LCTG-Lucl in luciferase expressing cells.
3.4.3 Synthesis of probes

All developed probes LCTG-Lucl, LCTG-Luc2, MCTG-Lucl, LCGE-Lucl and FA-Luc were
synthesized using the general conjugation strategy with the bioluminescent reporter MPr-AL, as

depicted in Scheme 3.2.
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Scheme 3.2 General approach for the synthesis of lipid-luciferin conjugates.
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Specifically, a mercapto-triglyceride or a mercapto-fatty acid is reacted with MPr-AL derivative
PyS-MPr-AL in the presence of a base (B) in a mixture of tetrahydrofuran-dimethylformamide.
PyS-MPr-AL contains an activated disulfide bond due to the presence of the 2-mercaptopyridyl moiety
and reacts with thiols via thiol-disulfide exchange with the liberation of 2-mercaptopyridine, which
undergoes tautomerization in 2(1H)-pyridinethione as a main form existing in polar solvents (269, 270).
The formation of 2(1H)-pyridinethione is a driving force of this thiol-disulfide exchange reaction (269,
271). As a result, this process allows the transfer of the luciferin reporter MPr-AL to thiol-containing

molecules with the formation of the disulfide bond (Scheme 3.2).

PyS-MPr-AL (6) was synthesized in 4 steps (41% overall yield), as outlined in Scheme 3.3. First,
thioacetic acid (1) was reacted with acrolein (2) in the presence of DIPEA via the Michael addition to
produce aldehyde (3), which was subsequently introduced into the reductive amination reaction with
the 6-aminobenzothiazole-2-carbonitrile in the presence of NaBH(OAc)s to afford nitrile (4). The
condensation reaction of D-cysteine with nitrile (4) under inert conditions in a mixture of
acetonitrile-PBS gave rise to S-acetylated luciferin (5). In order to produce the final compound (6) a
free thiol group formed after deacetylation of the precursor (5) should be reacted with
2,2'-dipyridyl disulfide. Isolation of the air-sensitive free thiol derivative of (5) would take extra steps
and might be complicated by possible oxidation to form the dimer. The reaction was performed
directly from the S-acetylated luciferin (5) to the final product (6) by combining in one step in situ
deacetylation reaction and mixed disulfide formation, therefore the necessity to isolate the
thiol-containing intermediate was avoided. This transformation was performed by treating
compound (5) with excess of 1.2 M NHs; in MeOH in the presence of 2,2'-dipyridyl disulfide under inert

conditions. This step proceeded smoothly at RT to give PyS-MPr-AL (6) in 91% yield.
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Scheme 3.3 Synthesis of PyS-MPr-AL (6). Reagents and conditions: (i) DIPEA, DCM, 0 °C to RT, 12 h; (ii)
6-aminobenzothiazole-2-carbonitrile, NaBH(OAc)s, AcOH, THF, RT, 12 h; (iii) D-cysteine, acetonitrile-PBS (2:1),
RT, 1 h; (iv) 2,2'-Dipyridyl disulfide, 1.2 M NH3 in MeOH, RT, 12 h.

For the synthesis of LCTG-Luc1 (14) (RS)-3-benzyloxy-1,2-propanediol was utilized as a glycerol
scaffold, as it allows constructing the triglyceride, which contains two identical acyl chains at vicinal

oxygen atoms of the glycerol backbone and a different acyl chain at the third oxygen atom. The
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synthesis of LCTG-Lucl proceeded in 6 steps with 45% overall yield (Scheme 3.4). First, activation of
palmitic acid (7) using oxalyl chloride in the presence of catalytic amount of DMF gave palmitoyl
chloride (8), which was reacted with (RS)-3-benzyloxy-1,2-propanediol in the presence of DMAP to
afford diester (9) in 85% vyield over two steps. Then, diester (9) was subjected to Pd-catalyzed
hydrogenation to remove O-benzyl protecting group, which afforded diglyceride (10) in quantitative
yield. In a separate route, 16-(tritylthio)hexadecanoic acid (12) was synthesized via reaction of
16-bromohexadecanoic acid (11) with triphenylmethanethiol in the presence of sodium metoxide. Acid
(12), which contains masked thiol for further conjugation to the bioluminescent reporter MPr-AL, was
attached to diglyceride (10) through Steglich esterification (272, 273) using EDCl and DMAP to afford
triglyceride (13) in 65% yield after chromatographic purification. In the last step, the thiol group of (13)
was in situ deprotected by TFA in the presence of EtsSiH, followed by removal of volatiles. The final
reaction was performed in the same flask without isolation of free thiol by adding PyS-MPr-AL (6) in

the presence of DIPEA in a mixture of THF-DMF to give the probe LCTG-Lucl (14) in 82% yield.
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Scheme 3.4 Synthesis of LCTG-Lucl (14). Reagents and conditions: (i) (COCl);, DMF, DCM, RT, 3 h;
(ii) (RS)-3-Benzyloxy-1,2-propanediol, DMAP, Py, DCM, 0 °C to RT, 16 h; (iii) Hy, 5% Pd/C, AcOEt, RT, 21 h; (iv)

triphenylmethanethiol, MeONa-MeOH, toluene, 5to 50 °C, 2.5 h; (v) EDCI, DMAP, DCM, 0 °Cto RT, 4 h; (vi) 1. TFA,
EtsSiH, DCM, 0 °C to RT, 4 h; 2. PyS-MPr-AL (6), DIPEA, THF-DMF, RT, 18 h.
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LCTG-Luc2 probe (19) was synthesized in 4 steps (32% overall yield) following a synthetic route
similar to that of LCTG-Lucl, but 2-benzyloxy-1,3-propanediol (15) was utilized as a glycerol scaffold
(Scheme 3.5), which allows introduction of identical acyl groups to sn-1 and sn-3 positions and a
different acyl moiety to sn-2 position (Scheme 3.5). Acylation of diol (15) with palmitoyl chloride
catalyzed by DMAP afforded diester (16) in 57% vyield, which gave diglyceride (17) after Pd-catalyzed
hydrogenation (92% vyield). Next, attachment of 16-(tritylthio)hexadecanoic acid (12) to
diglyceride (17) via Steglich esterification led to triglyceride (18) bearing a protected thiol group
(72% yield). In the last step, thiol deprotection for compound (18) using TFA and EtsSiH, followed by
reaction with PyS-MPr-AL (6) produced LCTG-Luc2 probe (19) in 86% vyield.
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Scheme 3.5 Synthesis of LCTG-Luc2 (19). Reagents and conditions: (i) palmitoyl chloride, DMAP, Py, DCM, 0 °C to
RT, 16 h; (ii) Ha, 5% Pd/C, AcOEt, RT, 21 h; (iii) 16-(tritylthio)hexadecanoic acid (12), EDCI, DMAP, DCM, 0 °C to
RT, overnight; (iv) 1. TFA, Et3SiH, DCM, 0 °C to RT, 4 h; 2. PyS-MPr-AL (6), DIPEA, THF-DMF, RT, 18 h.
LCGE-Lucl (control probe) (29) was prepared in 9 steps (10% overall yield) employing
(RS)-3-benzyloxy-1,2-propanediol (20) as a glycerol scaffold (Scheme 3.6). First, two hexadecyl groups
were introduced to (20) via ether bond, which was achieved using Williamson reaction between diol
(20) and 1-bromohexadecane in the presence of NaH to afford ether (21) in 71% yield. Next, Pd-
catalysed debenzylation of (21) by hydrogen gave alcohol (22) in 99% vyield. In a separate route,
bromoalkane (24) containing terminal protected hydroxyl-group was synthesized by reducing 16-
bromohexadecanoic acid (23) with borane-THF complex to produce 16-bromohexadecanol, which was

converted to tetrahydropyranyl ether (24) via reaction with 3,4-dihydro-2H-pyran catalyzed by
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pyridinium p-toluenesulfonate (PPTS) (94% vyield). Then, alcohol (22) was treated with NaH and was
alkylated with bromide (24) via the Williamson reaction, which resulted in triether (25). Removal of
the tetrahydropyranyl protecting group upon treatment of (25) with PPTS in a mixture of THF and
MeOH, led to alcohol (26), which was activated by reaction with mesyl chloride (MsCl) in the presence
of MesN-HCl and DIPEA following the protocol described by Yoshida et al. (274), to give mesylate (27)
in 20% vyield over 3 steps. In order to introduce thiol group, mesylate (27) was reacted with
triphenylmethanethiol to afford triether (28) in 87% yield. Next, treatment of (28) with TFA and Et3SiH
for in situ deprotection of the thiol group, followed by reaction with PyS-MPr-AL (6) gave LCGE-Lucl
probe (29) in 78% yield.
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Scheme 3.6 Synthesis of LCGE-Luc (29). Reagents and conditions: (i) 1. NaH, DMF-THF, RT, 30 min;
2. 1-bromohexadecane, THF, RT, 28 h; (ii) H, 10% Pd/C, AcOEt, RT, 21 h; (iii) 1. BH3-THF, THF, 0 °C to RT, 24 h;
2. 3,4-dihydro-2H-pyran, PPTS, DCM, RT, 3 h; (iv) NaH, DMF-THF, RT, 72 h; (v) MeOH-THF, PPTS, 50 °C, 6 h; (vi)
MsCl, MesN-HCI, DIPEA, DCM, 0 °C to RT, 4.5 h; (vii) triphenylmethanethiol, DIPEA, THF-DMF, RT; (viii) 1. TFA,
Et5SiH, DCM, 0 °C to RT, 2 h; 2. PyS-MPr-AL (6), DIPEA, THF-DMF, RT, 12 h.
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FA-Luc probe (31) was synthesized in one step (63% vyield) via reaction of

16-mercaptohexadecanoic acid (30) with PyS-MPr-AL (6) (Scheme 3.7).
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Scheme 3.7 Synthesis of FA-Luc (31). Reagents and conditions: (i) PyS-MPr-AL (6), DIPEA, THF-DMF, RT, 12 h.

The synthesis of the medium-chain triglyceride probe MCTG-Luc1 (38) was perfomed following
the similar route, applied for LCTG-Luc1l, but decanoyl chloride and 10-bromodecanoic acid were used

for introducing fatty acid chains (Scheme 3.8). MCTG-Lucl (38) was obtained in 5 steps (27% overall

yield).
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Scheme 3.8 Synthesis of MCTG-Luc (38). Reagents and conditions: (i) decanoyl chloride, DMAP, Py, DCM, 15 °C
to 40°C, 12 h; (ii) Hy, 5% Pd/C, AcOEt, RT, 24 h; (iii) triphenylmethanethiol, MeONa-MeOH, toluene, 5 to 50 °C,
2 h; (iv) EDCI, DMAP, DCM, 0 °C to RT, 12 h; (v) 1. TFA, EtsSiH, DCM, 0 °C to RT, 4 h; 2. PyS-MPr-AL (6), DIPEA,

THF-DMF, RT, 12 h.
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3.4.4 Validation of triglyceride probes in luciferase expressing cells.

First, the ability of the TG probes to produce bioluminescence in live cells in the presence of
pancreatic lipase (PL) was evaluated. If the probes are substrates for lipase, then they would be
recognized and hydrolyzed by the enzyme and the products of hydrolysis conaining the luciferin label
(MPr-AL) would be taken up by cells leading to the bioluminescent signal production. The experiments
were performed in Caco2-luc cells that are a luciferase-expressing human colon adenocarcinoma cell
line. Caco?2 cells are widely used in research as a model of the intestinal barrier (275). For the uptake
experiments the cells were loaded with the emulsions of long-chain TG probes LCTG-Lucl, LCTG-Luc2
and the medium-chain TG probe MCTG-Lucl. The emulsions were mixed with increasing
concentrations of PL supplemented with colipase to assess the dose-response relationship between
the amount of PL and emitted bioluminescence, which was continuously monitored by a CCD camera
after addition of the reagents to the cells. Incubations of all TG probes (LCTG-Lucl, LCTG-Luc2 and
MCTG-Lucl) with increasing concentrations of PL demonstrated an increase in bioluminescent
response in cells. The higher the concentration of PL, the greater the light production from the probes
in Caco2-luc cells, which can be seen from the kinetic data representing the real-time cellular
bioluminescent response (Figure 3.5a,c; Figure 3.6a), as well as from the data representing the total
photon fluxes from the cells (calculated as the area under the kinetic curves) (Figure 3.5b,d; Figure 3.6b).
The maximal concentration of PL used in the assay (200 ng/mL) resulted in 20.9-fold signal increase for
LCTG-Lucl, 16.4-fold signal increase for LCTG-Luc2 and 25.4-fold signal increase for MCTG-Luc2 over
the corresponding background levels for each probe (signal from a probe in cells without addition of
PL). Importantly, all TG probes demonstrate a linear response to PL (R? values 0.9970, 0.9995 and
0.9862 for LCTG-Lucl, LCTG-Luc2 and MCTG-Lucl respectively) in the range of used PL concentrations

0-200 ng/mL (Figure 3.5e,f; Figure 3.6c).
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Figure 3.5 Bioluminescence imaging of LCTG-Lucl and LCTG-Luc2 uptake by Caco2-luc cells. Cells were incubated
with an emulsion containing LCTG-Lucl or LCTG-Luc2 (15 uM for each probe in 1 mM NaTDC in PBS) in the
presence of pancreatic lipase (0-200 ng/mL) supplemented with colipase (lipase to colipase ratio 5:1 (w/w)) at
37°C and imaged with a CCD camera. (a) Kinetics of a bioluminescent signal produced by LCTG-Lucl in Caco2-luc
cellsin the presence of indicated concentrations of pancreatic lipase. (b) Total photon flux over 150 min produced
in the cells incubated with LCTG-Luc1. (c) Kinetics of a bioluminescent signal produced by LCTG-Luc2 in Caco2-luc
cellsin the presence of indicated concentrations of pancreatic lipase. (d) Total photon flux over 150 min produced
in the cells incubated with LCTG-Luc2. (e) Line graph representation of the total photon flux from LCTG-Luc1 (b),
which shows a linear increase (R? = 0.9970) in the bioluminescent response to pancreatic lipase. (f) Line graph
representation of the total photon flux from LCTG-Luc2 (d), which indicates a linear increase (R? = 0.9995) in the
bioluminescent response to pancreatic lipase. The values above the bars in (b,d) indicate the fold-difference
compared to background (probe without lipase). Error bars are +SEM, n = 6. Statistical analyses were performed
with a two-tailed Student’s t-test (***P < 0.001, ****P < 0.0001).
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Figure 3.6 Bioluminescence imaging of MCTG-Lucl uptake by Caco2-luc cells. Cells were loaded with an emulsion
containing MCTG-Lucl (15 uM in 1 mM NaTDCin PBS) followed by the addition of pancreatic lipase (0-200 ng/mL)
supplemented with colipase (lipase to colipase ratio 5:1 (w/w)) and imaged with a CCD camera at 37°C.
(a) Kinetics of a bioluminescent signal produced by MCTG-Lucl in Caco2-luc cells in the presence of indicated
concentrations of pancreatic lipase. (b) Total photon flux over 150 min generated in the cells incubated with
MCTG-Lucl, which corresponds to the kinetics curves (a). (c) Line graph representation of the total photon flux
from MCTG-Lucl (b), which shows a linear increase (R2 = 0.9862) in the bioluminescent response to pancreatic
lipase. Error bars are £SEM, n = 3. Statistical analyses were performed with a two-tailed Student’s t-test
(**P <0.01).

Next, the bioluminescent response from LCTG-Lucl, LCTG-Luc2 and MCTG-Lucl in Caco2-luc
cells was compared for the same concentration of PL (200 ng/mL). The linear regression analysis of the
cellular BL signal from the probes was performed over the period 0-3600 s to assess the slopes of the

corresponding kinetics curves (Figure 3.7a).
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Figure 3.7 Comparison of the bioluminescent signals produced from MCTG-Lucl, LCTG-Lucl and LCTG-Luc2
(15 uM for each probe in emulsion in 1 mM NaTDC in PBS) in Caco2-luc cells in the presence of pancreatic lipase
(200 ng/mL) supplemented with colipase (40 ng/mL). (a) Linear regression analysis for the bioluminescent
response produced by the probes in cells over 0-3600 s to determine the slopes of the kinetic curves. The graph
shows a linear increase in bioluminescent signal for MCTG-Lucl (R? = 0.9912), LCTG-Lucl (R? = 0.9778) and
LCTG-Luc2 (R? = 0.9995) over the period 0-3600 s. The difference between the slopes is significant (P < 0.0001).
(b) Total bioluminescent signal produced by the probes in cells over 60 min. Error bars are +SEM (n =3 for
MCTG-Lucl, n = 6 for LCTG-Lucl and LCTG-Luc2). Statistical analyses were performed with a two-tailed Student’s
t-test (***P < 0.001).
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The obtained values of the slopes of the kinetic curves indicate that the medium-chain TG probe
MCTG-Lucl has 6.6-fold faster kinetics of light production compared to its long-chain analog LCTG-Lucl
(slopes 13.64 p/s? versus 2.06 p/s?respectively, P < 0.0001) (Figure 3.7a). The comparison of the slopes
for the long-chain TG probes LCTG-Lucl and LCTG-Luc2 shows that the former produces
bioluminescent signal 1.9 times faster than the latter (slopes 2.06 p/s?vs 1.06 p/s? respectively, P <
0.0001). As expected, similar results were obtained, when the total photon fluxes over 1 h from the
probes in cells were calculated and compared (Figure 3.7b), with 7.6-fold difference in the total photon
flux from MCTG-Lucl compared to that from LCTG-Lucl (P < 0.001) and 1.8-fold difference in total
bioluminescence from LCTG-Luc1 versus total bioluminescence from LCTG-Luc2 (P < 0.001). The faster
kinetics of cellular BL signal production from MCTG-Lucl compared to that of LCTG-Lucl reflects the
higher rate of lypolysis of MCTG-Lucl compared to LCTG-Lucl under the same experimental
conditions. This result is qualitatively and quantitatively in agreement with the previous reports, which
demonstrated that the lipolysis of medium-chain TGs proceeds faster than that of long-chain TGs (208,
249, 276). The difference in the BL response from LCTG-Lucl and LCTG-Luc2 in cells indicates the
differences in the rates of their lipolysis (Scheme 3.1a,b). Indeed, for luciferin-labeled sn-2-
monoacylglycerol (LCMG-Luc2) formation two acyl groups have to be removed stepwise from sn-1 and
sn-3 positions of LCTG-Luc2 by the action of PL (Scheme 3.1b), whereas the release of luciferin-labeled
free fatty acid (LCFA-Luc) from LCTG-Lucl probe requires only one reaction of lipolysis (Scheme 3.1a).
These differences in cellular bioluminescence from LCTG-Lucl and LCTG-Luc2 probes may also reflect
different cellular absorption rates of their bioluminescent lipolysis products LCFA-Luc and MCTG-Luc2
respectively, since sn-2-monoacylglycerol was shown to have slower uptake rate in Caco2 cells
compared to the corresponding free fatty acid, which was demonstrated in the previous reports using
radiolabeled monoolein and oleic acid (153, 277).

To further demonstrate that PL is required for TG probes to produce bioluminescent response,
the influence of orlistat, a covalent inhibitor of PL (278, 279), on the cellular bioluminescent signal from
LCTG-Lucl and LCTG-Luc2 was examined. Caco2-luc cells were treated with emulsions of TG probes
supplemented with PL (200 ng/mL) in the presence of increasing concentrations of orlistat. Addition
of orlistat resulted in a dose-dependent decrease of cellular bioluminescent response from both

LCTG-Lucl and LCTG-Luc2 (Figure 3.8).
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Figure 3.8 Bioluminescence imaging of LCTG-Lucl and LCTG-Luc2 uptake by Caco2-luc cells in the presence of
orlistat. Cells were incubated with an emulsion of LCTG-Lucl or LCTG-Luc2 (7.5 uM for each probe in 1 mM NaTDC
in PBS) supplemented with pancreatic lipase (200 ng/mL) and colipase (40 ng/mL) in the presence of orlistat.
Background luminescent signal (BG) was acquired from cells incubated with the probes, but without addition of
lipase and orlistat. (a) Total photon flux (normalized to 0-1) over 150 min produced by LCTG-Lucl in the presence
of orlistat (0-33000 nM). (b) Total photon flux (normalized to 0-1) over 150 min produced by LCTG-Luc2 in the
presence of orlistat (0-33000 nM). (c) Sigmoidal graph representation of the total photon fluxes (a) and (b)
obtained in the presence of orlistat, which gives 1Cso values 41 nM and 29 nM for LCTG-Lucl and LCTG-Luc2
respectively. The difference between the curves for the interval 0.33-660 nM is not significant (P = 0.2823).
Statistical analysis was performed with a paired t-test. Error bars are +SEM (n =3 for LCTG-Lucl, n = 6 for
LCTG-Luc2).

For the high concentrations of orlistat the cellular bioluminescent response from the probes was
dramatically reduced to the levels close to the background (detected from the probes without addition
of PL) (Figure 3.8a,b), comprising only 1.9% and 3.6% respectively of the total photon flux from the
probes obtained after addition of PL in the absence of orlistat. These imaging data for both probes
were plotted as normalized to 0-1 total photon flux versus log[orlistat] (Figure 3.8c) to calculate ICso.
As expected, for both LCTG-Lucl and LCTG-Luc2 similar 1Cso values were obtained 41 nM and 29 nM
respectively, and statistical analysis for the curves (Figure 3.8c) for the interval of orlistat
concentrations from 0.33 to 660 nM, which includes the calculated ICso values, did not reveal

significant difference between the curves (P = 0.2823).
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Since TGs must first be hydrolysed before their cellular uptake, the use of ether analogs of TGs
is an appropriate negative control for TG uptake studies. Being resistant to hydrolysis, trialkyl glycerol
ethers are isosteric to triglycerides and they have been characterized as non-absorbable TG
analogs (198, 280). The performance of LCTG-Lucl versus its triether analog LCGE-Lucl (Table
3.1, entry lll) was compared in Caco2-luc cells. The cells were incubated with emulsions containing
equal concentrations of LCTG-Lucl and LCGE-Lucl in the presence of PL and the resultant
bioluminescent response was measured over 150 min. Whereas LCTG-Lucl generated robust
bioluminescent signal in cells in the presence of PL, LCGE-Lucl did not produce the same response to

the addition of PL (Figure 3.9a).
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Figure 3.9 Comparison of the bioluminescent signal produced from LCTG-Lucl and LCGE-Lucl in Caco2-luc cells.
(a) Kinetics of bioluminescence from the cells incubated with an emulsion containing LCTG-Lucl or LCGE-Lucl
(15 uM for each probe in 1 mM NaTDC in PBS) in the presence of pancreatic lipase (200 ng/mL) and colipase (40
ng/mL). (b) Total bioluminescent signal produced by the probes in cells over 150 min, which corresponds to
kinetics curves (a). (c) Bioluminescent response from the cells incubated with the emulsion of LCGE-Luc1 (15 uM)
in the presence of pancreatic lipase (200 ng/mL) and colipase (40 ng/mL) upon addition of GSH (5 mM final
concentration) after 52 min. Error bars are +SEM (n = 3 for LCTG-Lucl and LCGE-Lucl). Statistical analysis was
performed with a two-tailed Student’s t-test (****P < 0.0001).

The total bioluminescent signal generated from LCTG-Lucl mixed with PL over 150 min in cells was
89.7-fold greater than the signal produced from the same amount of the control probe LCGE-Lucl
mixed with PL over the same period of time (Figure 3.9b). This result is in excellent agreement with the
known properties of trialkyl glycerol ethers, which are not absorbed by cells, as it was shown in the

studies using radiolabeled glycerol triethers (198, 280).

In another experiment, the effect of GSH addition to the control probe emulsion was examined
in order to establish whether it would induce the BL signal production in Caco2-luc cells. First, the cells
were loaded with the emulsified LCGE-Lucl in the presence of PL and imaged. Then GSH was added to

the probe after 52 min of imaging to provide 5 mM GSH in the mixture with the probe emulsion, which
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corresponds to the physiological range of intracellular GSH concentrations (0.1-15 mM) (281), and then
the cells were immediately imaged. While the presence of PL did not result in the signal generation
from the control probe, the addition of GSH to the probe triggered the immediate cellular BL response
(Figure 3.9¢). The generation of light after addition of GSH indicates that the disulfide bond in the non-
cell-permeable control probe LCGE-Lucl was reduced by added GSH outside the cells with the release
of luciferin (MPr-AL). Once released, luciferin MPr-AL was taken up by cells and generated light upon

reaction with intracellular luciferase (Figure 3.10).
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Figure 3.10 Extracellular release of luciferin MPr-AL from the control probe LCGE-Lucl induced by added GSH,
which resulted in bioluminescent signal production in Caco2-luc cells. The amount of GSH added to the probe
emulsion provided 5 mM GSH in the final mixture, which is similar to physiological intracellular concentration of
GSH.

The immediate bioluminescent signal production in cells after addition of 5 mM GSH to LCGE-Lucl
demonstrates very fast kinetics of disulfide bond cleavage resulting in release of luciferin MPr-AL,
which is consistent with the previous reports utilizing conjugates that undergo disulfide bond cleavage
in the cytosol (71, 72, 74, 75, 268, 282). It confirms that the process of intracellular luciferin (MPr-AL)
release from the corresponding products of lipolysis of TG probes is also very rapid that is triggered by
the action of cytosolic GSH (Figure 3.4).

The studies in Caco2-luc cells demonstrate the essential role of the probe lipolysis for the
cellular BL signal generation from LCTG-Lucl, LCTG-Luc2 and MCTG-Luc1l. The lack of BL response from

the non-hydrolyzable control probe LCGE-Lucl in the presence of PL provides additional evidence for
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the importance of lipolysis for activation of TG probes. These results are consistent with the known
mechanism of intestinal triglyceride absorption, where triglycerides cannot cross the intestinal barrier
without undergoing the hydrolysis by gastrointestinal lipases (195-198, 283). The data obtained for
LCGE-Lucl also indicate the stability of the linker between the TG moiety and the luciferin part of the
developed probes in the aqueous extracellular environment containing PL. These experiments show
that the luciferin scaffold (MPr-AL) utilized for TG probe development provides significant advantage
over previously described approach for the synthesis of biomolecule-luciferin conjugates, which were
developed using D-luciferin with disulfide-carbonate linker that has limited hydrolytic stability
resulting in an increase of a background signal (71, 72, 74-77, 260). Taken together, the data in
Caco2-luc cells demonstrate that developed TG probes produce cellular bioluminescent response only
after the reaction with PL and subsequent cellular uptake of the products of their lipolysis, which

suggests that these probes represent the absorption of natural triglycerides.

3.4.5 Validation of triglyceride probes in luciferase expressing mice.

Following the validation experiments in the luciferase expressing Caco2-luc cells, the uptake
of TG probes was studied in living animals in order to establish whether this approach would allow for
real-time imaging and quantification of intestinal TG absorption in vivo (Figure 3.11). FVB-luc+ mice that
ubiquitously express luciferase under control of the beta-actin promoter (284) were used for the

experiments.
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Figure 3.11 Real-time bioluminescence imaging of intestinal triglyceride absorption in living mice using
LCTG-Lucl.

For in vivo studies the focus was put on the absorption of long-chain TG probes, since
long-chain TGs are the predominant type of fat in the diet (267). All in vivo imaging experiments were

performed after mice starvation and without applying anesthesia by placing unrestricted mice in
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ventilated transparent non-luminescent plastic boxes installed inside the IVIS imaging system, as the
anesthesia was reported to influence gastrointestinal motility in animals (285), which would have the
impact on the kinetics of digestion and absorption of lipids, making the experimental conditions

non-physiological.

In the initial experiments, the BL response in mice from various doses (0, 10, 40, 100 nmol per
mouse) of LCTG-Lucl was examined. The probe dissolved in corn oil was administered by oral gavage
after 10 h of fasting period, and the BL signal was acquired with the CCD camera (IVIS Spectrum). The
same mice were used for gavage of different doses of LCTG-Lucl with the interval of 5 days between
the imaging sessions. The experiment revealed an increase in BL signal production in mice as a function

of the amount of the gavaged probe (Figure 3.12).
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Figure 3.12 Bioluminescence imaging of intestinal absorption of LCTG-Lucl in FVB-luc+ mice. (a) Kinetics of
bioluminescent signal from non-anesthesized unrestricted mice after receiving various doses of LCTG-Lucl
(0-100 nmol per mouse in 150 uL corn oil) by oral gavage. Imaging was performed immediately after gavage.
(b) Total photon flux over 0-60 min corresponding to the kinetic curves shown in (a). Error bars are SEM (n = 4-
7). Statistical analyses were performed with a two-tailed Student’s t-test (*P < 0.05, **P < 0.01, ****P < 0.0001).

The signal from the lowest amount of the probe (10 nmol or 11.9 ug per mouse) used in the experiment
was robustly detected in mice with 15.9-fold increase (P < 0.0001) in total photon flux, collected over
0-60 min, compared to the background level (0 nmol) (Figure 3.12b). This suggests that even lower
gavaged doses (< 10 nmol per mouse) of the probe would produce detectable BL response in vivo,
demonstrating very high sensitivity of the method. A four- and ten-times increase of the dose of
LCTG-Lucl (from 10 to 40 nmol and from 10 to 100 nmol) resulted in a statistically significant 4.5-fold

and 9.3-fold growth of the total bioluminescence in mice respectively, which indicates linear
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dose-response relationship for the applied range of LCTG-Lucl doses. These results suggest that the
method allows for quantification of LCTG-Lucl absorption in mice.

Considering much more complex environment in the gastrointestinal tract compared to the
assay conditions used for Caco2-luc cells, the specificity of LCTG-Lucl bioluminescent response to the
probe lipolysis and absorption needed to be confirmed in vivo. As LCTG-Lucl contains the disulfide
bond between the luciferin part and the TG part, the disulfide might undergo unspecific cleavage prior
to the probe lipolysis and absorption, once the probe is introduced into the intestinal lumen. This
would liberate luciferin MPr-AL in the intestinal lumen, but not in the enterocytes. In this case, the BL
signal generated after MPr-AL absorption into enterocytes would not represent the TG absorption. To
verify that the BL signal in mice after oral gavage of LCTG-Lucl results from the lipolysis of the probe
and subsequent intestinal uptake of the resulting LCFA-Luc (Figure 3.11), the BL response from
LCTG-Lucl in vivo was compared to that from the same dose of the control compound LCGE-Lucl, that
is stable to lipolysis. After oral gavage of the probes, the mice were immediately imaged over one hour
without anesthesia. LCTG-Lucl generated a robust BL signal in mice (Figure 3.13a), which was 24.2-fold
higher (P = 0.0084) when integrated over 1 h than the signal produced by the control probe LCGE-Luc1,
and at the same time total signal from LCTG-Lucl was 59.5-fold higher (P = 0.0079) than the total

background luminescence from mice received no probe (Figure 3.13b).
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Figure 3.13 Comparison of bioluminescent responses from LCTG-Luc1 and control probe LCGE-Lucl administered
by oral gavage in FVB-luc+ mice. (a) Kinetics of bioluminescent signal from non-anesthesized mice after receiving
oral gavage of LCTG-Lucl or LCGE-Lucl or no probe (45 nmol for each probe in 250 puL emulsion with 10 mM
NaTDC in PBS). Imaging was performed immediately after gavage. (b) Total photon flux over 0-60 min
corresponding to the kinetic curves shown in (a). Error bars are +SEM (n = 4). Statistical analyses were performed
with a two-tailed Student’s t-test (**P < 0.01, n.s. — non-significant).
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In contrast, the control probe LCGE-Lucl produced a very low BL response in vivo, which was close to
the background luminescence. The comparison of the total light emission integrated over 1 h for these
two groups of mice (LCGE-Lucl versus background) revealed small (2.4-fold) and non-significant
difference (P = 0.0542) (Figure 3.13b). These data demonstrate that the resistant to lipolysis trialkyl
glycerol-luciferin probe LCGE-Lucl did not undergo significant intestinal absorption in mice, since it did
not produce significant BL response. These results are in excellent agreement with LCGE-Lucl uptake
experiments in Caco2-luc cells (Figure 3.9) as well as with the previous studies, in which the uptake of
radiolabeled trialkyl glycerol ethers was measured in rats (198, 280). Importantly, the lack of
luminescent signal from the non-absorbable control probe LCGE-Lucl in mice indicates that the
disulfide bond is stable in the intestinal environment, which confirims that BL response of LCTG-Lucl
is specific to its lipolysis and in vivo intestinal uptake of the released fatty acid labeled with luciferin.
To prove that the hydrolysis of LCTG-Lucl by gastrointestinal lipases is required for the
production of a bioluminescent signal from the probe in mice, the influence of the lipase inhibitor
orlistat (278, 279) on the BL response from LCTG-Luc-1 in FVB-Luc+ mice was examined. In this
experiment a group of mice treated with orlistat consisted of the same animals as the control group
(no orlistat), so that each animal served as its own control. First, the control group was pretreated with
vehicle only by oral gavage and 10 min later was gavaged with LCTG-Lucl probe and imaged with the
CCD camera over 1 h (Figure 3.14). After 5 days of mice resting period the imaging with orlistat
treatment was performed. First, the mice were pre-gavaged with orlistat in order to efficiently
suppress the intestinal lipase activity, as the inhibition of pancreatic lipase by orlistat was reported to
be non-immediate with half-inhibition time 5-6 min (286). After 10 min the mice were gavaged with
LCTG-Lucl mixed with orlistat and imaged over 1 h. As expected, orlistat suppressed the
bioluminescent signal from LCTG-Lucl in mice, with a significant 6.8-fold decrease (P = 0.0062) in the
total photon flux (Figure 3.14b), collected over 1 h, compared to the signal from LCTG-Lucl alone,
indicating the inhibition of intestinal absorption of the probe by orlistat. The Figure 3.14c shows the
real-time BL images of mice 10 min post gavage with LCTG-Lucl probe in the absence (left image) and
in the presence of orlistat (right image) respectively, demonstrating the suppression of LCTG-Lucl

absorption in mice by orlistat.
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Figure 3.14 Influence of orlistat on the bioluminescent response from LCTG-Lucl administered by oral gavage in
FVB-luc+ mice. (a) Kinetics of bioluminescent signal from non-anesthesized mice pretreated with orlistat (5 mg
per mouse in 200 pL emulsion) or vehicle alone (200 uL emulsion) by oral gavage and 10 min later received
LCTG-Lucl (45 nmol in 250 pL emulsion) mixed with orlistat (5 mg) or LCTG-Luc1 (45 nmol in 250 pL emulsion)
alone respectively by oral gavage. (b) Total photon flux over 1 h corresponding to the kinetic curves shown in (a).
(c) Representative images acquired 10 min after start of luminescent signal acquisition for mice gavaged with
LCTG-Lucl only or LCTG-Lucl mixed with orlistat as described in (a). Error bars are +SEM (n = 4). Statistical
analyses were performed with a two-tailed Student’s t-test (*P < 0.05, **P < 0.01).

These in vivo data are consistent with the uptake studies of LCTG-Lucl in the presence of orlistat in
Caco2-luc cells (Figure 3.8) and they are also in excellent agreement with the known mode of action of
orlistat, which is used as an anti-obesity drug by inhibiting gastrointestinal lipases and suppressing the
intestinal absorption of triglycerides (278, 279, 287).

To compare in vivo BL response from LCTG-Lucl and LCTG-Luc2 that are different in the
position of the luciferin label MPr-AL (attached to sn-1/sn-3 acyl chain versus sn-2 acyl chain
respectively), the mice received oral gavage of LCTG-Lucl followed by imaging over 1 h, and on another
day the imaging experiment was performed for LCTG-Luc2 using the same animals. Since pancreatic

lipase cleaves fatty acyl chains at sn-1 and sn-3 positions of triglycerides, the gastrointestinal lipolysis
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of LCTG-Lucl and LCTG-Luc2 would produce different bioluminescent metabolites, free fatty
acid-luciferin  (LCFA-Luc) and sn-2-monoacylglycerol-luciferin (LCMG-Luc2) respectively (Scheme
3.1a,b). Following oral gavage, the probes demonstrated different kinetics of light emission in mice
(Figure 3.15a). The bioluminescence production in vivo from LCTG-Lucl was significantly faster than
that from LCTG-Luc2, with 8.2-fold difference (P < 0.0001) between the initial slopes of the kinetic

curves (Figure 3.15c).
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Figure 3.15 Comparison of bioluminescent responses from LCTG-Lucl and LCTG-Luc2 administered by oral
gavage in FVB-luc+ mice. (a) Kinetics of bioluminescent signal from non-anesthesized mice after oral gavage of
LCTG-Lucl or LCTG-Luc2 (40 nmol of each probe in 150 uL corn oil) followed by imaging. (b) Total photon flux
over 1 h corresponding to the kinetic curves shown in (a). (c) Linear regression through initial time points to
determine the initial slopes of the kinetic curves shown in (a). The difference between the slopes is significant
(P <0.0001). Error bars are +SEM (n = 7-8). Statistical analyses were performed with a two-tailed Student’s t-test
(**P < 0.01).

These results suggest that during the initial period of LCTG-Luc2 digestion in vivo the process
of release and intestinal absorption of sn-2-monoacylglycerol-luciferin is slower than that of free fatty
acid-luciferin liberated from LCTG-Lucl. This finding is consistent with a previous study in rats based
on using a radiolabeled triglyceride probe, which demonstrated that during the first hour after oral
gavage of triglyceride the released sn-2-monoacylglycerol had slower intestinal absorption compared

to the intestinal uptake of liberated free fatty acids (288).

To identify which part of the gastrointestinal tract is involved in the absorption of LCTG-Lucl
probe, the mice received oral gavage of LCTG-Lucl and then were euthanized 10 min post gavage that
corresponded to the maximal signal production in vivo, and the digestive tract was immediately
excised from the stomach to the colon followed by bioluminescence imaging (Figure 3.16). Ex vivo

imaging demonstrated that the strongest bioluminescent signal from LCTG-Lucl was generated by the
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proximal jejunum. This result is in excellent agreement with the previous studies, which showed that

proximal jejunum is a major site of intestinal triglyceride absorption (196, 289).
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Figure 3.16 Representative luminescent image of the excised gastro-intestinal tract from FVB-luc+ mouse 10 min
after oral gavage of LCTG-Luc-1 (40 nmol in 150 uL corn oil).

3.4.6 Influence of the gut microbiota on triglyceride absorption in vivo

Bioluminescent triglyceride probes were employed to study the effects of the gut microbiota
on the triglyceride absorption in living mice. First, the effects of the gut microbiota depletion were
investigated. The suppression of the intestinal microbiota was achieved by treatment of mice with a
mixture of broad-spectrum antibiotics, which consisted of ampicillin, vancomycin, neomycin and
metronidazole (AVNM) in drinking water for 7-9 days (290). The mice received oral gavage of
LCTG-Lucl before the AVNM treatment, at the end of the AVNM treatment and a week after finishing
the AVNM treatment, and the bioluminescent signal was acquired over 1 h. Suppression of the gut
microbiota in mice resulted in substantial changes in the kinetics of LCTG-Lucl absorption in the
intestine (Figure 3.17). LCTG-Lucl demonstrated much slower bioluminescence kinetics following the
AVNM treatment with the 6-fold decrease (P < 0.0001) in the initial slope of the kinetic curve (Figure
3.17c). Interestingly, 7 days after discontinuation of the antibiotics treatment the bioluminescence
kinetics for LCTG-Lucl was significantly restored and was close to the kinetics pattern observed in mice
before the AVNM treatment with only 1.6-fold difference (P < 0.05) in the slopes of the corresponding

kinetic curves (Figure 3.17c).
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Figure 3.17 Influence of antibiotics treatment on the intestinal absorption of LCTG-Lucl in FVB-luc+ mice.
(a) Kinetics of bioluminescent signal from LCTG-Lucl (40 nmol in 150 uL corn oil by oral gavage) in mice before
treatment (before AVNM), at the end of treatment (after AVNM) with a mixture of antibiotics AVNM
(A - ampicillin 1g/L, V - vancomycin 0.5 g/L, N - neomycin sulfate 1 g/L, M -metronidazole 1 g/L in drinking water)
and 7 days AVNM post treatment (washout). (b) Total photon flux over 60 min corresponding to kinetic curves
shown in (a). (c) Linear regression through initial time points to determine the initial slopes of the kinetic curves
shown in (a). The slopes are indicated in the legend. Error bars are +SEM (n = 8). Statistical analyses were
performed with a two-tailed Student’s t-test (*P < 0.05, #P < 0.0001).

The cessation of antibiotics treatment is known to result in the recovery of the gut microbal
community (291-293). This suggests that the revealed restoration of the absorption kinetics for
LCTG-Lucl in mice after 7 days of the washout period is caused by the recovery of the gut microbiota.
This result clearly demonstrates the influence of the gut microbiota on the intestinal absorption of

triglycerides.

The AVNM treatment of mice also influenced the bioluminescence kinetics from LCTG-Luc2
(Figure 3.18). The suppression of LCTG-Luc2 signal was more substantial than that of LCTG-Lucl. The
depletion of the gut microbiota resulted in 11-fold decrease in the initial slope of the kinetic curve for
LCTG-Luc2 (Figure 3.18c). Interestingly, the mice treated with AVNM demonstrated the progressive

reduction of the body weight.
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Figure 3.18 Influence of antibiotics treatment on the intestinal absorption of LCTG-Luc2 in FVB-luc+ mice.
(a) Kinetics of bioluminescent signal from LCTG-Luc2 (40 nmol in 150 pL corn oil by oral gavage) in mice before
treatment (before AVNM) and at the end of treatment (after AVNM) with a mixture of antibiotics AVNM
(A - ampicillin 1g/L, V - vancomycin 0.5 g/L, N - neomycin sulfate 1 g/L, M -metronidazole 1 g/L in drinking water).
(b) Total photon flux over 60 min corresponding to kinetic curves shown in (a). (c) Linear regression through
initial time points to determine the initial slopes of the kinetic curves shown in (a). The slopes are indicated in
the legend. The difference between the slopes is significant (P < 0.0001). Error bars are +SEM (n = 8). Statistical
analyses were performed with a two-tailed Student’s t-test (**P < 0.01).

These results are consistent with the previous report that demonstrated the reduced lipid uptake in

rats with the depleted gut microbiota following the antibiotics treatment (294).

Next, the influence of bile salt hydrolase (BSH) activity of probiotics on the triglyceride
absorption in mice was investigated. Bile acids play important role in lipid digestion, since they aid in
the solubilization of the lipolytic products to form colloidal structures that provide delivery of fatty
acids and monoglycerides to the membrane of enterocytes (196, 201, 240, 295). Bile acids present in
bile exist in the form of conjugates with taurine or glycine that make them soluble in aqueous solutions.
Upon the action of bile salt hydrolase (BSH), an enzyme that is secreted by various microorganisms,

conjugated bile acids undergo hydrolysis to form less soluble deconjugated bile acids that are less
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efficient in solubilization of lipolytic products (296, 297). To test the effects of bile salt hydrolase
producing probiotics on triglyceride absorption, the mice were first imaged following LCTG-Lucl
gavage. Then the mice were divided in 2 groups. One group was treated by oral gavage with
Lactobacillus plantarum WCFS (wt) with high level of BSH activity. The second group received oral
gavage of L.Plantarum NZS332 (Absh1-bsh4) without BSH activity (297). The presence and the absence
of BSH activity in these strains was confirmed in vitro by the ability of the bacteria to deconjugate
glycodeoxycholate, which was monitored by HPLC-MS analysis. After 5 days of treatment with
L.Plantarum strains no difference in bioluminescent signal from LCTG-Lucl was observed between all

the experimental groups (Figure 3.19a,b).
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Figure 3.19 Influence of Lactobacillus plantarum treatment with or without bile salt hydrolase activity on the
bioluminescence from LCTG-Lucl (40 nmol in 150 pL corn oil by oral gavage) in FVB-luc+ mice. (a) Kinetics of
bioluminescent signal from LCTG-Lucl in mice before (n = 12) and after oral treatment with
L.Plantarum WCFS (wt) (L.Plantarum BSH+) or L.Plantarum NZS332 (Absh1-bsh4) (L.Plantarum BSH-) (n = 6 for
each treated group) for 5 days (5-10° CFU for each strain in 200 uL PBS per mouse). (b) Linear regression through
initial time points to determine the initial slopes of the kinetic curves shown in (a). The difference between all
slopes is not significant (P > 0.05). (c) Kinetics of bioluminescent signal from LCTG-Lucl in mice before (n = 12)
and after oral treatment with L.Plantarum BSH+ (n = 6) and L.Plantarum BSH- (n = 6) for 12 days (the same doses
of bacteria as described in (a)). (d) Linear regression through initial time points to determine the initial slopes of
the kinetic curves shown in (c). The differences between the red and the blue slopes (BSH+ vs before treatment),
the red and the black slopes (BSH+ vs BSH-) are significant (P values are 0.0037 and < 0.0001 respectively). The
difference between the black and the blue slopes (BSH- vs before treatment) is not significant (P = 0.52). In (b)
and (d) the slopes are indicated in the legend.
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The treatment with probiotics was continued for additional seven days (12 days in total) and
the imaging was repeated again. As shown in Figure 3.19c,d, the group of mice that received wild-type
L.Plantarum BSH+ (high BSH activity) demonstrated the decrease in the initial slope of the kinetic curve
with 2.7-fold difference (P < 0.0001) in comparison with the group received L.Plantarum BSH- (no BSH
activity) for the same period of treatment. However, no difference in total photon flux over 45 min
was found between all the groups. This result suggests that BSH activity of probiotics may have
influence on the initial rate of lipid absorption in vivo as a result of the changes in the bile acid profile

in the intestine induced by BSH-producing microorganisms.

3.5 Experimental Section
3.5.1 Materials and methods. Chemical part

General information. All reactions were performed under inert atmosphere of nitrogen or
argon unless otherwise noted. The reagents and solvents were ordered from Sigma-Aldrich, Acros, TCI,
Fluorochem and were used as received. Analytical thin-layer chromatography was carried out using
SiO,-coated glass plates (DC Kieselgel 60G Fs4, Merck). The compounds on TLC plates were visualized
by UV-light at 254 nm or by applying the iodine vapors or immersing the plates in cerium molybdate
solution followed by heating. LCMS analysis was performed with Waters Acquity UPLC system with
Acquity UPLC® BEH C8 or C18 column (2.1 x 50 mm, 1.7 um) connected to Waters Acquity LC/MS
system or with Agilent Infinity 1260 HPLC system (Agilent, Santa Clara, CA) using SunFire® C18 column
(2.1 x 20 mm, 3.5 um) connected to Quadrupole LC/MS system (Agilent). Degassed HPLC grade
solvents from Fisher Chemicals and Millipore water were used for LCMS analysis. Flash
chromatography was performed using silica gel P60, 40-63 pum, 60 A (SiliCycle Inc.). Preparative HPLC
purification was carried out with Waters preparative HPLC system connected to XTerra® Prep MS C18
OBD™ column (5 pm, 19 x 50 mm) using HPLC grade solvents from Fisher Chemicals and Millipore
water. Nuclear magnetic resonance spectra were acquired on Bruker AV-400 MHz spectrometer. NMR
chemical shifts are reported in parts per million 6 (ppm) using the central line of the solvent residual
proton and carbon signal as an internal reference. Splitting patterns are defined as s (singlet), d
(doublet), dd (doublet of doublets), t (triplet), q (quartet), m (multiplet), br (broad). HRMS
measurements (ESI-HRMS) were performed at the EPFL Mass Spectrometry Service using Micro Mass

QTOF Ultima (Waters).

S-(3-oxopropyl) ethanethioate (3). Thioacetic acid (7.1 mL, 100 mmol) dissolved in DCM
(25 mL) was added dropwise under N to an ice-cooled mixture of acrolein (7.0 mL, 100 mmol) and
DIPEA (1.7 mL, 10 mmol) in DCM (50 mL) under stirring. Upon addition of thioacetic acid the cooling

bath was removed and stirring was continued at RT. After 12 h volatile materials were removed in
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vacuo and the oily residue was distilled under reduced pressure (bp. 78-82°C/7 mbar), yielding the
product 3 as a colorless liquid (10.6 g, 80% yield). *H NMR (400 MHz, CDCl3) 8 9.74 (s, 1H), 3.11 (t, J =
6.7 Hz, 2H), 2.79 (t, J = 6.7 Hz, 2H), 2.32 (s, 3H).

S-(3-((2-cyanobenzo[d]thiazol-6-yl)amino)propyl) ethanethioate (4).
6-aminobenzo[d]thiazole-2-carbonitrile (131 mg, 0.75 mmol) was dissolved in THF (5 mL) under N,
followed by addition of aldehyde 3 (159 pL, 1.43 mmol) and glacial acetic acid (100 uL, 1.74 mmol).
After addition of NaBH(OAc)s (318 mg, 1.5 mmol) the reaction mixture was stirred at RT with protection
from light until full disappearance of the starting amine, which was monitored by LCMS analysis. Then,
the reaction mixture was diluted with AcOEt (15 mL) and washed with sat. NaHCO3 (1 x 5 mL), water
(2 x 10 mL) and brine (1 x 10 mL), then dried over Na,SO,. The solvent was evaporated in vacuo to give
a crude material, which was purified by silica gel column chromatography (hexane-AcOEt 3:1) yielding

the product 4 as a yellow solid (131 mg, 60% yield).

(S)-2-(6-((3-(acetylthio)propyl)amino)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic
acid (5). A solution of D-cysteine (89 mg, 0.73 mmol) in degassed PBS with pH 7.2 (5 mL) was added
dropwise under N;to a stirred solution of compound 4 (71 mg, 0.24 mmol) in acetonitrile (8 mL). After
completion of the reaction (monitored by LCMS analysis), the solvents were evaporated in vacuo. The
crude mixture was purified by silica gel column chromatography (DCM-MeOH 30:1 + 2% (v/v) acetic

acid) to give the product 5 as a yellow-orange solid (91 mg, 95% yield).

(S)-2-(6-((3-(pyridin-2-yldisulfaneyl)propyl)amino)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-
4-carboxylic acid (6). The compound 5 (24 mg, 0.06 mmol) was dissolved in 1 mL of dry MeOH followed
by addition of 2,2'-dipyridyl disulfide (65 mg, 0.30 mmol) under nitrogen. 7 N NH3 in MeOH solution
(200 pL, 1.4 mmol) was added to the reaction mixture, followed by stirring at RT with protection from
light until full conversion of the starting compound 5, which was monitored by LCMS analysis. The
reaction mixture was concentrated in vacuo and the residue was purified by silica gel column
chromatography using DCM-MeOH (20:1) + 2% (v/v) acetic acid to give the product 6 (PyS-MPr-AL) as
an orange-yellow solid (46 mg, 91% yield). HRMS: calculated for C1gH1sN40,S4 [M+H]* 463.0391, found
463.0393.

Palmitoyl chloride (8). Oxalyl chloride (1.5 mL, 17.8 mmol) was added slowly at RT under
stirring to a solution containing palmitic acid (2.3 g, 8.9 mmol) and DMF (3 uL, 0.04 mmol) in
dichloromethane (15 mL). Slow release of gas was observed. The reaction mixture was stirred at RT for

3 h and then evaporated in vacuo to give an oil, which was mixed with dry toluene (5 mL) and
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evaporated in vacuo to provide the crude product 8. The obtained palmitoyl chloride was directly used

in the next step.

RS-3-(benzyloxy)propane-1,2-diyl dipalmitate (9). RS-3-Benzyloxy-1,2-propanediol (600 mg,
3.29 mmol) in dichloromethane (6 mL) was mixed with pyridine (1.1 mL, 13.2 mmol) and DMAP (10.1
mg, 0.08 mmol) under N,. The reaction mixture was cooled down to 0°C. The whole amount of
palmitoyl chloride 8 obtained in the previous step was dissolved in DCM (6 mL) in a separate flask and
added dropwise to the reaction mixture under stirring at 0°C. The formation of the precipitate was
observed. After 10 min cooling bath was removed and stirring was continued at RT for 16 h. Then, the
reaction mixture was diluted with DCM (20 mL) and washed with 0.1 M HCI (3 x 10 mL) and with brine
(1 x 10 mL). Organic phase was dried with Na,SO4, the solvent was evaporated in vacuo to give a crude
material, which was purified by silica gel column chromatography (hexane-AcOEt 10:1) yielding the

product 9 as a white solid (1.85 g, 85% yield).

RS-3-hydroxypropane-1,2-diyl dipalmitate (10). RS-3-(benzyloxy)propane-1,2-diyl
dipalmitate 9 (1.52 mg, 2.31 mmol) was dissolved in ethyl acetate (20 mL) followed by three vacuum-
N2 cycles. Then, 5% Pd/C (200 mg) was added to the reaction mixture under N». The reaction flask was
filled with H,, and the compound 9 was hydrogenated under normal pressure at RT for 21 h. The
catalyst was removed by filtration through a pad of Celite and the filtrate was concentrated in vacuo
to provide the product 10 as a white powder (1.32 g, quantitative yield) which was used in the next

step without purification.

16-(tritylthio)hexadecanoic acid (12). Triphenylmethanethiol (829 mg, 3.0 mmol) was
dissolved in toluene (6 mL) under N, followed by the addition of 5.4 M MeONa (1.2 mL, 6.5 mmol)
under stirring at RT, which led to the formation of white precipitate. Then, a solution of 16-
bromohexadecanoic acid 11 (1.1 g, 3.3 mmol) in a mixture of MeOH (5 mL) and THF (5 mL) was added
dropwise to the reaction mixture at 0°C under vigorous stirring. The mixture was heated to 50°C and
stirring was continued for 2.5 h. After cooling the reaction mixture was quenched with aqueous 0.1%
HCI (30 mL) and extracted with DCM (100 mL). Aqueous phase was separated and extracted again with
DCM (2 x 40 mL). Combined organic phases were dried over Na,SO4 and the solvent was evaporated
in vacuo. The crude material was purified by silica gel column chromatography yielding the product 12

as a white solid (1.2 g, 75% yield).

RS-3-((16-(tritylthio)hexadecanoyl)oxy)propane-1,2-diyl dipalmitate (13). To a solution of
acid 12 (700 mg, 1.32 mmol) in dichloromethane (2 mL) were added DMAP (27 mg, 0.22 mmol) and

EDCI (253 mg, 1.32 mmol). The mixture was added to a vigorously stirred solution of compound 10
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(625 mg, 1.10 mmol) in dichloromethane (3 mL) at 0°C. The reaction mixture was warmed and stirred
at RT for 4 h. The mixture was diluted with dichloromethane (50 mL), washed with 0.1 M HCI (2 x 40
mL) and then with brine (1 x 30 mL). Organic phase was dried over Na,SO, and evaporated in vacuo.
The crude material was purified by silica gel column chromatography (hexane-AcOEt 10:1) yielding the

product 13 as a white solid (774 mg, 65% yield).

(S)-2-(6-((3-((16-(RS-2,3-bis(palmitoyloxy)propoxy)-16-oxohexadecyl)disulfaneyl)propyl)-
amino)-benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (14). To a solution of the
compound 13 (26 mg, 0.024 mmol) in dichloromethane (1.5 mL) cooled to 0°C were added TFA (111
uL, 1.44 mmol) and Et5SiH (46 pL, 0.29 mmol) under N,. The mixture was warmed and stirred at RT for
4 h and then the volatile materials were evaporated in vacuo. The residue was dissolved in THF (1 mL)
under N, followed by addition of the compound 6 (9 mg, 0.019 mmol) dissolved in DMF (1 mL) and
DIPEA (11.4 pL, 0.065 mmol). The mixture was stirred at RT for 18 h with protection from light and
then concentrated in vacuo to dryness. The residue was purified by silica gel column chromatography
(DCM-MeOH 40:1 + 2% (v/v) acetic acid) to give the product 14 as an orange solid (19 mg, 82% yield).
HRMS: calculated for CgsH112N305S4 [M+H]* 1190.7327, found 1190.7329.

2-(benzyloxy)propane-1,3-diyl dipalmitate (16). 2-Benzyloxy-1,3-propanediol (300 mg, 1.65
mmol) in dichloromethane (6 mL) was mixed with pyridine (532 pL, 6.59 mmol) and DMAP (5 mg, 0.04
mmol) under N,. The reaction mixture was cooled down to 0°C. A solution of palmitoyl chloride (1.33
mL, 4.4 mmol) in DCM (6 mL) was added dropwise to the reaction mixture under stirring at 0°C. After
10 min cooling bath was removed and stirring was continued at RT for 16 h. Then, the reaction mixture
was diluted with DCM (10 mL) and washed with 0.1 M HCI (3 x 5 mL) and with brine (1 x 10 mL). Organic
phase was dried with Na,SO,, the solvent was evaporated in vacuo to give a crude material, which was
purified by silica gel column chromatography (hexane-AcOEt 10:1) yielding the product 16 as a white
solid (618 mg, 57% yield).

2-hydroxypropane-1,3-diyl dipalmitate (17). Compound 16 (542 mg, 0.82 mmol) was
dissolved in ethyl acetate (10 mL) followed by three vacuum-N; cycles. Then, 5% Pd/C (200 mg) was
added to the reaction mixture under N,. The reaction flask was filled with H,, and the compound 16
was hydrogenated under normal pressure at RT for 21 h. The catalyst was removed by filtration
through a pad of Celite and the filtrate was concentrated in vacuo to provide the product 17 as a white

powder (430 mg, 92% yield) which was used in the next step without purification.

2-((16-(tritylthio)hexadecanoyl)oxy)propane-1,3-diyl dipalmitate (18). To a solution of acid
12 (370 mg, 0.70 mmol) in dichloromethane (5 mL) were added DMAP (14.2 mg, 0.12 mmol) and EDCI
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(134 mg, 0.70 mmol). Then, this mixture was added to a vigorously stirred solution of compound 17
(331 mg, 0.58 mmol) in dichloromethane (5 mL) at 0°C under N,. The reaction mixture was warmed
and stirred at RT overnight. The mixture was diluted with dichloromethane (20 mL), washed with 0.1
M HCI (2 x 20 mL) and then with brine (1 x 20 mL). Organic phase was dried over Na,SOsand evaporated
in vacuo. The crude material was purified by silica gel column chromatography (hexane-AcOEt 10:1)

yielding the product 18 as a white solid (452 mg, 72% vyield).

(S)-2-(6-((3-((16-((1,3-bis(palmitoyloxy)-propan-2-yl)oxy)-16-oxohexadecyl)disulfaneyl)-
propyl)amino)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (19). To a solution of the
compound 18 (26 mg, 0.024 mmol) in dichloromethane (1.5 mL) cooled to 0°C were added TFA (111
uL, 1.44 mmol) and EtsSiH (46 pL, 0.29 mmol) under N,. The mixture was warmed and stirred at RT for
4 h and then the volatile materials were evaporated in vacuo. The residue was dissolved in THF (1 mL)
under N, followed by addition of the compound 6 (9 mg, 0.019 mmol) dissolved in DMF (1 mL) and
DIPEA (11.4 pL, 0.065 mmol). The mixture was stirred at RT for 18 h with protection from light, then
the solvents were evaporated in vacuo and the residue was purified by silica gel column
chromatography (DCM-MeOH 40:1 + 2% (v/v) acetic acid) to give the product 19 as an orange solid (20
mg, 86% yield). HRMS: calculated for CesH112N308S4[M+H]* 1190.7327, found 1190.7333.

RS-((2,3-bis(hexadecyloxy)propoxy)methyl)benzene (21). A powder of 95% NaH (1.42 g, 56.3
mmol) was added to a solution of RS-3-benzyloxy-1,2-propanediol (3.42 g, 18.8 mmol) in DMF (257
mL) under N,. The mixture was stirred for 30 min at RT followed by dropwise addition of 1-
bromohexadecane (16 mL, 52.6 mmol). After 28 h the reaction mixture was quenched with 200 mL of
ice-cold water under stirring followed by extraction with Et,0 (4 x 100 mL). Combined organic phase
was washed with H,0 (3 x 30 mL), dried over Na,SO, and concentrated in vacuo. The crude material
was purified by silica gel column chromatography (gradient elution with hexane-AcOEt 50:1 — 10:1)

yielding the product 21 as a transparent oil (8.45 g, 71% vyield).

RS-2,3-bis(hexadecyloxy)propan-1-ol (22). Compound 21 (8.2 g, 12.99 mmol) was dissolved in
ethyl acetate (70 mL) followed by three vacuum-N, cycles. Then, 10% Pd/C (200 mg) was added to the
reaction mixture under N,. The reaction flask was filled with H,, and the compound 21 was
hydrogenated under normal pressure at RT for 21 h. The catalyst was removed by filtration through a
pad of Celite and the filtrate was concentrated in vacuo to provide the product 22 as a white powder

(6.98 g, 99% yield) which was used in the next step without purification.
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2-((16-bromohexadecyl)oxy)tetrahydro-2H-pyran (24).

Step 1. To a solution of 16-bromohexadecanoic acid (3.0 g, 8.95 mmol) in THF (18 mL) BH3-THF (10.8
mL, 10.74 mmol) was added dropwise at 0°C under N,. The mixture was stirred at RT for 24 h and then
quenched with H,0 (3 mL) and extracted with DCM (100 mL). Aqueous phase was separated and
extracted with DCM (2 x 50 mL). Combined organic phase was washed with H,0, then dried over
Na,SO4 and concentrated in vacuo to give 16-bromohexadecanol as a white solid (2.72 g, 95% vyield),
which was used in the next step without purification.

Step 2. 16-bromohexadecanol (2.5 g, 7.78 mmol) obtained in the previous step was dissolved in DCM
(50 mL), followed by the addition of 3,4-dihydro-2H-pyran (1.07 mL, 11.67 mmol) and pyridinium p-
toluenesulfonate (196 mg, 0.78 mmol). The mixture was stirred at RT under N; for 3 h and then diluted
with DCM and washed with aqueous half-saturated NaHCOs3(2 x 50 mL). Organic phase was separated,
dried over Na;SO4 and concentrated in vacuo. The crude product was purified by flash-filtration
through a short pad of SiO, using hexane-AcOEt 10:1 as an eluent, to provide the product 24 (2.95 g,
94% yield).

RS-2-((16-(2,3-bis(hexadecyloxy)propoxy)hexadecyl)oxy)tetrahydro-2H-pyran  (25). The
compound 22 (2.81 g, 5.20 mmol) was dissolved in the mixture of DMF (70 mL) and THF (35 mL) upon
mild warming, followed by the addition of a powder of 95% NaH (208 mg, 8.68 mmol) under N,. The
mixture was stirred at RT for 30 min. Then, a solution of the compound 24 (2.95 g, 7.28 mmol) in THF
(18 mL) was added dropwise to the reaction mixture, followed by stirring at RT for 72 h. The mixture
was quenched by ice-cold water and then concentrated in vacuo to lower volume and extracted with
Et,0 (1 x 100 mL). Aqueous phase was separated and extracted with Et,0 (2 x 30 mL). Combined
organic extracts were dried over Na,SO4 and concentrated in vacuo to give the crude product 25 as a

yellow oil (5.05 g), which was used in the next step without purification.

RS-16-(2,3-bis(hexadecyloxy)propoxy)hexadecan-1-ol (26). To a solution of the compound 25
(3.53 g, 4.08 mmol) in a mixture of THF (50 mL) and MeOH (20 mL) PPTS (503 mg, 2.00 mmol) was
added. A reflux condenser was connected to the reaction flask and the mixture was stirred at 50°C for
6 h. Then, the solvents were evaporated in vacuo and the residue was dissolved in AcOEt (100 mL)
followed by washing with H,O (3 x 50 mL) and brine (1 x 50 mL). Organic phase was dried over Na,SO4
and the solvent was evaporated in vacuo to produce a white solid of 26 (2.66 g. 83% yield), which was

used in the next step without purification.

RS-16-(2,3-bis(hexadecyloxy)propoxy)hexadecyl methanesulfonate (27). To a solution of the
compound 26 (2.15 g, 2.75 mmol) in DCM (9 mL) Me3sN-HCI (262 mg, 2.75 mmol) and DIPEA (956 uL,

5.49 mmol) were added under N,. The mixture was cooled to 0°C and then a solution of MsCl (472 mg,

96



Bioluminescence Imaging of Triglyceride Uptake

4.12 mmol) in DCM (5 mL) was added dropwise under stirring. After 1 h the ice bath was removed and
the stirring was continued at RT for 4.5 h. Then, N,N-dimethylethylenediamine (316 pL, 2.89 mmol)
was added to the mixture to quench the reaction. After stirring for 15 min the reaction mixture was
diluted with AcOEt (150 mL) and washed with 0.1 M HCI (3 x 30 mL), H,O (1 x 50 mL) and brine (1 x 30
mL). Organic phase was dried over Na,SO, and the solvent was evaporated in vacuo. The crude material
was purified by silica gel column chromatography (gradient elution with CHCls-toluene-Et,0 100:33:1
— 100:33:5) yielding the product 27 as a white solid (491 mg, 21% yield).

RS-(16-(2,3-bis(hexadecyloxy)propoxy)hexadecyl)(trityl)sulfane (28). To a solution of the
compound 27 (164 mg, 0.19 mmol) in THF (1 mL) were added a solution of triphenylmethanethiol (65
mg, 0.23 mmol) in DMF (1 mL) and DIPEA (40 uL, 0.23 mmol) under N,. The mixture was stirred at RT
until full conversion of the starting mesylate (monitored by TLC). Then, the solvents were evaporated
in vacuo and the crude material was dissolved in DCM and mixed with SiO, (400 mg) followed by
evaporation of DCM to dryness. The deposited on SiO, crude mixture was loaded on the SiO, column
for chromatographic purification (elution with hexane-AcOEt 20:1), which gave the product 28 as a

white solid (174 mg, 87% yield).

(S)-2-(6-((3-(RS-(16-(2,3-bis(hexadecyloxy)propoxy)hexadecyl)disulfaneyl)propyl)amino)-
benzo[d]-thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (29). To a solution of the compound 28
(25 mg, 0.024 mmol) in dichloromethane (1.5 mL) cooled to 0°C were added TFA (110 puL, 1.44 mmol)
and EtsSiH (46 uL, 0.29 mmol) under N,. The mixture was warmed and stirred at RT for 2 h and then
the volatile materials were evaporated in vacuo. The residue was dissolved in THF (1 mL) under N,
followed by addition of the compound 6 (9 mg, 0.019 mmol) dissolved in DMF (1 mL) and DIPEA (11.4
pL, 0.065 mmol). The mixture was stirred at RT for 12 h with protection from light and then was
concentrated in vacuo to dryness. The residue was purified by silica gel column chromatography (DCM-
MeOH 40:1 + 2% (v/v) acetic acid) to give the product 29 as an orange solid (17 mg, 78% vyield).
HRMS: calculated for CgsH118N305S, [M+H]* 1148.7949, found 1148.7959.

(S)-2-(6-((3-((15-carboxypentadecyl)disulfaneyl)propyl)amino)benzo[d]thiazol-2-yl)-4,5-
dihydro-thiazole-4-carboxylic acid (31). To a solution of 16-mercaptohexadecanoic acid (3.5 mg, 0.012
mmol) in THF (1 mL) was added a solution of the compound 6 (4.7 mg, 0.01 mmol) in DMF (1 mL) and
DIPEA (12 pL, 0.07 mmol). The mixture was stirred at RT for 12 h with protection from light and then
was concentrated in vacuo to dryness. The residue was purified by silica gel column chromatography
(DCM-AcOEt 1:1 + 2% (v/v) acetic acid) to give the product 31 as an orange solid (4 mg, 63% yield).
HRMS: calculated for C3oH4sN304S4 [M+H]* 640.2371, found 640.2369.
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RS-3-(benzyloxy)propane-1,2-diyl bis(decanoate) (33). (+)-3-Benzyloxy-1,2-propanediol (2.50
g, 13.7 mmol) in dichloromethane (16 mL) was mixed with pyridine (2.49 mL, 30.9 mmol) and DMAP
(25 mg, 0.2 mmol) under N,. The reaction mixture was cooled down to 15°C. A solution of decanoyl
chloride (5.7 mL, 27.4 mmol) in DCM (6 mL) was added dropwise to the reaction mixture under stirring
at 15°C. The cooling bath was removed and stirring was continued at RT for 2.5 h and then at 40°C for
8.5 h. Then glacial acetic acid was added (0.7 mL). The mixture was diluted with DCM (20 mL) and
washed with H,O (3 x 10 mL) and with brine (1 x 10 mL). Organic phase was dried over Na;SO,, the
solvent was evaporated in vacuo to give a crude material, which was purified by silica gel column

chromatography (hexane-AcOEt 10:1) to give the product 33 (4.79 g, 71% yield).

RS-3-hydroxypropane-1,2-diyl bis(decanoate) (34). The compound 33 (200 mg, 0.41 mmol)
was dissolved in ethyl acetate (2 mL) followed by three vacuum-N; cycles. Then, 5% Pd/C (20 mg) was
added to the reaction mixture under N,. The reaction flask was filled with H,, and the compound 33
was hydrogenated under normal pressure at RT for 24 h. The catalyst was removed by filtration
through a pad of Celite and the filtrate was concentrated in vacuo to provide the product 34 as a white

powder (139 mg, 85% yield) which was used in the next step without purification.

10-(tritylthio)decanoic acid (36). Triphenylmethanethiol (301 mg, 1.09 mmol) was dissolved in
toluene (1 mL) under N, followed by the addition of 5.4 M MeONa (0.43 mL, 2.38 mmol) under stirring
at RT. Then, a solution of 10-bromodecanoic acid 35 (298 mg, 1.19 mmol) in MeOH (2 mL) was added
dropwise to the reaction mixture at 5°C under vigorous stirring. The mixture was heated to 50°C and
stirring was continued for 2 h. Then, the reaction mixture was cooled to RT, quenched with aqueous
0.1% HCI (10 mL) and extracted with DCM (30 mL). Aqueous phase was separated and extracted again
with DCM (2 x 20 mL). Combined organic phases were dried over Na,SO4 and the solvent was
evaporated in vacuo. The crude material was purified by silica gel column chromatography (hexane-
AcOEt 2:1) to provide the product 36 as a white solid (407 mg, 84% yield). *H NMR (400 MHz, CDCl3) &
7.43-7.37 (m, 6H), 7.30-7.22 (m, 6H), 7.22-7.15 (m, 3H) 2.32 (t, J = 7.5 Hz, 2H), 2.12 (t, J = 7.3 Hz, 2H),
1.67-1.60 (m, 2H), 1.54-1.06 (m, 14H).

RS-3-((10-(tritylthio)decanoyl)oxy)propane-1,2-diyl bis(decanoate) (37). To a solution of acid
36 (150 mg, 0.34 mmol) in dichloromethane (2 mL) were added DMAP (7 mg, 0.06 mmol) and EDCI (64
mg, 0.34 mmol). The mixture was added to a vigorously stirred solution of compound 34 (112 mg, 0.28
mmol) in dichloromethane (1 mL) at 0°C. The reaction mixture was warmed and stirred at RT for 12 h.
The mixture was diluted with dichloromethane (20 mL), washed with 0.1 M HCI (2 x 20 mL) and then
with brine (1 x 20 mL). Organic phase was dried over Na,SO4 and evaporated in vacuo. The crude

material was purified by silica gel column chromatography (hexane-AcOEt 10:1) yielding the product
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37 as a white solid (178 mg, 64% yield). H NMR (400 MHz, CDCls) & 7.44-7.37 (m, 6H), 7.30-7.23 (m,
6H), 7.23-7.17 (m, 3H), 5.30-5.22 (m, 1H), 4.33-4.24 (m, 2H), 4.14 (dd, J = 11.9, 6.0 Hz, 2H), 2.35-2.25
(m, 6H), 2.12 (t, J = 7.3 Hz, 2H), 1.66-1.53 (m, 6H), 1.45-1.08 (m, 36H), 0.88 (t, J = 6.7 Hz, 6H).

(45)-2-(6-((3-((10-(RS-2,3-bis(decanoyloxy)propoxy)-10-oxodecyl)disulfaneyl)propyl)amino)-
benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid (38). To a solution of the compound 37
(12.5 mg, 0.015 mmol) in dichloromethane (1.5 mL) cooled to 0°C were added TFA (69 uL, 0.9 mmol)
and EtsSiH (29 L, 0.18 mmol) under N2. The mixture was warmed and stirred at RT for 4 h and then
the volatile materials were evaporated in vacuo. The residue was dissolved in THF (1 mL) under N,
followed by addition of the compound 6 (5.6 mg, 0.012 mmol) dissolved in DMF (1 mL) and DIPEA (7.1
uL, 0.04 mmol). The mixture was stirred at RT for 12 h with protection from light and then concentrated
in vacuo to dryness. The residue was purified by silica gel column chromatography (DCM-MeOH 40:1
+ 2% (v/v) acetic acid) to give the product 38 as an orange solid (8 mg, 71% yield). HRMS: calculated
for C47H76N305S4 [M+H]* 938.4510, found 938.4473.

3.5.2 Materials and methods. Biological part

General information. Lipase from porcine pancreas (Cat. # L3126, Sigma-Aldrich), Colipase
from porcine pancreas (Cat. # C3028, Sigma-Aldrich), Bovine Serum Albumin (BSA, essentially fatty acid
free, Cat. # A3803, Sigma-Aldrich), Sodium taurodeoxycholate hydrate (Cat. # T0O875, Sigma-Aldrich),
Sodium glycodeoxycholate (Cat. # G9910, Sigma-Aldrich), Orlistat (Cat. # 00381, TCl), Metronidazole
(Cat. # M1547, Sigma-Aldrich), Vancomycin hydrochloride (Cat. # AB349704, ABCR), Neomycin sulfate
(Cat. #4801, Merck), Ampicillin sodium salt (Cat. # K029.1, Roth), MRS Broth (Cat. # X925.1, Roth), FBS
(Cat. # 10270106, Gibco), Penicillin-Streptomycin (Cat. # 1540122, Gibco), TrypLE™ Express Enzyme
(1 X) (Cat. # 12605010, Gibco), Minimum Essential Medium (Cat. # 10370047, Gibco), GlutaMAX™
Supplement (100 X) (Cat. # 35050038, Gibco), Sodium Pyruvate (100 X) (Cat. # 11360039), Phosphate-
buffered saline (PBS), pH 7.2 (1X) (Cat. # 20012019), HBSS (1 X) (Cat. # 14025050), D-luciferin
potassium salt (Beetle Luciferin, Potassium Salt, Cat. # E160C, Promega), Corn oil (Cat. # 405435000,
Acros), Tetrahydrofuran (Cat. # 34845-5000, Acros), D-(+)-Glucose (Cat. # G7528, Sigma-Aldrich) were
used as received from suppliers without additional purification. Oxoid™ AnaeroGen™ 2.5L Sachet (Cat.
# ANOO025A, ThermoFisher Scientific), Oxoid™ AnaeroJar™ 2.5L (Cat. # AGO025A, ThermoFisher
Scientific) were used for bacterial culture. Millipore water was used for solutions preparations. Cell-
based assays were performed using Falcon® 96-well microplates (black, with clear flat bottom, tissue
culture treated) (Product # 353219, Corning). LCMS analysis was performed with Agilent Infinity 1260
HPLC system (Agilent, Santa Clara, CA) using SunFire® C18 column (2.1 x 20 mm, 3.5 um) connected to
Quadrupole LC/MS system (Agilent). IVIS 100 imaging system (Xenogen) or IVIS Spectrum imaging
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system (Xenogen) were used for bioluminescence imaging in cell and animal experiments. Analysis and
quantification of the bioluminescent signal were performed using Living Image software (PerkinElmer).
Statistical analysis of the data obtained in the experiments was carried out using GraphPad Prism

software.

Cell lines and cell culture. Caco2-luc cells were cultured in EMEM (Minimal Essential Medium
containing non-essential amino acids supplemented with 1% GlutaMAX™, 1% Sodium Pyruvate, 10%
FBS and 1% Penicillin-Streptomycin) and subcultured when reached 60-70% confluency. For the assays,
the cells were seeded in 96-well plates with flat transparent bottom at density 5:10% cells per well and

used 24 h after seeding.

Bacterial lines and bacterial culture. For the bacterial (probiotics) experiments Lactobacillus
Plantarum WCFS1 (BSH-positive, wt) and Lactobacillus Plantarum NZS332 (BSH-negative, Absh1-bsh4)
were used. Lactobacillus Plantarum strains were obtained from Dr. James Collins. The bacterial culture
was initiated by inoculating MRS broth (15 mL) with thawed glycerol stock suspensions of bacteria (30
plL) and incubating them in a static anaerobic chamber Oxoid™ AnaeroJar™ 2.5L in the presence of
Oxoid™ AnaeroGen™ 2.5L Sachet at 37°C for 24 h. The bacteria were isolated by centrifugation (4000
x g for 10 min) and washed by resuspending in PBS (3 x 10 mL) and centrifugation. Then, the bacteria
were resuspended in PBS to get a required bacterial concentration and were directly used in the
experiments. The concentrations of bacterial suspensions were calculated by inoculating MRS-agar
plates with serial dilutions (from 10 to 10, in triplicates) of the suspensions followed by the
incubation for 24 h in the anaerobic chamber (as described above for preparing bacterial cultures in

MRS broth) and counting the numbers of colony-forming units.

Bile salt hydrolase activity assay in bacterial lines. The bile salt hydrolase activity assay in
bacterial lines was performed by LCMS analysis of the glycodeoxycholate deconjugation reaction in
the presence of the bacterial suspension with formation of the deoxycholate. For the assay
Lactobacillus Plantarum WCFS1 and Lactobacillus Plantarum NZS332 were cultured as described
above. The bacterial suspensions were prepared in PBS (1-10° CFU/mL). For each bacterial line an
aliquot of sodium glycodeoxycholate solution (225 uL, 6.67 mM) in PBS (without Ca?* and Mg?*) was
mixed with a bacterial suspension (75 pL, 1-10° CFU/mL). The control samples were prepared by using
PBS (75 uL) instead of bacterial suspensions. Next, the mixtures (in triplicates for each sample) were
incubated at 37°C for 35 min and then centrifuged. Supernatants were separated and analyzed by
LCMS (mobile phase - 5 mM ammonium formate in H,O — acetonitrile; gradient — from 5% to 95% (v/v)
acetonitrile over 3 min; flow rate — 1.0 mL/min; injection volume — 3 pL). Quantification was performed

by analyzing the areas under the chromatographic peaks.
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Animals. FVB-luc+ transgenic mice [FVB-Tg(CAG-luc,-GFP)L2G85Chco/l] (284) were purchased
from The Jackson Laboratory and breeded at the EPFL SPF animal facility. The mice were housed at the
EPFL UDP animal facility under pathogen free conditions in individually ventilated cages in groups of
4-5 mice according to their gender and age with 12h/12h light-dark cycle at 22°C and free access to
regular chow diet and water unless otherwise specified. All experiments were performed in strict
accordance to the Swiss regulation on animal experimentation and the experimental protocol (VD
2849) was approved by the authority of the Canton Vaud, Switzerland (EXPANIM (Expérience sur
animaux)-SCAV, Département de la sécurité et de I'’environnement, Service de la consommation et

des affaires vétérinaires).

Real time bioluminescence imaging of LCTG-Lucl, LCTG-Luc2, MCTG-Luc and LCGE-Luc
uptake by Caco2-luc cells. Caco2-luc cells were grown and plated in 96-well plates as described above.
For the cellular uptake experiments the probes were formulated as emulsions in an uptake buffer
(HBSS with Ca?* and Mg?* containing 0.01% fatty acid free BSA and 1 mM sodium taurodeoxycholate).
For the emulsion preparation each probe (0.3 mg) was dissolved in THF (20 pL) and mixed with a
calculated volume of corn oil in order to obtain 6 mM stock solution, followed by THF evaporation in
vacuo. An aliquot of the stock solution was added to 200x volume of the uptake buffer and the mixture
was sonicated for 5 min at room temperature with stirring to produce emulsion, which was loaded
into a 96 well plate. Porcine pancreatic lipase solutions (0-400 ng/mL) were prepared in the uptake
buffer and were supplemented with porcine pancreatic colipase to provide lipase-colipase ratio 5:1
(w/w) and then were loaded into a separate 96 well plate. Before adding the probes the culture
medum was removed and the cells were washed with PBS. Next, the emulsified probes were added to
the cells using a multichannel micropipette (50 pL/well, 30 uM probe in emulsion) followed by the
addition of pancreatic lipase solutions (50 uL/well, 0-400 ng/mL), which provided the final probes
concentration in the wells 15 uM and the final lipase concentrations 0-200 ng/mL. Then, the plate was
immediately placed in the IVIS 100 imaging system and the bioluminescent signal was acquired for 150
min at 37°C every 2 min for 150 min with autoexposure setting. The BLI quantification was performed

using Living Image software by selecting the region-of-interest (ROI) around each well.

Real time bioluminescence imaging of LCTG-Lucl and LCTG-Luc2 uptake by Caco2-luc cells in
the presence of orlistat. Caco2-luc cells were plated in 96-well plates as described above. Solutions of
orlistatin corn oil (1.5 pL, 0-13.2 mM) were mixed with the stock solutions of LCTG-Luc1 and LCTG-Luc2
probesin corn oil (1.5 pL, 6 mM) and these mixtures were added to 200x volume (600 pL) of the uptake
buffer (described above) followed by sonication for 5 min at room temperature with stirring to produce
emulsions. Then, the cells were cleared from the culture medium, washed with PBS and loaded first

with the prepared emulsions (50 pL/well) and then with the pancreatic lipase solution in the uptake
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buffer (50 pL, 400 ng/mL) supplemented with pancreatic colipase (lipase-colipase ratio 5:1 (w/w)),
providing the final lipase concentration 200 ng/mL, the probes final concentration 7.5 uM and final
orlistat concentrations 0-25 uM. After additions the plate with cells was immediately placed in the
IVIS 100 imaging system and the bioluminescent signal was acquired at 37°C every 2 min for 150 min

with autoexposure setting.

Real time bioluminescence imaging of LCGE-Luc activation by glutathione in the presence of
Caco2-luc cells. Caco2-luc cells were plated in the 96-well plate as described above. The emulsion of
LCGE-Luc probe (30 uM) and a pancreatic lipase solution (400 ng/mL) were prepared in the uptake
buffer (HBSS with Ca?* and Mg?* containing 0.01% fatty acid free BSA and 1 mM sodium
taurodeoxycholate) as described above. Glutathione solution (15 mM) was prepared in the degassed
uptake buffer. Next, the cell culture medium was removed, cells were washed with PBS and loaded
first with LCGE-Luc emulsion (50 pL) and then with the pancreatic lipase solution (50 uL), followed by
immediate light acquisition using IVIS 100 imaging system at 37°C every 2 min. After 52 min of imaging
the glutathione solution (50 pL, 15 mM) was added directly to the wells with Caco2-Luc cells containing
the mixture of LCGE-Luc emulsion and the pancreatic lipase, which were imaged up to 52 min. The final
concentration of glutathione in each well after addition was 5 mM. The plate was immediately imaged

again for 18 min with the same imaging settings.

Real time bioluminescence imaging of LCTG-Lucl, LCTG-Luc2, LCGE-Luc and FA-Luc uptake in
FVB-luc+ mice. General procedure. For administration by oral gavage the probes were formulated as
solutions in corn oil or as emulsions. The emulsions were prepared by adding one volume of the probe
stock solution (6 mM) in corn oil to 32 volumes of the sodium taurodeoxycholate solution (10 mM) in
PBS (pH 7.2, with Ca?* and Mg?*"), supplemented with 0.4% (v/v) glycerol and followed by sonication.
Male FVB-luc+ mice (15-20 week old, 4-8 mice per group) were starved for 10 h (from 10 a.m. to 8
p.m.) and then received oral gavage of the probes solutions in corn oil (150 pL, 40 nmol/mouse) or the
probes in emulsions (250 pL, 40-45 nmol/mouse). After the gavage the mice were immediately placed
in the transparent ventilated plastic boxes, installed inside the IVIS Spectrum imaging system allowing
free movement of animals during the experiment, and were imaged without anesthesia for 1 h at room
temperature with supply of oxygen (1.5 L/min) inside the IVIS chamber. Bioluminescent signal was

acquired every 30 s for 1 h with exposure time 30 s.

For LCTG-Lucl probe a dose-response study was carried out where the same mice (n = 4)
received various doses of LCTG-Luc1 (10, 40 and 100 nmol/mouse in 150 pL of corn oil) by oral gavage
and imaged as described above. For the study, administration of various doses of the probe in mice

was performed with the time interval of 5 days.
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Real time bioluminescence imaging of LCTG-Lucl uptake in the presence of orlistat in
FVB-luc+ mice. For this study four types of emulsions were prepared: 1) the pre-gavage emulsion with
orlistat, 2) the pre-gavage emulsion with the vehicle only (corn oil), 3) the gavage emulsion containing
both the LCTG-Lucl probe and orlistat, 4) gavage emulsion containing LCTG-Lucl only. A stock solution
of orlistat (300 mg/mL) in corn oil was prepared by mixing orlistat (100 mg) with corn oil (200 puL)
followed by warming the mixture to 42°C and sonication. Pre-gavage emulsions (containing 25 mg/mL
orlistat or vehicle only) were obtained by mixing one volume of the warmed orlistat solution
(300 mg/mL) in corn oil or 0.6 volumes of corn oil only (vehicle) with 11 volumes of the sodium
taurodeoxycholate solution (10 mM) in PBS (pH 7.2, with Ca?* and Mg?*), supplemented with 0.4% (v/v)
glycerol and followed by sonication. The gavage emulsions (containing 180 uM LCTG-Lucl with or
without 20 mg/mL orlistat) were prepared by mixing one volume of LCTG-Luc1 solution (9.25 mM) in
corn oil with 3.4 volumes of the warmed orlistat solution (300 mg/mL) in corn oil or with 2 volumes of
corn oil only and then added to 47 volumes of the sodium taurodeoxycholate solution (10 mM) in PBS

(pH 7.2, with Ca?* and Mg?*), supplemented with 0.4% (v/v) glycerol and followed by sonication.

In this experiment, the treatment group consisted of the same mice as the control group, so that each
mouse served as its own control. In each experiment male FVB-luc+ mice (15-20 week old, 4 mice per
group) were starved for 10 h (from 10 a.m. to 8 p.m.) before administration of the probes. First, in the
control experiment, the mice received the pre-gavage emulsion containing the vehicle only (200 pL by
oral gavage) and 10 min later they were administered with the gavage emulsion containing the probe
only (250 uL by oral gavage, LCTG-Lucl dose 45 nmol/mouse). After receiving the gavage emulsion the
mice were immediately imaged as described in the general procedure. After imaging the mice were
placed back in the cages with the chow. One week later, the same mice were starved for 10 h (from 10
a.m. to 8 p.m.) before the experiment and then received the pre-gavage emulsion containing orlistat
(200 pL by oral gavage, orlistat dose 5 mg/mouse). 10 min later the mice were administered with the
emulsion containing orlistat and the probe (250 uL by oral gavage, orlistat dose 5 mg/mouse and LCTG-
Lucl dose 45 nmol/mouse), followed by immediate bioluminescent signal acquisition using the same
instrumental set-up and imaging setting as described in the general procedure. After the experiment

the mice were returned to the cages with the chow.

Real time bioluminescence imaging of LCTG-Lucl and LCTG-Luc2 uptake in FVB-luc+ mice
with normal, depleted and restored gut microbiota. In this experiment, the treatment group
consisted of the same mice as the control group, so that each mouse served as its own control. Male
FVB-luc+ mice (control group, 15-20 week old, 7-8 mice per group) were starved for 10 h (from 10 a.m.
to 8 p.m.) and then received oral gavage of the probes solutions in corn oil (150 uL, 40 nmol/mouse)

and immediately imaged using the same instrumental set-up and imaging setting as described in the
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general procedure. After 24 h the bottles with drinking water were replaced with the bottles containing
antibiotics mixture (AVNM) (ampicillin sodium salt 1 g/L, vancomycin hydrochloride 0.5 g/L, neomycin
sulfate 1 g/L, metronidazole 1 g/L and d-glucose 50 g/L in drinking water) and this mixture was given
to mice for 7-9 days. During the AVNM treatment the mice weight was monitored daily and the cages
were changed every other day. After ending the AVNM treatment, the mice were given drinking water
for the rest of the study. At the day of finishing the AVNM treatment and 7 days after antibiotics
withdrawal the mice were imaged again using the same preparations, doses of the probes and imaging

settings as for the control experiment.

Real time bioluminescence imaging of LCTG-Lucl uptake in FVB-luc+ mice after treatment
with probiotics. Twelve male FVB-luc+ mice (15-20 week old, control group) were starved for 10 h and
then were gavaged with LCTG-Luc1 in corn oil (150 pL, 40 nmol/mouse) followed by immediate imaging
as described in the general procedure. The next day, the mice were divided in two groups (6 mice per
group). The first group was receiving once daily oral gavage of Lactobacillus Plantarum WCFS1 (BSH+,
200 pL, 5-10° CFU) for 12 days in total. The second group was receiving once daily oral gavage of
Lactobacillus Plantarum NZS332 (BSH-, 200 L, 5-10° CFU) for 12 days in total. At day 5 and day 12 of
probiotics treatment both groups of mice were starved for 10 h (from 10 a.m. to 8 p.m.) and then were
imaged after oral gavage of LCTG-Lucl in corn oil (150 pL, 40 nmol/mouse) as described in the general
procedure and then were returned to the cages with the chow.

Ex vivo bioluminescence imaging of excised gastrointestinal tract after oral gavage of
LCTG-Lucl in FVB-luc+ mice. Male FVB-luc+ mice (15-20 week old) were starved for 10 h and then were
gavaged with LCTG-Lucl in corn oil (150 pL, 40 nmol/mouse). 10 min post-gavage the mice were
sacrificed by cervical dislocation, the gastrointestinal tract (stomach, small and large intestine) was

excised and bioluminescent signal was immediately acquired using IVIS Spectrum imaging system.
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Chapter 4 Conclusion

Molecular imaging provides valuable information about cellular and molecular events within
intact living organisms. It advances our understanding of fundamental biological processes and can aid
in earlier disease diagnostics. Visualization of biological processes of interest at the cellular and
subcellular levels requires development of imaging agents that are capable to interact with specific
molecular targets providing a detectable signal. Among various imaging techniques, optical imaging
that includes bioluminescence and fluorescence plays a key role for preclinical studies. Moreover,
fluorescent imaging agents have a potential for clinical translation. In this thesis, | described my work

on the development of lipid-based optical imaging probes for in vivo applications.

In the first project, | developed a near-infrared fluorescent fatty acid probe as a tool for in vivo
tumor imaging. Fatty acids are important molecules for tumor growth and progression. Apart from
intracellular fatty acid synthesis, certain tumors such as glioma may rely on the uptake of fatty acids
from circulation. Therefore, fatty acids can be envisioned as ligands for tumor targeting. Based on this
idea, | designed a fluorescent fatty acid probe ICG-FA that consists of a long-chain fatty acid, palmitic
acid, and a near-infrared fluorescent dye indocyanine green (ICG) attached to the end of the aliphatic
chain. The choice of the w-carbon atom of the fatty acid for fluorophore attachment was based on the
previous studies, which demonstrated that modifications of long-chain fatty acids at the end of the
aliphatic chain do not change their uptake mechanism by cells. ICG was chosen as a fluorescent
reporter for the probe design, since it has suitable optical properties for in vivo imaging and
furthermore it was approved by the FDA as an imaging agent for clinical applications. Importantly, free
ICG lacks the ability to interact specifically with tumors. Starting from the construction of a
conjugatable ICG-analog, | developed and optimized the ICG-FA probe synthesis and then studied the
probe uptake in cells. The experiments with ICG-FA in 3T3-L1 cell line, which is a classical model for
fatty acid uptake studies, proved that the probe is cell-permeable and that its uptake by cells is
comparable to that of natural fatty acids. Furthremore, they showed that ICG-FA can compete for the
cellular uptake with natural substrates. Uptake studies in the glioma cell line U87MG-luc revealed that
ICG-FA accumulates inside the cells with significantly higher uptake compared to free ICG dye, which
indicates that the fluorophore conjugation to palmitic acid improves its cellular accumulation and
enables better fluorescence detection of glioma cells compared to free ICG dye. In a next step, | studied

the performance of ICG-FA as an imaging probe in living mice. As expected, biodistribution of ICG-FA
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in mice demonstrated increased probe uptake and retention in various tissues upon intravenous
injection as compared to free ICG, suggesting that the cellular fatty acid uptake mechanism contributes
to the tissue retention of ICG-FA in vivo. Validation of ICG-FA in the murine glioma xenographt model
demonstrated the ability of the probe to target efficiently glioma tumors in vivo providing prolonged
tumor fluorescence compared to free ICG dye and showed consistency with the probe uptake studies
in U87MG-luc glioma cells in vitro. Importantly, ICG-FA demonstrated 4.5-fold increase of fluorescence
in the tumor xenographts compared to the healthy brain tissue, which is considered substantial probe
accumulation in the tumor (165). Moreover, ICG-FA was tested as an imaging agent for intraoperative
fluorescence image-guided surgery of mastocytoma in real clinical settings. In this proof-of-concept
study, the probe showed the ability to accumulate in the tumor of a canine patient providing
distinction between the tumor and healthy tissue that enables visual guidance for a surgeon in real
time for efficient tumor resection. Although the mechanism of ICG-FA accumulation in mastocytoma
is not clear, the demonstrated applicability of the probe for intraoperative tumor imaging suggests
that ICG-FA has a potential as a tumor-imaging agent for fluorescence-guided surgery of cancers that
have enhanced ICG-FA uptake, such as gliomas. It is promising to test the ability of ICG-FA to target
various tumors, since upregulated fatty acid uptake may be implicated in the metabolism of other

types of cancer.

In the second project, | developed bioluminescent probes for in vivo imaging of triglyceride
uptake and validated them in luciferase-expressing cells and mice, since no methods had existed for
non-invasive real-time assessment of triglyceride absorption in living animals. | used 6-N-(3-
mercaptopropyl)-aminoluciferin (MPr-AL) as a scaffold for designing bioluminescent triglyceride
probes because the traditional approach based on the disulfide-carbonate linker for labeling
biomolecules with luciferin has disadvantages such as limited hydrolytic stability and cumbersome
synthesis of the corresponding conjugates. | optimized the synthesis of the luciferin-labeling reagent
PyS-MPr-AL, which allowed using mild synthetic conditions, providing high yield of this compound. The
MPr-AL scaffold enabled successful synthesis of bioluminescent medium- and long-chain triglyceride
probes from corresponding mercapto-triglycerides. Validation of the developed probes in cells and
living mice demonstrated that these imaging tools represent the absorption of natural triglycerides,
since they only produce bioluminescence upon hydrolysis by lipases and subsequent cellular uptake of
the generated lipolytic products. In particular, the requirement of the probes’ lipolysis for the signal
generation as well as in vivo stability of the disulfide linker between the triglyceride part and luciferin
moiety of the probes in the intestinal lumen were confirmed by using a lipolysis-stable trialkyl
glycerol-luciferin LCGE-Lucl that did not produce bioluminescent signal after oral administration in

mice. The developed TG probes enabled sensitive in vivo imaging, where only 10 nmol of LCTG-Lucl
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produced a 16-fold stronger luminescent signal in vivo compared to background, suggesting that even
lower doses can be applied. The developed triglyceride probes enable non-invasive in vivo imaging,
providing real-time kinetics of intestinal triglyceride absorption in awake living animals, while
previously developed methods afford only end-point information and require ex vivo analysis or
invasive procedures. For example, | used the bioluminescent triglyceride probe LCTG-Lucl to
demonstrate the suppressive effects of the anti-obesity drug orlistat on the triglyceride absorption in
living mice in real time, whereas previously the orlistat action in mice was studied using methods such
as ex vivo analysis of radiolabeled triglycerides in feces (252). Importantly, the imaging probes were
efficiently employed to study the effects of the gut microbiota on triglyceride absorption in mice and
demonstrated substantial influence of gut bacteria on the intestinal triglyceride uptake. The developed
probes could potentially be applied for in vivo studies of certain types of drugs or microorganisms that
may help to treat obesity by decreasing lipid absorption (298). The probes could also be useful for the
development of functional foods using food structure design with the aim to decrease or enhance the
bioavailability of triglycerides that is important for the obesity management, neonatal nutrition and
pathologies with nutrient malabsorption, such as cystic fibrosis (208, 299). These triglyceride probes
offer a unique possibility to investigate quantitatively and non-invasively the effects of various agents
on the intestinal absorption of triglycerides in luciferase expressing animals, which could be of great

importance for the studies in the field of nutrition, obesity and metabolic diseases.
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