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ABSTRACT

Nanoparticle (NP) based theranostics may play a pivotal role in oncology in
the near future. However, determination of the pharmacokinetic (PK)
properties of novel nanomedicines, which is essential for the determination
of the effective dose and potential translation into the clinical setting, is
extremely challenging. Radiolabelling of the NPs with positron or gamma
emitters and subsequent imaging studies using nuclear imaging techniques
can provide relevant information on the PK properties of novel
nanomedicines, aiding in the selection of the most promising candidates
while enabling the discontinuation of non-appropriate drugs at early stages in
the process of drug development.

Within the frame of the EU-funded project “SaveMe”, NP-based theranostic
agents for the early detection and treatment of Pancreatic Cancer (PaCa, the
fourth deadliest cancer type), have been developed. Different polymeric and
protein-based NPs were synthesised by different partners and decorated
with targeting moieties with high affinity for somatostatin (SST) or galectin
(Gal) receptors, both over-expressed in PaCa cells. In this PhD thesis, the
different particles have been radiolabelled with ®’Ga via formation of
chelator-radiometal complexes or by taking advantage of unspecific
interactions between the radionuclide and the NP core. After assessing
radiochemical integrity of the labelled NPs, Single Photon Emission
Computerised Tomography (SPECT) studies were carried out in a
subcutaneous mouse model of PaCa, which was implemented by
subcutaneous injection of Panc-1 (human pancreatic adenocarcinoma) cells.
The biodistribution of the labelled NPs and the accumulation of NPs in the
tumour could be determined from SPECT images, which were combined with
Computerised Tomography (CT) images for proper localisation of the
radioactive signal. Complementary studies were performed with Magnetic
Resonance Imaging, which provided relevant information regarding tumour
heterogeneity. Imaging studies enabled the selection of the most appropriate
NP core and the investigation of the effect of the targeting moieties and
other surface decorations on the accumulation of the NPs in the tumour.

Results obtained with a SST-derived targeting moiety anchored to polymeric
NPs prepared by partner CID suggested that these NPs might find application
as therapeutic or diagnostic tools in the context of pancreatic cancer.






En un futuro, la terandstica basada en el uso de nanoparticulas (NPs) podria ser
de vital importancia en oncologia. Sin embargo, resulta extremadamente
dificultoso determinar las propiedades farmacocinéticas (PC) de los nuevos
nanofarmacos, caracteristica esencial para determinar la dosis efectiva y su
posible aplicabilidad clinica. El radiomarcaje de NPs con emisores positrénicos o
gamma v la adquisicion de imagenes mediante técnicas de imagen nuclear,
puede proporcionar informacion relevante de las propiedades PC de nuevos
farmacos, permitiendo seleccionar aquellos candidatos mas prometedores vy
descartar los que no lo son en etapas tempranas del proceso de desarrollo de
nuevos medicamentos.

Dentro del marco de las investigaciones financiadas por la UE, se cred el
proyecto “SaveMe”, cuya finalidad era desarrollar agentes terandsticos para
cancer de pancreas (CaPa, el cuarto tipo tumoral con mayor mortalidad).
Diversos participantes, desarrollaron diferentes NPs poliméricas y proteinicas y
las decoraron con agentes especificos de alta afinidad por receptores
somatostatinicos (SST) y de galectina (Gal), ambos sobreexpresados en células
de CaPa. En esta tesis doctoral, se han marcado radiactivamente las NPs
desarrolladas con %’Ga, bien mediante la formacién de un complejo agente
qguelante-radiometal o mediante interacciones inespecificas entre el
radionuclido y el nucleo de las NPs. Tras estudiar la integridad radioquimica de
las NPs marcadas, se ensayaron in vivo mediante Tomografia Computarizada por
Emision de Fotén Unico (SPECT-CT), en un modelo animal de CaPa (realizado tras
inocular de manera subcutdnea células Panc-1 de adenocarcinoma pancreatico
de origen humano). Mediante las imagenes SPECT en combinacion con la
tomografia computerizada (CT), herramienta Gtil para la correcta localizacion de
la sefial radiactiva, se pudo determinar la biodistribucién de las NPs marcadas y
su acumulacién en tumor. Se realizaron estudios complementarios mediante
imagen por resonancia magnética, lo que permitié evaluar la heterogeneidad de
los tumores. Gracias a los estudios de imagen y en funcién de su capacidad de
acceso a los tumores, se selecciond tanto el nucleo de NP mas adecuado, el
agente especifico, como otras decoraciones de las NPs,.

Los resultados obtenidos con un agente especifico derivado de SST unido a NPs
poliméricas sintetizado por el colaborador CID, indican que dichas NPs poseen
una potencial aplicabilidad como agentes terapéuticos o diagndsticos para
cancer de pancreas.
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1. GENERAL INTRODUCTION






GENERAL INTRODUCTION

1.1 PANCREATIC CANCER

Despite recent advances, cancer remains a pressing public health concern.
There were 14.1 million new cancer cases worldwide in 2012, and the global
cancer burden is expected to nearly double to 21.4 million cases and 13.5
million deaths by 2030. Advances in the early diagnosis and treatment of
cancer have raised the 5-year relative survival rate for all cancers from 50 %
(1974) to 68 % (2007) (1); however, cancer still accounted for 8.2 million
deaths worldwide in 2012 (2), and for some types of cancer incidence equals

mortality (4,5).

Pancreatic cancer is one of the most aggressive cancer types. With a 5-year
survival rate lower than 5 % and an average survival rate below 6 months, it
remains as one of the deadliest solid malignancies. The development of new
treatments and therapies is therefore urgently needed, together with the
implementation of early diagnostic tools, which require the identification of
new biomarkers over-expressed in these tumour types. Currently, there are
no efficient and sensitive methods for the early detection of pancreatic
cancer and only 10 % - 15 % of patients are diagnosed in the early stages of

the disease (4-7).



GENERAL INTRODUCTION

1.1.1 DEFINITION, TYPES, EPIDEMIOLOGY, RISK FACTORS

The pancreas is a fifteen centimetres long-five centimetre wide gland located
in the abdomen. With a shape similar to a flat pear, it is surrounded by the
stomach, the small intestine, the liver, the spleen and the gallbladder.
Anatomically, the pancreas is divided into a head, which rests within the
concavity of the duodenum, a body lying behind the base of the stomach,
and a tail, which ends abutting the spleen (see Figure 1). The neck of the
pancreas is between the body and head, and lies anterior to the superior
mesenteric artery and vein. The head of the pancreas surrounds these two
vessels, and a small uncinate process emerges from the lower part of the

head, lying behind the superior mesenteric artery (8).

Tail of the pancreas

Gall bladder

Duodenum

Ampulla of Vater

Figure 1: Anatomical description and localization of the pancreas. Image modified from
reference (9).



GENERAL INTRODUCTION

The pancreas is a dual-function gland, having features of both endocrine and
exocrine glands. Exocrine cells of the pancreas produce enzymes that assist
the digestive system. More than 95 % of the cells in the pancreas are in the
exocrine glands and ducts. When food enters the stomach, exocrine cells
release the pancreatic enzymes into a system of small ducts that lead to the
main pancreatic duct. The pancreatic duct, which runs the length of the
pancreas, carries pancreatic enzymes and other secretions, collectively called
pancreatic juice. The main pancreatic duct connects with the common bile
duct, which carries bile from the gallbladder, and together they connect with
the duodenum at the ampulla of Vater. Here, bile and pancreatic enzymes
enter the duodenum to aid with the digestion of fats, carbohydrates and

proteins.

The endocrine cells of the pancreas produce hormones (10). Hormones are
substances that control or regulate specific functions in the body and are
usually synthesized in one part of the body and carried through the blood to
take action in a different location. A small percentage of the cells in the
pancreas are endocrine cells. These cells are in small clusters called islets (or
islets of Langerhans). Islet cells are endocrine cells within the pancreas that
produce and secrete insulin and glucagon into the bloodstream. Insulin and
glucagon lower and raise blood sugar levels, respectively. Together, these
two main hormones maintain appropriate sugar levels in blood. Finally, the
islet cells also produce a hormone called somatostatin, which regulates the

levels of a variety of other hormones in the blood.
~9 ~



GENERAL INTRODUCTION

Pancreatic cancer begins when abnormal cells within the pancreas grow out
of control and form a tumour. The two types of cells in the pancreas
(exocrine cells and endocrine cells) form different types of tumours (exocrine
and endocrine, respectively), which have distinct risk factors, causes, signs
and symptoms, and are diagnosed using different tests, treated in different

ways, and have different outlooks.

Pancreatic exocrine tumours

Exocrine tumours account for more than 95 % of pancreatic cancers. Within
this category, the vast majority of tumours are adenocarcinomas. The main

different types of pancreatic exocrine tumours are described in Table 1.

~10~



GENERAL INTRODUCTION

Table 1: Pancreatic cancer exocrine tumour types.

Description

Adenocarcinoma Accounting for about 95 % of all pancreatic cancers, pancreatic
tumours are commonly known as pancreatic adenocarcinomas
(PDACs). These begin in the cells lining the pancreatic duct and
affect to the cells producing insulin.

Acinar Cell Carcinoma | Acinar cell carcinoma is a very rare form of pancreatic cancer,
and it is caused by an excessive production of pancreatic lipase,
the enzyme secreted to digest fats. The levels of pancreatic
lipase can be measured in blood.

Intraductal Papillary- An IPMN is a cystic tumour that grows from the main pancreatic
Mucinous Neoplasm duct or from side branches of the duct and may therefore be a
(IPMN) precursor for adenocarcinomas. The tumour may appear as a

papillary (finger-like) projection into the duct. Although an
IPMN may be benign at the time of diagnosis, it has a risk of
progressing to malignancy mainly when the IPMN originates in
the main pancreatic duct.

Mucinous Mucinous cystadenocarcinoma is a rare, malignant, cystic
Cystadenocarcinoma tumour which is mostly present in women. The characteristic of
this tumour is that the cyst is filled with a thick fluid called
mucin. It is similar to an IPMN but occurs in just one area of the
pancreas, more commonly in the tail.

Other less frequent types of exocrine pancreatic tumours, not listed in the
previous table, include adenosquamous carcinomas, squamous cell
carcinomas, signet ring cell carcinomas, undifferentiated carcinomas and

undifferentiated carcinomas with giant cells.

~11~



GENERAL INTRODUCTION

Pancreatic endocrine tumours

Pancreatic endocrine tumours, also known as pancreatic neuroendocrine
tumours (NETs or PNETSs) or islet cell tumours, account for less than 5 % of all
pancreatic cancers. They develop from the abnormal growth of endocrine
(hormone-producing) islet cells. They may be benign or malignant, tend to
grow slower than exocrine tumours and are typically diagnosed once the

tumour is advanced and is causing symptoms such as pain or jaundice (11).

Pancreatic neuroendocrine tumours are classified according to their
hormone production as either functional or nonfunctional. Functional
neuroendocrine tumours lead to overproduction of hormones, resulting in
hormone-related symptoms such as gastrinomas and insulinomas.
Nonfunctional tumours do not produce any hormones and consequently do
not cause hormone-related symptoms. The majority of PNETs are
nonfunctional tumours. With the exception of the insulinomas, nonfunctional
tumours are usually malignant or have a high potential to become malignant
(12). Due to the lack of hormone production, symptoms do not appear and
tumours can often grow quite large before they are detected; however, the
outlook of any type of NET is better than that of pancreatic exocrine cancers.
The most important types of pancreatic neuroendocrine tumours are

included in Table 2.

~12~
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Table 2: Pancreatic cancer endocrine tumour types.

Description

Gastrinoma
(Zollinger-Ellison
Syndrome)

In this type of PNET, gastrin is overproduced. When this tumour is
inherited as part of a genetic syndrome called Multiple Endocrine
Neoplasia Type 1 (MEN1), multiple tumours (likely to become
malignant) may be found in the head of the pancreas and/or the
duodenum.

Glucagonoma

In this type of PNET, glucagon is overproduced. Glucagonomas are
commonly found in the body and tail of the pancreas. They are
usually large, often metastasize and have a very high potential to
become malignant, although they rarely occur.

Insulinoma

Insulinomas overproduce insulin. They are the most common type of
functional pancreatic neuroendocrine tumours. They tend to be small
and difficult to diagnose. Most of them are benign.

Somatostatinoma

Somatostatinomas overproduce somatostatin. They are extremely
rare and usually very large. They can occur anywhere in the pancreas
and in the duodenum and are very likely to become malignant.

VIPoma (Verner-
Morrison
Syndrome)

VIPomas produce vasoactive intestinal peptide (VIP). Two-thirds of
VIPomas are found in women. The syndrome is also known as Watery
Diarrhoea and Hypokalemia Achlorhydria (WDHA) Syndrome. They
tend to become malignant.

Nonfunctional
Islet Cell Tumour

Nonfunctional islet cell tumours are usually malignant and difficult to
detect.

Pancreatic cancer symptoms, if present, are often vague. Hence, many
patients are diagnosed at an advance stage of the disease. The symptoms
vary depending upon the type of cancer, the location of the tumour, and its
stage; common symptoms include jaundice, abdominal and/or back pain,
faeces colour change, digestive difficulties and unexplained weight loss. In

the worst case scenario, ascites and blood clots are present.

~13~
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The exact causes of pancreatic cancer are not yet well understood. Research
studies have identified certain risk factors such as smoking habits, age, family
history, long-standing diabetes, chronic or hereditary pancreatitis,
alcoholism, and certain dietary habits (13,14). Environmental factors seem to

play also a significant role in the development of this disease.

1.1.2 CURRENT TREATMENT OPTIONS

Pancreatic cancers are usually detected by imaging techniques;
unfortunately, imaging studies are performed only after the onset of
symptoms (15). Because such symptoms are usually few or vague if any,
pancreatic cancer is usually detected at a late stage. Consequently, more
than 80 % of new pancreatic cancer cases are detected at a metastatic stage,
when the primary tumour is surgically resectable but metastases are not. In

few fortunate cases, the tumour is detected at an early stage (16).

Depending on the type and stage of the cancer, the patient may be treated
surgically, with radiation therapy, targeted therapy and/or palliative
therapies (17). Once a tumour is detected, the cancers are staged usually by

imaging techniques (stages IA to IV) and the treatment is applied accordingly.

The best treatment option is the surgical resection of the organ or part of it,

but will be effective only when the tumour is still confined to the pancreas
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and has not metastasized (18). After surgery, periodical medical check-ups
are required in order to monitor possible dissemination to the lymph nodes
(19). Unfortunately, tumours are usually detected once they have
proliferated, and hence more aggressive treatments are needed (20). These
treatments include chemotherapy, which basically uses drugs to kill rapidly
dividing cells in the body preventing tumours from growing; radiation
therapy, in which cells are killed by applying high-energy radiation such as x-
rays or protons directed to the targeted region; or the combination of both

therapies (21-23).
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1.2 NANOPARTICLES AS THERAPEUTIC AGENTS: NANOMEDICINE

Nanoparticles (NPs) are small particles with sizes ranging generally from 1 to
100 nm. Due to their unique physical-chemical properties, NPs have shown
to be promising tools with applications in different areas such as biomedicine
(bioimaging, targeted drug and gene delivery), optics and electronics, among

many others (24,25).

NPs to be used in biomedical applications, especially in the context of
therapy, need to fulfil the following properties: (i) have an appropriate
pharmacokinetic (PK) profile; (ii) have a high vascular circulation life-time to
guarantee bioavailability; (iii) be stable over time; (iv) have a tunable surface,
suitable for the functionalization with e.g. stabilizers or targeting moieties; (v)
have the appropriate size for biodistribution purposes; and (vi) be able to
cross cell membranes. Different biodegradable and biocompatible polymeric
NPs, including both natural and chemically engineered polymers, have been
used to develop non-toxic GRAS (Generally Recognized as Safe) and Food and

Drug Administration (FDA) approved NPs (26,27).

One of the main advantages of NPs as therapeutic agents in oncology arises
from two main factors: (i) their size; and (ii) their high surface-to-volume
ratio, which enables multi-functionalization. NPs preferentially accumulate in
tumour tissue due to the well-known enhanced permeability and retention

(EPR) effect (28). This effect is based on the presence of leaky vasculature in
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the vicinity of tumours, whose endothelium is fenestrated with gaps between
100 nm and 780 nm in size. This, together with a deficient lymphatic
drainage, results in a passive accumulation of NPs in tumour tissue (see
Figure 2). Such accumulation can be even improved by attaching targeting
moieties to the surface of the NPs, with high affinity for specific receptors
over-expressed in tumour cells but not in the surrounding healthy tissue.
Because multiple targeting moieties can be attached to each individual NP,
multiple interactions with the receptors present at the cell surface lead to

improved retention and, eventually, internalization of the NP (29-31).

Cancer cell

e B/'e°D D
o © — Nanoparticle
o o
e P P03

Leaky vasculature

Figure 2: Schematic representation of passive targeting penetration for NPs access to tumour
cells. Image modified from reference (32).

From the statements above, it is clear that NPs are promising tools for
specific (or preferential) delivery of drugs in tumour cells, and NPs have been
proposed in the literature as potential drug delivery agents, which should

lead to improved selectivity and, in consequence, less off-target side effects.
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The release of the therapeutic agent or drug to become effective once in the

tumour can be triggered by different mechanisms (24,33,34).

Despite the above-mentioned advantages, the use of engineered NPs as
therapeutic agents has several limitations that have hampered the
development of NP-based systems with application in the clinical field and
require careful consideration. Accurate analysis of such limitations is out of
the scope of the current PhD thesis. Just to mention a few, unsolved
problems include the batch-to-batch variability during production of the NPs,
difficulties in accurate characterization of complex NPs and limitations in the
production under Good Manufacturing Practices, which is strictly required to
move into the clinical setting. Besides the above mentioned limitations, one
major obstacle in the development of NPs as therapeutic agents is the need
to assess their pharmacokinetic properties. This is extremely challenging
because NPs are very difficult to detect after administration into living
organisms. In this context, in vivo, non-invasive molecular imaging techniques

gain relevance. This will be thoroughly discussed in section 1.3.

1.2.1 TARGETING MOIETIES FOR PANCREATIC CANCER

Abnormal metabolism and the over-expression of certain membrane
receptors have been historically exploited to accumulate drugs in cancer

cells. The vast majority of human malignancies tend to over-express one of
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the somatostatin receptor (SSTR) subtypes compared to adjacent normal
tissues (29,35,36). Native somatostatin (SST) is a small cyclopeptidic hormone
produced in the Langerhans islets of the pancreas, consisting of a
concatenation of 14 amino acids (aa), which plays an important role in
controlling biological functions of the gastrointestinal tract (mainly colon and
gut) via membrane coupled SSTRs. The recognition sites for somatostatin are
the amino acids numbered 6 (Phenylalanine), 8 (Tryptophan), 9 (Lysine), 10
(Threonine) and 11 (Phenylalanine) (see Figure 3) (37).

1 2 3 4 5 & 7
Ala Gly li:}'s Lys Asn Phe Phe

|

5 Trp 3

| |

S| Lys &
|

Cvs Ser Thr Phe Thr 10

14 13 12 11

Figure 3: SST amino acid’s sequence and structure. MW: 1638 g/mol.

Somatostatin receptors are actually a family of different receptors that can
be classified according to the gene they are encoded as SSTR1, SSTR2, SSTR3
(expressed in highest levels in pancreatic islets), SSTR4 and SSTR5. Of note,
the receptor sub-types can be expressed with different patterns depending
on tumour type and may vary on a patient-to-patient basis, turning tumour

targeting into a real challenge (38).
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Somatostatin-based targeting seems to be a promising route towards
improved pancreatic cancer detection and therapy because SSTRs are over-
expressed in gastro-entero-pancreatic neuroendocrine tumours (39,40).
Unfortunately, native somatostatin has a short half-life (2-3 minutes) due to
enzymatic activity. This is the reason why novel SST analogues are being
developed, with a longer duration of action although with (still) not full
satisfactory selectivity results (25). Octreotide (with affinity for SSTR2 and
SSTR3) is currently used as the gold standard for the detection of endocrine
tumours. The IV administration of this commercially available drug,
(composed by 8 amino acids, see Figure 4) with y-emitting or B-emitting
radionuclides shows rapid clearance from the tumour and a high uptake by

normal tissue (42).

1 2 3
Phe — Cys — Phe
S {mlTrp 4
s
e — s Lys
3 7

Figure 4: Octreotide amino acid’s sequence and structure. MW: 1019 g/mol.

Other highly expressed tumour associated antigens could serve as tumour
target proteins. Such is the case of Galectins, a family of proteins that bind
poly-N-acetyllactosamine enriched glycol-conjugates. Galectin-1 (Gal-1), a
member of this family, is an endogenous functional receptor located in cell

membranes for tissue plasminogen activator (tPA). Being Gal-1 the target
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(receptor) of the tPA peptide vector (ligand), tPA seems to send proliferative
and invasive signals both to pancreatic tumour cells and to the surrounding

fibroblasts, contributing thus to tumour progression.
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1.3 MOLECULAR IMAGING IN THE ASSESSMENT OF PK PROPERTIES OF
NPS

As mentioned above, one of the main limitations in the use of NPs as
therapeutic agents is the lack of techniques suitable for the determination of
the PK properties of NPs after administration in living organisms. In this
regard, in vivo imaging techniques can play a pivotal role. Contrast agents can
be incorporated into the NPs or attached to the NP surface in order to enable
subsequent in vivo tracking using a combination of imaging modalities such
as Positron Emission Tomography (PET), Single Photon Emission
Computerized Tomography (SPECT) or Magnetic Resonance Imaging (MRI)
eventually together with purely anatomical imaging modalities such as
Computerized Tomography (CT). For example, magnetic NPs (MNPs) can be
used as contrast agents for in vivo tracking in biological systems using MRI.
MNPs can be engineered with organic ligands, which enable their
entrapment into polymeric matrices, resulting in engineered nanosystems
that retain to a certain extent the magnetic properties of the MNPs but allow
surface functionalization with a plethora of bioactive moieties (43,44). Also,
radionuclides can be incorporated into NPs by using different strategies,
including (but not limited to) formation of a radiometal-chelator complex,
attachment of pre-labelled prosthetic groups to the surface of the NPs,
unspecific absorption of the radionuclide to the NP or direct neutron or ion
irradiation (42,45). The use of different imaging modalities for the

determination of the PK properties of engineered NPs with potential
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application as therapeutic tools for pancreatic cancer is the core of the
current PhD thesis. A detailed description of the most relevant imaging
modalities used within this PhD, as well as an overview of the different
labelling strategies used for the incorporation of radionuclides into NPs with
special focus on the strategies used in this work is included in the following

sections.

1.3.1 NUCLEAR IMAGING

Nuclear imaging techniques rely on the administration of trace amounts of
compounds labelled with radioactive isotopes that enable external detection.
The radiolabelled compound is called a radiotracer, tracer or
radiopharmaceutical. Radionuclides emitting high-energy gamma-rays as a
result of the disintegration process are suitable for this purpose, as gamma
rays can travel though biological tissues without suffering significant scatter
or attenuation and can be detected using specific instrumentation in such a
way that the original concentration of radiotracer can be accurately
quantified using tomographic reconstruction algorithms programmed into a

computer.

Broadly, there are two different kinds of radioisotopes that are commonly
used in nuclear imaging, gamma emitters and positron emitters, which differ

in their respective decay routes. Gamma emitters decay by emitting a gamma
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ray, while positron emitters decay by emission of a positron. In PET, the
emitted positron has a very short lifetime and rapidly interacts with other
charged particles and loses its kinetic energy while describing a random path.
When most of this energy has been lost, positrons annihilate together with
an electron. The annihilation process results in the emission of two gamma
rays emitted 180 degrees apart. Two photons detected almost
simultaneously by two different detectors will be assumed to arise from a
single annihilation and the direction of the incident rays will be determined

as the line between the two detectors.

Over time, radioactive compounds undergo exponential decay characterized
by the half-life or the time required to half the initial radioisotope amount.
Commonly used gamma emitters present half-lives ranging from several
hours to days, whereas positron emitters typically have half-lives in the range
from a few minutes to a few hours. This characteristic has a critical impact on

the production and distribution of these two types of radioisotopes.

Both techniques, PET or SPECT allow the in vivo evaluation of new chemical
entities once radiolabelled with a radioisotope. By PET imaging, absolute
quantification of the biodistribution to the different tissues can be carried
out, by analysing the dynamic images from which the time activity curves in
each organ can be obtained. On the contrary, quantification in SPECT, despite
possible, is much more challenging and usually semi-quantitative data is

obtained.
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1.3.1.1PET and SPECT: Principles and System description

In order to capture the three dimensional location and concentration of the
radioisotope, computed tomographic techniques require the detection of
emitted gamma-rays and the determination of the direction of the incident
ray. Many angular views (projections) have to be acquired in order to feed

mathematical reconstruction algorithms to obtain tomographic datasets.

In SPECT, the typical configuration of the scanners consists of a gamma-ray

detection module and a collimator (see Figure 5).

g(s.0)

4— Collimator

*— Crystals

Imaging

subject
¥

Figure 5: Principle of SPECT tomographic acquisition. In the representation, g(s,0) is the
number of gamma photons detected at any location (s) along the detector crystals at a given
angle (6). Image adapted from reference (46).

The core of the detection module is normally a scintillation crystal, which

absorbs its energy and re-emits the absorbed energy in the form of a flash of
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light. This flash is subsequently detected by a photo-electronic system, which
records its location in the crystal and its intensity, which is proportional to
the energy of the incidental gamma-ray. The collimator most commonly
consists of a lead plate containing a large number of holes, and serves the
purpose of determining the direction of the detected rays. By stopping all the
rays that do not reach the detector in a given direction, the collimator forms
a projected image of the radioisotope distribution on the surface of the

scintillation crystal (dashed lines in Figure 5).

In PET, the imaging strategy requires back-to-back detection heads (typically,
PET scanners consist of a stationary array of full-ring pixelated detectors) and
coincidence detection circuitry. PET scanners do not need collimators.
Detection of the annihilation coincidences is known as ‘electronic’ collimation
as opposed to the ‘physical’ collimation implemented in SPECT scanners. A

schematic representation of SPECT and PET scanners is shown in Figure 6.

Both SPECT and PET systems acquire a set of projections at different angular
positions around the body being imaged. Reconstruction tomography makes
use of computers and mathematical algorithms to estimate the unknown
distribution of radiotracer in the body from the detected projection data. The
mathematical principles of tomographic image reconstruction fall beyond the
scope of this thesis. From a user’s perspective, reconstruction algorithms can
be roughly divided into analytical methods, and most notably the Filtered-

Back-Projection (FBP) algorithm; and iterative statistical reconstruction
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methods such as Ordered Subset Expectation Maximization (OSEM) and its
many variants. Typically, iterative reconstruction methods provide images
with improved spatial resolution and better signal-to-noise ratios at the
expense of increased computational time and some unpredictability in the

final outcome.
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Figure 6: Schematic representation of the detection of photons using SPECT (a) and PET (b)
scanners. Adapted from reference (47).
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The use of nuclear imaging techniques (PET and SPECT) for the in vivo
determination of the biodistribution of NPs requires, as a first step,
radiolabelling (or incorporation of a radionuclide) of the NPs. This is covered

in section 1.3.4 of the current PhD thesis.

1.3.2 COMPUTERIZED TOMOGRAPHY (CT)

The term computerized tomography, introduced in 1973 by Hounsfield,(48) is
often used to refer to X-ray computerized tomography (X-ray CT), as by
means of X-rays, virtual cuts of an object allowing the visualization of the its

inner structures are produced (49).

The basis of this tomography procedure consists in an X-ray source and a
series of detectors measuring intensity attenuation around a single axes of
rotation of the object being imaged, producing three-dimensional (3D)
images by acquiring a series of two-dimensional (2D) sequences in a non-

invasive manner.

CT images provide anatomical information with high image resolution and
good contrast in hard tissue. This is the reason why MRI is preferred to get
anatomical information of soft tissues whereas CT is more frequently used
for bone analysis and calcified tissue. Besides providing anatomical

information, CT images are currently used in PET-CT and SPECT-CT systems to
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obtain the attenuation map, which is later used for attenuation correction

during image reconstruction.

1.3.3 MAGNETIC RESONANCE IMAGING (MRI)

MRI scans use radio waves and powerful magnets to take images of organs
and structures inside the body by measuring their energy by imaging proton
signal intensities. Similarly to CT, MRI takes several pictures of thin slices of
the organ once the subject lies down motionless on a table set inside of a
long cylinder. Then, a computer combines all of the images and creates a 3D

image of the body (50). MRI scans do not involve exposure to radiation (49).

MRI is particularly useful in pancreas imaging because bile ducts can be
specifically visualized. Due to this, MRI is a popular tool in tumour detection
because of its high depth penetration, spatial resolution, and high soft tissue

contrast (51).

Contrast agents are used in MRI to facilitate the visualization of normal and
abnormal tissues, as contrast agents may selectively highlight the abnormal
cells. Nowadays, Gadolinium Gd(lll) is one of the main ones used but side
effects to the nephritic system have been attributed. Additionally, they do
not sufficiently enhance water proton relaxation rates. Most clinically used

MRI contrast agents work through shortening the T1 and T2 relaxation times.
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In general, transition metals have paramagnetic properties, which make
them ideal candidates for MRI contrast agents. Consequently, paramagnetic
and superparamagnetic contrast agents are currently being used in MRI to
diagnose various diseases. Nowadays, NPs are being employed for MRI
imaging and the different NP-based MRI contrast agents are classified based
on the imaging modality (i.e., T1 or T2 weighted) for obtaining an appropriate

image contrast (51).

1.3.4 RADIOLABELLING OF NANOPARTICLES

Radiolabelling and subsequent imaging using PET or SPECT enables the
determination of the spatiotemporal accumulation of the labelled NPs in
tumours and other major organs and tissues. Hence, execution of
comparative studies to assess the suitability of different functionalized NPs in
order to determine the most promising candidates for therapeutic
applications is straightforward. Radionuclides typically employed in the

investigation of the PK properties of NPs are listed in Table 3.
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Table 3: Physical decay characteristics of conventional positron emitting (PET) and gamma
emitting (SPECT) radionuclides and most common production routes.

Radionuclide Half-life Decay mode Production route

uc 204 m B* (100 %) BN(p,a)tc 981

BN* 10.0 m B* (99 %) 1%0(p,a) N 1190

150 2.07m B* (100 %) 15N(p,n)*°0 1723

18F 109.8 m B* (97 %) 180(p,n)*8F 634

897r 78.1h ec, Bt (23 %) 8Y(p,n)®zr 900
67Cy 62.01 h B 7n(n,p)®’Cu 577, 484, 395
57Ga 78.26 h Y 57Zn(p,n)¥’Ga 912,9?:'31825,
123 13.0h Y 124%e(p,2n)123| 159
"l 67.9h Y 1icd(p,n)*in 247,172

m= minutes; h= hours; when more than one different kind of energy is emitted, only those containing more
than 11% abundance are listed (34, 48, 24). *Despite these radionuclides have been reported in the literature
for the investigation of labelled NPs, its half-life is too short for the majority of biomedical applications.

1.3.4.1 Radiolabelling strategies

Different strategies can be applied for the preparation of radiolabelled NPs.
The choice of the radioisotope to be used depends on many different factors,
including the biological half-life of the NP under investigation, the imaging
modality available, and the nature and composition of the NP, among others.

Once the radioisotope has been selected, different labelling strategies might

~31~



GENERAL INTRODUCTION

be available; again, selection of the most appropriate procedure depends on

the chemical properties of the NPs and other factors.

One of the most important factors to take into consideration is the half-life of
the radioisotope to be used. The half-life should be sufficiently long to enable
the investigation of PK parameters during the whole residence time of the NP
within the organism (or at least the time-window of interest) and sufficiently
short to minimize the radiation dose posed on the subject under

investigation.

The decay mode is also paramount. In order to enable external detection of
the radiation, gamma emitters or positron emitters (note that the emission
of one positron results in the annihilation of the positron with a surrounding
electron, resulting in the formation of two gamma rays) are required. Gamma
rays have high penetration capacity and virtually no limit to tissue
penetration; hence, the gamma rays can escape from the organism and be
externally detected with the dedicated detectors incorporated into the

imaging camera.

Finally, the chemical route to be used is also one of the key parameters to
take into consideration. Not all NPs can be labelled, and depending on the
chemical properties and surface decoration, one labelling strategy will be

more appropriate compared to other.
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For NPs devoted to biomedical applications, the preferred strategy is the
incorporation of a radiometal via formation of a radiometal-chelator
complex. This strategy requires previous attachment of the chelator
(bifunctional chelating agent or BFCA) to the NP, usually achieved by covalent
bonding. BFCAs are polydentate cyclic ligands where the donor atoms belong
to the ring and/or to their pendant arms, which can efficiently bind a broad
variety of bi- and trivalent metal ions and at the same time, be conjugated to

a biologically active molecule (see Figure 7).

‘ + "_I_I_I_I_C = —_——* .—\_1—\_1—@
Biomolecule BFCA Radiometal Labelled biomolecule

Figure 7: Schematic representation of the labelling strategy by means of bifunctional
chelators.

As Figure 8 illustrates, BFCAs have three or four nitrogen atoms in their ring
and external substituents such as carboxylates, phosphonates, thiols or
amino groups that can react with functionalities present at the surface of the

NPs.
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Figure 8: Examples of the ligands DOTA (A), NOTA (B) and NODAGA (C) derivatives. Adapted
from reference (52) And NH2-DOTA-GA (D) and NH2-NODA-GA (E) chelators.

Different BFCAs based on 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) and 1,4,7-triazacyclononane-triacetic acid (NOTA)
have been developed and reported in the literature, including 2,2',2"-(10-(4-
((2-aminoethyl)amino)-1-carboxy-4-oxobutyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (NH,-DOTA-GA) or 2,2'-(7-(4-
((2-aminoethyl)amino)-1-carboxy-4-oxobutyl)-1,4,7-triazonane-1,4-
diyl)diacetic acid (NH,-NODA-GA). These enable the conjugation with the
targeting molecule while preserving the BFCAs capability to stably chelate the
radiometal. Currently, the development of novel BFCAs with improved
chelating properties and enhanced stability are continuously being developed

(53).
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The main advantage of using BFCAs is that the formation of the radiometal-
chelator complex takes place usually under mild conditions, preventing thus
the decomposition of the NP. However, potential detachment of the
radionuclide during in vivo studies can be expected, especially considering
that strong chelating proteins are present in the blood. On the other hand,
surface decoration may result in a modification of the surface properties of
the NP. Consequently, this fact will have an effect in the biological activity.
Hence, it is of paramount importance to investigate the effect of the
radiolabelling on both the physico-chemical and biological properties of the
NPs. Radioisotopes such as ®Cu (positron emitter, half-life= 12.8 h), ®/Ga
(gamma emitter, T12 = 78.26 h) and *°™Tc (gamma emitter, T12 = 6.0 h) have

been used for the radiolabelling of NPs using this strategy (42,49).

If functional reactive groups are present in the surface of the NP, the use of a
pre-labelled prosthetic group may constitute a valid alternative for the
radiolabelling of NPs. This labelled precursor must contain a functional group
suitable for conjugation to the surface of the NP by reaction with the reactive
group present in there. A wide variety of prosthetic groups labelled with *8F
and radioiodine have been successfully assayed as reported in the literature
(37,54). The short half-life of *¥F seriously limits the time-gap in which PK

parameters can be investigated.

As previously mentioned, other radiolabelling strategies such as direct

absorption of the radionuclide either at the core or on the surface of the NPs,

~35~



GENERAL INTRODUCTION

direct irradiation by neutron or ion beam or preparation of labelled
precursors, which are incorporated into NPs during the preparation process
have been described in the literature. Because these strategies are less
appropriate in the context of biomedical applications, a detailed description
will not be included here. For thorough revision, the reader is referred to

recent reviews and one recently published book (55,56).

In the frame of this PhD thesis, the radioisotope of choice was ¢’Ga. Gallium
can be found in nature consisting of two nonradioactive isotopes; ®°Ga
(60.108 % natural abundance) and 7'Ga (39.892 % natural abundance)
although 30 different gallium isotopes are known. The most interesting
radioactive isotopes of gallium are the positron emitters ®©Ga (T12= 9.45 h)
and %8Ga (T1/2= 67.84 min) (57,58) and the gamma emitter ®’Ga (T12= 78 h).
These three radionuclides are widely used in the field of nuclear imaging.
®8Ga is widely utilized due to its convenient availability from a 8Ge/%%Ga
generator system, and has been employed for the evaluation of pulmonary,
myocardial, cerebral, renal and hepatobiliary function, as well as tumour
imaging. The main drawback when handling ®8Ga for research purposes is
that its short half-life severely limits long-term examinations. ®®Ga is also a

convenient radioisotope due to its longer half-life.

Gallium-67 is a gamma emitter with a long half-life (3.26 days), it decays to
stable Zn by electron capture (ec) and has no B emission. It can be produced

in particle accelerators using different nuclear reactions, including
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67Zn(p,n)®’Ga, %8Zn(p,2n)®’Ga, °°Zn(d,n)®’Ga and ©7Zn(d,2n)®’Ga. ®’Ga s
usually separated from Zn (irradiated material) by ion exchange
chromatography or by liquid extraction (59,60). Due to its long half-life, the
radioisotope is usually supplied to end users at reasonable cost in citrate

solution, which is widely used in the clinical setting.

Gallium-67 has been extensively used in the form of ®’Ga-citrate as an
imaging agent in SPECT for the detection of tumours (61) and inflammatory
diseases (62,63). Currently, ©Ga-citrate is still a widely used
radiopharmaceutical for the diagnosis of certain types of neoplasms as the
capability of transferrin (TF) to bind Ga*" is similar to iron-binding

mechanisms (64,65).

Gallium-67 has been used for the preparation of labelled NPs. In one of the
examples, (53) cobalt—ferrite nanoparticles surrounded by fluorescent
rhodamine within a silica shell matrix were functionalized with the AS1411
aptamer. The resulting particles were further decorated with the bifuntional
chelator p-SCN-bn-NOTA and labelled with ®’Ga-citrate. The radiolabelling
step was performed by incubation of the NPs with ®’Ga-citrate under
phosphate buffer (pH 6.5). Another example reported by Jalilian et al., was
meant to check the biodistribution profile of superparamagnetic iron oxide
NPs (SPIONs) radiolabelled using ®’Ga. In this case, the radioisotope was
introduced during NP preparation (66). In the work reported by

Shanehsazzadeh et al., ®’Ga was also employed to radiolabel SPIONs with
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biodistribution purposes. However, the selected radiolabelling strategy was
conducted using a cyclic-DTPA-dianhydride chelator (67). Very recently, a
direct strategy for the labelling of magnetite and quantum dot-filled micelles
using ®’Ga was reported by a group of our institute (68). Magnetite based
NPs (7 nm size) stabilized with oleic acid/oleylamine and 5 nm sized core-
shell (CdSe-ZnS) quantum dots (QDs) stabilized with tri-n-octylphosphine
oxide (TOPO)/stearic acid were treated with polyethylene glycol (PEG)
phospholipids to yield stable, water soluble magnetite and QD-filled micelles,
respectively. Micelles were incubated with ®’GaCl; to yield from 50 % to
almost quantitative incorporation of the radiometal depending on the nature

of the micelles.

Gallium’s coordination numbers are 3, 4, 5 and 6. Six-coordinated complexes
offering octahedral geometries are preferred as they saturate the sphere of
gallium (69). Although these complexes are less prone to ligand exchange or
hydrolysis, which would lead to transmetallation, (69) slightly deformed

octahedral configurations have shown to be inert enough for use in vivo (52).

Two main classes of ligands are suitable for coordinating Ga®*, which on the
basis of their structural properties can be classified as linear ligands or
macrocyclic ligands. The most widely used polydentate linear ligand with
hard donor groups is diethylenetriaminepentaacetic acid (DTPA); NOTA and
DOTA chelators are the most commonly used cyclic chelators (40,69). Ga-

NOTA has demonstrated to be more stable (log K = 30.98) (70,71) than Ga-
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DOTA (log K = 21.33), due to the cavity hole in which the small Ga3* metal ion
fits perfectly (72—75). Moreover, despite DOTA is within the composition of
several FDA approved agents, the formation of the complex with the
radiometal requires higher temperatures and has an affinity constant
comparable to that of transferrin with Fe** (log K = 20.3), which could be

detrimental (76—79).

1.3.4.2 Radiochemical stability of radiolabelled nanoparticles

Radiolabelling followed by nuclear imaging is a convenient tool for the
determination of pharmacokinetic properties of NPs. Noteworthy, a crucial
aspect to guarantee reliable data is the stability of the radiolabel once it has
been administered into the subject under investigation. If detachment of the
radioisotope or metabolism occurs during imaging studies, the distribution of
the in situ generated labelled species might significantly differ from that of
the parent compound, leading to misinterpretation of the results or a

decrease in the signal-to-noise ratio.

The in vivo instability of radiolabelled NPs, which may result in detachment of
the radionuclide, can have a significant impact on the conclusions obtained
from imaging studies. Hence, a key step in the evaluation of radiolabelled NPs
is the investigation of their in vivo stability. When dealing with small
molecules, assessment of such stability usually requires blood sampling and

processing. Sample processing typically encompasses the isolation of the
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plasma by centrifugation, and subsequent analysis using instrumental
analytical techniques such as high performance liquid chromatography
(HPLC) with radiometric detection or (instant) thin layer chromatography
(iTLC/TLC). When dealing with macromolecules such as proteins or
antibodies, size exclusion chromatography (SEC) or gel electrophoresis are
often used. Despite the identification of the radioactive metabolites or
detached radiolabelled species is frequently very challenging, the percentage
of the radioactivity that is present as the parent compound can be
determined. In principle, blood sampling followed by isolation of the plasma
and further analysis can be anticipated as a suitable strategy for the
assessment of the stability of radiolabelled NPs. However, three main
drawbacks require careful consideration: (i) NPs are not easily isolated from
blood samples; (ii) NPs usually have long residence time in the body. When
using the appropriate radioisotopes, imaging studies can thus prolong over
days or even weeks; in this scenario, radiochemical stability has to be
assessed at least during a time gap equivalent to the duration of the imaging
studies; and (iii) the stability of the NPs themselves is very difficult to

determine.

The simplest way to measure radiochemical integrity consists of incubation of
the labelled NPs with a selected media, followed by separation by
centrifugation of the NPs and determination of the amount of radioactivity in
the different fractions (pellet and supernatant) (25,80,81). This method has

one main drawback: all the radioactivity present in the pellet will be
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considered as “labelled NPs”, while all the radioactivity in the supernatant
will be considered as “(unidentified) soluble species” that have detached
from the NPs. Of note, no information about the chemical nature of the
soluble species or the aggregation state/stability of the NPs will be obtained;
the latter can be solved by subsequent analysis of the pellet using techniques
such as transmission electron microscopy (TEM), scanning transmission
microscopy (SEM) or dynamic light scattering (DLS). However, such
equipment is usually located out of radiation controlled facilities and hence

complete decay of the radioactivity is required before processing.

Chromatographic techniques, sometimes combined with the above
mentioned centrifugation/filtration strategy, are often used to determine the
radiochemical integrity of labelled NPs in vitro (82-85). Noteworthy,
chromatographic methods applied to the determination of the radiochemical
integrity of NPs require careful validation (or determination of their suitability
to perform the desired analysis) before being applied, as unexpected
drawbacks might appear. For example, stationary phases used in TLC/ITLC
have reactive properties that may lead to the destruction or alteration of the
NPs during analysis. Our research group has realized that %’Ga-labelled
polymeric NPs may not be stable in contact with silica plates, leading to a
progressive detachment of the radionuclide; this led to a curious result: NPs
integrity depended on the time gap between seeding the sample in the TLC
plate and eluting with the solvent (unpublished results). On the other hand,

NPs may aggregate in certain environments; if the aggregates reach a certain



GENERAL INTRODUCTION

size, they may get stack into the column when applying HPLC or SEC. These
and other factors might lead to inconclusive results or data

misinterpretation.

Most of the stability studies included in the works referred above are based
on the incubation of the NPs with saline solution, buffers or plasma. The use
of plasma as incubation media for the evaluation of radiochemical integrity
implies the presence of proteins, and its use is especially relevant in those
cases in which NPs are labelled by taking advantage of the formation of metal
complexes, because proteins can act as competitors leading to
transchelation. Alternatively to the use of plasma, solutions containing
artificially added competitors, which are usually complexing agents that can
sequestrate the radiometal by transchelation, can be used. For example,
multidentate bifunctional chelators are commonly utilized to vyield stable
complexes with radioisotopes such as ®’Ga or ®8Ga, among others. Once in
contact with blood, gallium ions, (which have similar properties to iron) can
be chelated by porphyrins or to the iron transporter protein Apo-
transferrine. Apo-transferrine is a commercially available protein and can
thus be used to simulate the chelation of radiometals to plasma proteins,
mimicking in vivo conditions. Another approach would consist of incubating
the radiolabelled NPs with simple chelators such as citrate, DOTA, NOTA or
DTPA, since these chelators readily form a complex with the radiometal at

moderate temperature. The same rationale can be applied to, for example,
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NPs labelled with ®™Tc, which can be incubated in the presence of cysteine

as a competitor (86).

Incubation of the NPs with solutions containing competitors similar to those
ones found in the blood or tissues is a good strategy to estimate the
radiochemical integrity of the NPs in vivo; however, the presence of blood
cells is completely neglected in such approach. In principle, radioactivity in
the blood is distributed between blood cells and plasma, because radioactive
particles can be either cell-bound or freely suspended in plasma. Hence, it
might be interesting to investigate the percentage of NPs that will remain
attached to the blood cells and the amount of particles that will remain in the
plasma. From the plasma, it is also convenient to investigate the fraction of
the radioactivity that has been detached from the NPs. This problem can be
solved by performing experiments based on the incubation of labelled NPs in

blood (87).

In vivo, the determination of the stability of the labelled NPs is even more
challenging, as it requires blood sampling and processing. Especially when
working with small animals (e.g. mice) the blood sampling is limited to a few
tens of pL unless sacrifice by exsanguination is carried out. Hence, analytical
methods should be efficient, robust and require as less amount of blood as
possible. Only a few examples reporting in vivo radiochemical stability of NPs

have been published in the scientific literature (88,89).
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Alternatively to withdrawal of blood samples and subsequent analysis,
“indirect” methods for the qualitative determination of the in vivo
radiochemical integrity of labelled NPs can be employed. These usually
consist in administering both the labelled NP and the labelling agent (i.e., the
“free” radionuclide) and comparing the biodistribution profiles. Differences in
biodistribution are usually accepted as an indirect proof of radiolabelled NP
stability. Noteworthy, indirect methods provide only an estimation of the
radiochemical integrity of NPs in vivo and the results should be carefully
considered. The methods rely on the direct comparison of the biodistribution
patterns of different chemical entities; however, if the detached
radiolabelled specie has a distribution pattern similar to that of the parent
labelled NPs, complete erroneous conclusion would be derived from the

studies.

Very recently, multi-labelling of NPs and individual tracking of the different
radioisotopes has proven efficient in the determination of in vivo
radiochemical stability of NPs (90). This might be a very useful tool for future

investigation of novel engineered NPs.

In the context of this PhD, the centrifugation method followed by gamma
counting has been used for the determination of the radiochemical integrity

of the radiolabelled NPs.
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2.1 JUSTIFICATION OF THE STUDY: THE SAVE ME PROJECT

An estimated 3.2 million new cancer cases and 1.7 million deaths per year in
Europe define cancer as a crucial public health problem. Among all cancer
types, pancreatic cancer is the fourth deadliest cancer cause. The overall five-
year survival rate is less than 5 % and thus, quick and effective actions need

to be taken to develop novel diagnostic and therapeutic tools.

The Save Me project was a collaborative work funded by the European
Commission under the FP7 NMP Theme (No. CP-IP 263307 grant) (91). The
aim of the project was to investigate novel modular nanosystem platforms
integrating advanced functionalized nano-core particles and active agents for
pancreatic cancer diagnosis and treatment. By exploiting the partners’
research expertise, the designed platforms had to be based on biocompatible
polymeric core NPs with selective active agents in their surface for tumour

targeting and penetration.

The consortium as a whole included 21 partners from 7 member states
(Germany, UK, Sweden, Belgium, Spain, Austria and Italy) one Associated
State (Israel) and one International Cooperation Partner Country (ICPC)
(Russia) coming from different scientific and technological disciplines. Five of
the partners, namely Bar-llan University (Israel), CIDETEC (Spain), Goethe
University (Germany), Nanosystems (Russia) and the University of Bolonia

(Italy), were devoted to the preparation of core nanoparticles and
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incorporation of targeting agents, stabilizers and further decorations to
improve blood circulation, tissue penetration and cell internalization. Hence,
all nanomaterials investigated in the context of this PhD were synthesized,

characterized and provided by the above-mentioned partners.

The role of CIC biomaGUNE in the project was the assessment of the
suitability of the multi-decorated nanosystems provided by associated
partners as potential therapeutic or diagnostic tools for pancreatic cancer,
using a combination of in vivo imaging modalities. As initially planned in the
project proposal, evaluation should be conducted using Magnetic Resonance
Imaging and Nuclear Imaging, opportunistically in combination with other

imaging modalities such as CT.

The piece of work included in this PhD comprises radiolabelling of the
nanosystems, the assessment of radiochemical integrity, the development of
an animal tumour model and the evaluation of the nanosystems using in vivo

nuclear imaging, mainly SPECT in combination with CT.

In the first part of the work, radiolabelling of nanoparticles from all five
partners was approached and the accumulation in the tumour was evaluated
using a reduced number of animals. This first fast screening was aimed at
selecting the most promising NP cores and targeting moieties in order to
tackle, in a second step, more accurate studies with the selected particles,

using a higher number of animals and with potential refinement of the
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properties of the NPs. In this context, the initial efforts in developing the right
nanosystems by the different Save Me partners, including a full description of
the systems, the radiolabelling reactions with the gamma emitter ®’Ga
(including optimization of the experimental conditions and assessment of
radiochemical integrity), as well as the implementation of the animal tumour
model for the in vivo tests with the different NPs are described in Chapter 3.
The SPECT-CT experiments conducted, the quantification methods employed

and the results of the first screening are also described in this chapter.

After the first screening, the most promising NP cores and targeting moieties
were selected and submitted to more thorough evaluation. With the aim of
improving blood circulation time, tissue penetration capability and cell
internalization, further decoration based on PEG chains containing a
substrate for matrix metalloproteinase 9 (MMP9) were incorporated into the
most promising NPs. Radiolabelling of the NPs with ¢’Ga followed by SPECT-

CT studies were conducted and the results are reported in chapter 4.

~ 49 ~



MOTIVATION AND OBJECTIVES OF THE THESIS

2.2 OBJECTIVES

Within the context of the Save Me project, the general objective of the work
conducted in the frame of this PhD thesis was to develop strategies for the
radiolabelling of the different NPs provided by the Save Me partners and
evaluate their capability to accumulate in the tumour using an animal model
of pancreatic adenocarcinoma and a combination of imaging modalities. To

achieve this general objective, the following specific objectives were defined:

1. Development of radiolabelling strategies for the incorporation of ®’Ga
into NPs provided by other partners involved in the consortium.

2. Optimization of the transformation procedure of ®’Ga citrate into ®’Ga
chloride based on previously reported methods.

3. Efficient purification procedure of free ®’Ga species from radiolabelled
NPs.

4. Determination of the radiochemical stability of the labelled NPs trying
to simulate in vivo conditions.

5. Implementation of a subcutaneous (SC) mouse tumour model of
human pancreatic adenocarcinoma.

6. Evaluation of the PK properties and tumour accumulation of ®’Ga-
labelled NPs with different cores and targeting moieties, using a
combination of in vivo imaging modalities during a longitudinal follow-
up; selection of the most appropriate candidate/s for further

investigation.
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7. Statistical comparisons of different compounds regarding tumour
accumulation.

8. In vivo evaluation of the PK properties and tumour accumulation
capacity of the most promising candidates longitudinally, using
different targeting moieties and PEG-based decorations to improve

blood circulation time and internalization capacity
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3.1 INTRODUCTION

As already mentioned, the Save Me consortium was integrated by more than
20 partners; five of them were dedicated to the preparation of targeted
nanosystems with different cores, although only four could be used for
radiolabelling and in vivo studies. Besides that, two partners, i.e. SHEBA
medical center and Universitdts Klinikum group in Heidelberg (UKH) were
developing novel tumour targeting agents: somatostatin analogues (PTRs)
and tPA, respectively, and performing in vitro studies in order to select those
candidates showing better affinity towards their specific receptors (SSTRs
and Galectine-1). The most promising targeting moieties within each
category were attached to the different NPs; hence, each partner was
anticipated to provide 3 different particles: the core particles without
targeting moiety and the same particles functionalized with the most

promising PTR and tPA targeting moieties.

In this scenario, the first job to be conducted at CIC consisted of
determining, among the 12 particles provided, which were the ones
resulting in better tumour accumulation and optimal pharmacokinetic
properties. Because the resources were limited, this initial investigation was

carried out in 2 animals per NP.

Some of the NPs provided by the partners could be directly imaged using

magnetic resonance imaging, as they contained small iron oxide NPs trapped
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into the polymeric core. However, nuclear imaging was anticipated as the
optimal tool to gain information regarding the PK properties of the NPs: first,
the images can be directly quantified, and consequently the absolute
amount of NPs accumulated in the tumour after administration might be
obtained; second, nuclear imaging overcomes one of the major limitations of
MRI, i.e., the poor sensitivity. Because the biological half-life of the NPs was
anticipated to be long (from days to weeks) the choice of the radionuclide
for the radiolabelling was quite restricted. Taking into consideration the
available tools during project execution, ®’Ga was selected as the optimal
radionuclide, as it has a relatively long half-life and excellent emission

properties for its detection using SPECT.

Within this context, the first task was to set up the experimental conditions
for the radiolabelling of all the NPs provided by the different partners. In
parallel, the animal tumour model was implemented, with the aid of the
animal facility staff and in collaboration with personnel in the MRI
department. Of note, the tumour growth curve was a key factor; an
appropriate growth curve enabling proper execution of the imaging studies
was required, and hence different numbers of cells were inoculated into a
number of animals to obtain the optimal experimental conditions. After
having established the animal tumour model, in vivo experiments using
SPECT-CT were initiated. MRI studies were also carried out with selected

animals and the results obtained with both modalities were combined when
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possible, to get advantage of the impressive resolution of MRI and the

unparalleled sensitivity of nuclear imaging.
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3.2 MATERIALS AND METHODS

Most of the NPs were designed to contain a superparamagnetic maghemite
core as starting material, surrounded by diverse polymeric matrices.
Functional groups such as COOH, CHO, NH;, SH, and/or OH located on the
surface of the polymeric matrices allowed further attachment of targeting
moieties. Moreover, the core nanoparticles were engineered to be stable in
acidic aqueous media (pH 5.0) to allow the radiolabelling via chelators,

which were anchored to the NP surface also at the production sites.

Most of the nanoparticle producers opted for a DOTA-like chelator.
Moreover, as mentioned in previous sections, the developed nanosystems
included a targeting moiety for pancreatic cells. Endogenous SST and tPA
have a short biological half-life and hence new analogues were synthesized.
Despite this work was not carried out at CIC biomaGUNE, a brief description
of the preparation method for both targeting moieties and the different NPs

are provided below for clarity.
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3.2.1 SYNTHESIS OF TARGETING MOIETIES

3.2.1.1 Synthesis of SST analogues

The preparation of SST analogues (namely, PTRs) was carried out by
DeveloGen Ltd. (now named as Evotec AG, Gottingen, Germany) using
standard Fmoc solid phase peptide synthesis (SPPS), based on backbone
cyclization via the carbon or nitrogen atoms without interfering with side

chains.

The developed peptide chain sequence was covalently bound to fluorescein
isothiocyanate (FITC) fluorescein moiety via y-aminobutyric acid (GABA) in
Tel-Aviv University (TAU) (see Figure 9), following a previously reported
method by Gazal et al. (92) creating the disulfide-bridged backbone cyclic
somatostatin analogue PTR3207.86, Which will be referred throughout the

thesis as PTRse.

: ?

S [e] Hz(‘: ﬁ) (CHy), O

I i
NH—C—NH—(CH;);—C—(D)Phe—NH—CH-C—Phe-Trp—(D)Trp—Lys-Thr-Phe—N—CH,—C—NH,

Figure 9: PTR32078s-GABA-FITC amino acid’s sequence and structure. MW: 1753 g/mol.
Reprinted with permission of TAU partner.
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3.2.1.2 Synthesis of tPA analogues

The design of tPA analogues was carried out by UKH, while the synthesis and
purification of the selected amino acid sequences were executed at the
Peptide Specialty Laboratories (PSL) GmbH Company
(http://www.peptid.de), Heidelberg, Germany.

The entire tPA sequence is constituted by 562 amino acids; this protein has a
limited half-life time. In order to improve PK properties, a fraction of the
entire amino acid sequence was selected (aa 137-164) and synthesized with

slight modifications with respect to the original sequence (see Figure 10).

H2N-GTWSTAESGAECTNWSSSALAQKPYSGR-Fluorescein

CH,OH
0. O
CH,0H K OH
OH)—0 O
OH OH
OH

Figure 10: tPA-1 targeting moiety with a Serine-y-D-lactose peptide sequence and FITC
fluorescent agent. Reprinted with permission of UKH partner.

In the Figure above, the R side chain is a lysine linked to fluorescein and the
G side chain has a N-terminal amino group, which was used for covalent
linkage to the NPs. Additionally, the aa in position 152 (asparagine) was
substituted by a serine, which was bound to a lactose molecule, a

disaccharide known to interact with galectins.


http://www.peptid.de/
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The above sequence (tPA-1) showed 20-fold higher binding to Gal-1

receptor, compared to the native tPA protein (93).

3.2.2 SYNTHESIS OF NANOPARTICLES

3.2.2.1 Bar-Illan University

The Bar-llan University (BIU) from Ramat Gan in Israel designed and
synthesized PAMAM;n-CAN-Maghemite (y-Fe20s) based NPs under the

supervision of Professor Jean-Paul Lellouche.

Starting with the oxidation of magnetite to maghemite, NPs were stabilized
with cerium ammonium nitrate (CAN) forming stable colloidal water
dispersions due to electrostatic repulsive interactions. The CAN-Maghemite
core was self-assembled with polyamidoamide (PAMAM) dendrimers
through an ultrasound-assisted nanofabrication process (referred as “inj”,
which stands for injection). The NPs were coated with a hydrophobic organic
ligand  (ethyl  12-((3,4-dihydroxyphenethyl)amino)-12-oxododecanoate)
designed to confer hydrophobicity to the iron oxide NPs. The ligand
possesses a catechol unit at one end, (which presents strong affinity to iron
due to both the o and t donor power of oxygen atoms), a central aliphatic
chain and a terminal ester group. These stabilized NPs were encapsulated in

a poly(D,L-lactide-co-glycolide)-block-polyethyleneglycol copolymer (PLGA-b-
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PEG-COOH) to provide solubility in water and potential improvement of the

residence time in the bloodstream.

A PEG corona bearing carboxylic acid groups was attached to the surface of
the NPs to partially avoid the sequestration of the NPs by the
reticuloendothelial system (RES) organs in vivo. The carboxylic acids were
subsequently used for the incorporation of the targeting moieties. This was
achieved by activation with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) in water and further amidation reaction with the N-terminus of PTRss
and the tPA analogue. Finally, the particles were purified with a centrifugal
filter device (94). In order to know the amount of targeting moieties (PTRss
and tPA) covalently attached to the NPs, the free amino functions present in
solution were quantified first using a Kaiser test before and after covalent
linkage to the NPs.. Then, the same molar amounts of the peptides were

attached covalently onto the NPs surface.

All nanostructures were positively charged and had an average particle size
between 100 and 150 nm according to DLS measurements, while core
diameter was around 40 nm. The total iron concentration (measured by ICP)
of the bare NPs was 1.7 mg/ml whereas the concentration of targeting
moiety was 0.79 mg/ml for NPs decorated with PTRgs and 0.85 mg/ml for
NPs decorated with tPA.
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3.2.2.2 Goethe University

The second NP type was synthesized in the Department of Biochemistry,
Chemistry and Pharmaceutical Science of the Goethe-Universitat (GU) from
Frankfurt am Main in Germany. CAN maghemite NPs with recombinant
human serum albumin (rHSA) were designed and synthesized under the
supervision of Professor Jorg Kreuter. A 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic-NHS ester (DOTA-NHS) chelator (CheMatech, Dijon,
France) was attached to the NPs at a concentration of 0.49 + 0.012 mg/mg
NP. PTRgs-FITC and tPA moieties were also anchored to the NP surface via
EDC chemistry (94). The NPs had a size range of 160-190 nm, as measured
by DLS using a Zetasizer Malvern Nano ZS (Malvern Instruments Ltd.,
Malvern, UK). The iron concentration was 1 pg of iron / 1 mg protein. After
production, the nanoparticles were purified by centrifugation and gel-

permeation chromatography.

3.2.2.3 University of Bolonia

The third NP investigated in the context of this PhD thesis was prepared at
the Department of Chemistry from the University of Bolonia (UNIBO) in Italy
under the supervision of Professor Mauro Comes Franchini. Maghemite-
loaded PLGA-b-PEG-COOH NPs were produced by co-nanoprecipitation of
the poly(D,L-lactide-co-glycolide)-b-polyethyleneglycol polymer with an

hydrophobic ligand-coated magnetic maghemite core. Thereafter, NODA
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bifunctional chelator was coupled to the outer shell by EDC/NHS linkage,
keeping the solution under stirring overnight and resulting in negatively
charged NPs. The resulting NPs were further functionalized with PTRge or

tPA.

3.2.2.4 CIDETEC-IK4

CIDETEC-IK4 (CID), located in San Sebastian, Spain, prepared polymeric NPs
under the supervision of Dr. Iraida Loinaz. This group followed a different
strategy to produce their nanosystems, as no CAN-maghemite core was
utilized. Starting from a linear polymethacrylic acid (PMAAc) deprotected
copolymer and alkyloxyamine-derivative reactive monomers; intramolecular
chain collapse was forced by continuous addition of a dialdehyde containing
diethylenetriaminepentaacetic acid (DTPA cross-linker creating the so-called
single chain polymeric nanoparticles (SCPNs)). This synthetic procedure was
described in an article published by M.K. Aiertza et al. (95). The core SCPNs
were negatively charged (zeta potential = -32 mV), around 45 nm in size and
visually homogeneous by TEM. Moreover, by proton nuclear magnetic
resonance (*H-NMR) the different bands corresponding to the polymeric
chains were identified. This core system was the starting point for the
production of targeted SCPNs. In all cases, NPs were functionalized with
NH2-DOTA-GA (MW: 518.56 g/mol) purchased at CheMatech. Attachment of
the functionalities was approached by activation of the carboxylic acid

groups available at the surface of the NPs using 4-(4,6-dimethoxy-1,3,5-
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triazin-2-yl)-4-methylmorpholinium (DMTMM), and subsequent amide
coupling (see Figure 11). The final NPs were purified by dialysis.

oo | |0P0| S
84 Hﬂi

PMAACc copolymer
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O DTPA O
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l Pic. Borane
_COOH
coupling
(DMTMM)
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_COOH
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. o (COOH COOH tPA, PTRgFITC, PTRsgFITC
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Figure 11: Synthetic process of SCPNs, in which X stands for any BFCA or targeting or
penetrating agent. Reprinted with permission of CID partner.

The main characteristics of the NPs provided by the partners are

summarized in Table 4.
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Table 4: Composition, functionalization, size, polydispersity index (PDI) and zeta-potential of
the NPs.

Partner ID Functionalization: Size (nm) PDland Z

Core composition

& NP code BFCA / targeting moiety (n=3) potential

CiD-01 PMAAC based SCPNs NH2-DOTA-GA [18 % w/w] 75 PDI: 0.3

NH2-DOTA-GA [N/A*] .
CID-02 PMAAc based SCPNs PTRse-FITC [0.7 % w/w] 148 PDI: 0.4

NH2-DOTA-GA [N/A*]

CID-03 PMAAC based SCPNs tPA-FITC [0.26 % w/w] 193 PDI: 0.2
BIU-01 PAMAMin-CAN-Fe304 None 34 {pot: 53.5mV
BIU-02 PAMAM in-CAN-Fe304 PTRse-FITC [46 pg/ml] 144 {pot: 43.8 mV
BIU-03 PAMAMin-CAN-Fe304 tPA-FITC [110 pg/ml] 100 {pot: 41.8 mV
(pot: -10.5
- - - +
UNIBO-01 PEG-PLGA-Fe30a4 NODA [0.8 mM] 154 + 2 PDI: 0.28 + 0.09
NODA [1.05 mM]
| - - + .
UNIBO-02 PEG-PLGA-Fe30a4 PTRso-FITC [57 yM] 90 +2 { pot: -38.2
( pot: -37.8
UNIBO-03 PEG-PLGA-Fes0s NODA [1.1 mM 95+ 1 PDI: 0.20 +
tPA-FITC [33 pM]
0.006
(pot:16.5+2
- +
GU-01 CAN-Fe304-rHSA DOTA-NHS [0.49 £ 0.012 174 +6 PDI: 0.106 £
mg/mg NP] 0.022

(pot:17.1+2.2
DOTA-NHS [N/A*]
S , } + . "
GU-02 CAN-Fe304-rHSA PTRss-FITC [N/A*] 164+4 PDI: 0.088 +

0.022
DOTA-NHS [0.49 £ 0.012 (pot: 21.4+1.5
GU-03 CAN-Fe304-rHSA mg/mg NP] 181+14 PDI: 0.132 +
tPA[7.56 £ 0.02 mg/mg NP] 0.042

* N/A: Information not provided by the supplier.
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3.2.3 RADIOLABELLING OF NANOPARTICLES
3.2.3.1 Purification of ¢’Ga

Galium-67 is generally produced in a cyclotron by the ®Zn(p, 2n)®’Ga
reaction via irradiation of a zinc target (enriched or natural) with a
determined proton energy (MeV), although other production methods have
also been described (59). The ¢’Ga is then separated from the /Zn target by

chemical synthesis (96).

In the context of the current PhD thesis, ®’Ga was obtained from Cis Bio
International (Gif-sur-Yvette, France) or Mallinckrodt Medical, B.V. (Le
Petten, The Nederlands). It was supplied as citrate salt at a pH between 6.5
and 7.5, as pharmaceutical formulation. However, gallium citrate has shown
a low labelling efficiency in chelation reactions. This is the reason why prior
to labelling reactions, ®’Ga citrate was converted to ®/Ga chloride using a
solid-phase extraction (SPE) method following a protocol described by I.
Vergara et al., (97) based on the method described by Chang and Gonda (98)

with slight modifications.

In a first step, the complete citrate solution was eluted through two silica
cartridges (Sep-Pak®, WAT023537, Waters Co., Milford, MA, USA) connected
in series, containing 120 mg of silica each with a pore size of 125A, using a
syringe pump (11 plus Syringe Pump, Harvard apparatus, Strategic

Applications Inc.) at a constant flux rate of 0.1 ml/min. The cartridges were
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not conditioned previous to elution. Gallium ions from the solution were
retained in the silica cartridges and the residual fraction was collected into a
waste vial (vial A). After flushing the cartridges with dry air, the activity in the
columns and vial A was measured in a dose calibrator (26 x 6 cm ionization
chamber, CPCRC-25R, Capintec Inc., NJ, USA). In a second step, the
cartridges were washed with ultrapure water (5 mL) obtained from a Milli-Q°
Purification System (Millipore®, Merck KGaA, Darmstadt, Germany) at a flux
of 3 ml/min in order to rinse the remaining citrate. The eluted liquid was
collected in a second vial (vial B), and the amount of radioactivity in the
columns and the vial were again measured. Finally, desorption of gallium
ions from the silica was conducted by elution with 0.1 M HCI (1 ml) prepared
by dilution of HClsos% (Suprapur®, Merck kGaA, Darmstadt, Germany) using a
syringe pump at a flux of 0.1 ml/min. The eluate was collected in 10 different
fractions (ca. 100 pL/fraction) into 1.5 ml volume micro test polypropylene
tubes (Eppendorf AG, Hamburg, Germany). The amount of radioactivity in
each fraction was measured in a dose calibrator, and those containing the
maximum activity concentration were used in subsequent labelling
experiments. A conceptual flow sheet of the system is presented in Figure

12.
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Figure 12: Flowchart of the conversion procedure of ®’Ga citrate into ®’Ga chloride.

3.2.3.2 Radiolabelling and purification of NPs

|
HO—C-CO0" —F7Ga*

~e0T — STGai+

50" — TGa*

OH

OH

OH

Following the ALARA criteria (as low as reasonably achievable) maximization

of the distance between the operator and the radioactive source (®’Ga),

minimization of the handled dose and use of appropriate shielding units

were applied. Radioactive sources were always handled in hot cells (see

Figure 13). The handled doses were over 370 MBqg when animal

experiments had to be conducted; however, low amounts of radioactivity

(ca. 0.7-3.7 MBq) were used during optimization of experimental conditions.

For the radiolabelling reactions, ultrapure water was obtained from a Milli-

Q" Purification System as previously mentioned and used to prepare all
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aqueous solutions. Radiolabelling of NPs was performed by incubation of the
NPs with a solution of ®’GaCls. Briefly, 200 uL of a 0.2 M sodium acetate
buffer solution (S2889-250G, Sigma-Aldrich Quimica S.L., Madrid, Spain)
acidified with acetic acid (ReagentPlus® > 99%, Sigma-Aldrich Quimica S.L.,
Madrid, Spain) at a pH value of 3.8, 50 uL of NP solution (1 mg/ml) and 100
uL ’GaCls were mixed together. Sodium acetate was used as buffering
agent. When required, sodium hydroxide 0.1 M (prepared from 1 M
solution, Panreac Quimica S.L.U., Catalonia, Spain) filtered on 0.22 um
polyethersulfone (PES) membrane filters (Thermo Fischer Scientific Inc., MA,

USA) was used to adjust the pH values after addition of the 6’GaCl solution.

Figure 13: Hot cell installed in the Molecular Imaging Unit of CIC biomaGUNE.
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The mixture was incubated at room temperature (25 °C, RT), or heated into
a temperature-controlled heating block (SBH130D model, Stuart Group Ltd.).
After incubation, the crude material was purified by centrifugal filtration
using a centrifuge (Nahita 2507/100, Auxilab S.L., Navarra, Spain) and
Millipore filters (100 kDa cut-off, Amicon® Ultra 0.5 ml UFC510096,
Molsheim, France). After centrifugation the resulting precipitate was washed
three times with acetate buffered solution (pH 3.8) to remove unreacted
5’Ga species. Thereafter, the amount of radioactivity in the pellet, the
supernatant and the washings were determined in a dose calibrator.
Radiolabelling efficiency (RE, expressed in percentage) was calculated using
equation 1 and referred throughout the thesis as radiochemical conversion

value (RCC):

Equation 1: R.E. % = Avilter / (Afitter + Afiltrates) * 100

Where Asiter is the amount of radioactivity in the filter, and Afiitrates is the
amount of radioactivity in the filtrates, including washings. Finally, NPs in the
filter were suspended in 200 uL of saline solution (0.9% NaCl, Braun Medical
S.A., Catalonia, Spain), recovered in a syringe and the amount of radioactivity
was measured in a dose calibrator. Radiochemical yield was calculated using

equation 2:

Equation 2: R.Y. % = Art/ Ac* 100
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Where At is the amount of radioactivity in the resuspended fraction, and A:

is the starting amount of radioactivity.

3.2.3.3 Radiochemical integrity of NPs

In vitro radiochemical integrity of the labelled NPs was assessed by means of
the centrifugation technique. Briefly, NPs were prepared and purified as
described in section 3.2.3.2 and subsequently suspended in 250 plL of
physiologic NaCl 0.9 % solution (Braun Medical S.A.). The suspensions were
then divided into 4 different fractions and mixed with a solution of DOTA
(final concentration = 32 uM) purchased to Macrocyclics Inc, which acted as
a high interacting competitor towards ¢’Ga. The aliquots were kept at 37 °C
for 1, 3, 24 and 48 hours respectively using a digital block heater. The
samples were then filtered and radioactivity in the filter (supernatant) and
the filtrate (pellet) measured in a 2470 WIZARD? Automatic Gamma Counter.
Finally, the radiochemical integrity was calculated as the percentage of
radioactivity in the supernatant with respect to the total amount of

radioactivity (pellet + supernatant).

3.2.3.4 Dose preparation

The preparation of the radioactive doses was carried out by diluting the
radiolabelled nanoparticles in 200 uL of saline solution (0.9 %). The injected
dose was always below the permitted limit in animal experiments, according

to the species and administration route (10 ml/Kg) (99,100).
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3.2.4 IMAGING STUDIES

3.2.4.1 Animal model: Athymic Nude Mice

General considerations:

Animals were maintained and handled in accordance with the Guidelines for
Accommodation and Care of Animals (European Convention for the
Protection of Vertebrate Animals Used for Experimental and Other Scientific
Purposes). All animal procedures were performed in accordance with the
Spanish policy for animal protection (RD53/2013), which meets the
requirements of the European Union directive 2010/63/UE regarding their
protection during experimental procedures. Experimental procedures were
approved by the Ethical Committee of CIC biomaGUNE and authorized by
the regional government. Three protocols were authorized for a period valid
since 15™ July 2013 until 14™ July 2016 under the protocol codes AE-
biomaGUNE-0713, AE-biomaGUNE-0813 and  AE-biomaGUNE-0913.
Basically, the 0713 protocol authorized us to produce an orthotopic tumour
model and evaluate its growth by in vivo imaging techniques. Although not
commented on the thesis, an orthotopic tumour model was also tested and
the growth evaluated by MRI contrast imaging. Nevertheless, due to a more
homogeneous growth of SC tumours compared to the orthotopic ones and
due to the fact that SC tumours were palpable and could be seen at naked

eye some weeks after injection, we opted for the production of SC tumours.
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The protocol 0813, was the one we used throughout the project; authorized
us to induce a SC tumour to immunosuppressed mice and to evaluate the
diagnostic efficacy of different radiolabeled nanosystems within time. Last
but not least, the protocol 0913 was also approved. This last protocol was
related to the study of the SC tumour growth or size regression; however, it
was never utilized because none of the partners producing the NPs for
therapy sent us the particles loaded with SiRNA (small interfering RNA) for
the selected oncogenes and the antimetaloproteinases (antiMMPs) that

have been identified as having therapeutic potential.

Within the consortium, different human pancreatic cancer cell lines were
proposed to be used for the Save Me project: MiaPaca-2, ASPC-1, Panc-1,
and T3M4 (101). Out of these four, human Panc-1 pancreatic cancer cell
line, a pancreatic carcinoma of ductal origin, which over-expresses SSTR-1,

SSTR-2 and SSTR-5 and Gal-1 receptor (102—104) was selected.

Mice, nude and albinos, were acquired from Charles River Laboratories Inc.
and housed in polycarbonate ventilated cages (Tecniplast, S.p.A), which
were changed once per week, under a controlled environment (12 h light/
12 h dark cycles with dawn and dusk transitional periods, RT 25 °C and 55 %
relative humidity) and maintained on an ad libitum access to commercially
available pelleted diet (Teklad 2919, Harlan Laboratories, Inc.) and sterilized
water. Mice were acclimated to the housing facility for at least 5 days prior

to experiments.
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Cell culture:

The human pancreatic tumour Panc-1 cell line was obtained from the
European Collection of Cell Cultures (ECACC Cell Lines, Sigma Aldrich) and
was maintained as a monolayer culture in RPMI-1640 media (Lonza,
Verviers, Belgium) supplemented with 10 % fetal bovine serum, FBS (Sigma-
Aldrich, St. Louis USA), 1 % penicillin-streptomycin mixture (Invitrogen, USA)
and 2 mM glutamine (Lonza, Verviers, Belgium) at 37 °C in a humidified
atmosphere of 5 % C0,/95 % air. Regular testing of the presence of
Mycoplasma was performed with the use of a commercial kit (Lonza,

Rockland, ME, USA).

Cells were harvested with trypsin/EDTA 0.25 % (Gibco, Life Technologies)
and collected in a pellet by centrifugation. Thereafter, cell counting was
done with the use of an automated cell counter (Cell Countess, Life
Technologies). Cells were then suspended in Dulbecco’s Phosphate Buffered
Saline (PBS) (Lonza, Verviers, Belgium) to different final concentrations (5-20
x 10° cells/mL) depending on the number of cells to be inoculated. The
suspension was mixed with Matrigel (Becton Dickinson, Oak Park, Bedford,
MA), a mixture of laminin, type IV collagen, entactin and heparin sulphate
kept at 4 °C at a 1:1 (v/v) ratio. Finally, 200 pL of the mixture were collected

ina 1 mlsyringe and used for the injection (99).
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Cell inoculation:

Mice were anesthetized with inhaled isoflurane at 4-5 % in 100 % O,.
Subsequently, the animals were placed in ventral position and maintained
anesthetized with 1 - 2.5 % isoflurane using a facial mask for inhalation. A
region in the left upper flank of the animals was chosen and the skin pinched
with the help of tweezers in order to leave a space for the slow injection of
the Panc-1 cells. After conducting the injection, the animals were recovered
from anaesthesia and returned to their cages. Animal weight and tumour
volume were monitored three times per week. The tumour volume
(expressed in mm?3) was calculated using the formula (L x W?)/2 where L is
the longest diameter (in mm) of the tumour and W (in mm) is the longest

perpendicular diameter with respect to L, both measured with a calliper.

During set up of the experimental conditions to determine the optimal
number of cells to be inoculated, 3 different numbers of cells were used:
0.5, 1 and 2 million per animal. After determination of the growth curves,
the optimal number of cells was used in all subsequent in vivo imaging

studies.

After inoculation of tumours with imaging purposes, mice were not
randomized immediately after cell inoculation, but rather selected one week
before starting the imaging studies. Consequently, when animal experiments

were to start, at week 6-8 after inoculation (at this time point tumours had
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appropriate size to approach imaging studies), animals were grouped
according to their tumour volumes (see Figure 14). Animals bearing tumours

with equivalent size were included in imaging experiments.

Cell injection SC

N X Imaging
( EF studies
* 1* week | 2" week | | 6-8"" week i 3
Py Iy L 4 Y Y L Y Y Sacrifice

Figure 14: Flowchart of the experimental protocol for the study of tumour growth profile
until imaging assays were conducted. Red arrows indicate animal monitoring procedures;
animal weight and tumour volume calculations.

3.2.4.2 Nuclear imaging studies: Data acquisition and image
processing

Imaging studies in tumour-bearing mice were performed for the different
5/Ga-NPs. Mice received an intravenous (IV) injection of the radiolabelled
NPs as a slow infusion in a total volume of 200 pL of saline solution 0.9 %
(see animal doses injection in section 3.3.1.4) three hours before
examination. During the administration of the doses and during image
acquisition, anaesthesia was first induced using 4.5-5 % isoflurane and
maintained with 1.5 -2 % isoflurane blended with O;. The liquid anaesthesia
for inhalation Isoflurane (IsoFlo®) was a product from Abbott Laboratories.
During the image acquisition, mice were kept normothermic using a heating
blanket (Homeothermic Blanket Control Unit; Bruker BioSpin GmbH,

Karlsruhe, Germany). Body temperature was monitored using a rectal probe,
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and respiratory frequency was monitored uninterruptedly during image

acquisition.

SPECT-CT images were acquired using the eXplore speCZT CT preclinical
imaging system from General Electric (GE Healthcare, USA). The system
combines SPECT and CT on one gantry, allowing co-registration of the SPECT
and CT datasets without additional post-processing. The SPECT scanner (see
Figure 15 for general view of the camera and positioning of the animals in
the scanner) uses a stationary, full ring of CZT detectors and interchangeable
rotating cylindrical collimators. An 8-slit collimator was used with a field of
view of 32 and 78 mm in the transaxial and axial directions, respectively.
With the full ring detector, 360° of data were acquired by rotating the
collimator 45° (45 steps, 1°/step).

Figure 15: SPECT-CT preclinical imaging system from GE installed in CIC biomaGUNE (A) and
animal positioned on the SPECT-CT gantry (B).

Once the animals were positioned within the field of view of the system,
data was collected in an energy window of 84-102 keV in static mode. The
mice were under isoflurane anaesthesia during the whole-body SPECT-CT
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scans acquired at 3, 24, and 48 hours post-injection for 30, 60, or 120
minutes (40sec/step, 80sec/step, or 160sec/step, respectively). As a general
rule, the image acquisition period was dependent on the counts detected by
the collimator of the scanner, thus, longer imaging times were needed as the
gamma emissions decreased. After each SPECT scan, CT acquisitions were
performed to provide anatomical information of each animal. The CT
acquisition consisted of 220 views, acquired in 0.88° increments around the
animal with 16 ms exposure per view. The X-ray tube settings were 70 kV

and 32 mA.

SPECT images were reconstructed using the OSEM iterative algorithm (3
iterations, 5 subsets) into 128 x 128 x 32 array with a voxel size of 0.4 x 0.4 x
2.46 mm3, and were not corrected for scatter and attenuation. The CT
images were reconstructed using a cone beam filtered back-projection
Feldkamp algorithm into 437 x 437 x 523 array with a voxel size of 0.2 x 0.2 x

0.2 mm3.

Finally, images were analysed by nMOD software (version 3.4, tMOD
Technologies Ltd., Zurich, Switzerland) co-registering SPECT and CT images.
Volumes of interest (VOIs) were drawn around the organs under
investigation (tumour and muscle), and results of the SPECT signal were used
to calculate the tumour-to-muscle (T/M) ratio. Thereafter, the T/M ratios
were determined and compared. Visual inspection of the images gave an

overall idea of the biodistribution pattern of the NPs.
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3.2.4.3 Magnetic resonance imaging (MRI)

Unlike SPECT, MRI technigque does not use ionizing radiation and provides
higher spatial resolution than SPECT and excellent contrast in soft tissue.
Hence, accurate delineation of the tumour mass is achieved, although
guantification of the amount of NPs in the different tissues is very
challenging. Some of the samples produced by the Save Me partners were
appropriate MRI contrast agents, as they contained y-Fe;Os (BIU particles) or
y-Fe»0s incorporated into a shell layer surrounded by the core polymer (GU
particles). Despite it was not the main objective of this work, when possible,
MRI studies were executed and the results compared to those obtained by

SPECT.

Prior to conducting MRI imaging experiments, the animals were anesthetized
using 3.5 % isoflurane and maintained at 1.5 — 2.5 % in 100 % O during the
whole acquisition. Then, mice were placed in a mouse holder compatible
with the MRI equipment and warmed throughout the study using a heated
water blanket (Homeothermic Blanket Control Unit; Bruker BioSpin GmbH,
Karlsruhe, Germany). Temperature was registered with a rectal probe and
respiration rate was monitored with an MRI compatible animal monitoring
system (SA Instruments Inc., New York, USA). One lateral tail vein of the
animal was previously catheterized with a 26-gauge catheter (Hospira
Venisystems Abbocath-T 26G Radiopaque 1.V. cannula) for intravenous

administration of the different NP formulations.
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Measurements were conducted using an 11.7 Tesla horizontal bore Biospec
11.7/16 scanner (Bruker, Ettlingen, Germany) using a 40mm
transmit/receive body volumetric coil acquiring T2 weighted images (see

Figure 16).

Figure 16: MRI 11.7 Tesla scanner from Bruker installed in CIC biomaGUNE.

Images were acquired before and after injection of the NPs to detect the
distribution of the NP through the subcutaneous tumour and other organs
of interest (e.g. liver, kidney). MRI images were acquired before injection
(BI), around 2 hours post-injection (PI), as well as 24 h after injection. The
image acquired at t= 24 hours required re-positioning of the animal;
attention was paid in order to place the animal in a similar position. Images

were then normalized, i.e. a reference organ was selected in the same slice
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of the tumour and the contrasts weighted towards it. An area in the spinal
cord was anticipated to be convenient as the reference tissue with
normalization purposes. Firstly, the spine was visible in all MR slices through
the abdomen and secondly, the spinal cord, as part of the central nervous
system (CNS), is protected by the blood brain barrier (BBB), preventing the

entrance of most contrast agents.

A summary of the NPs submitted to MRI in vivo studies is included in Table 5.

Table 5: List of NPs tested by MRI 11.7 T in the animal model bearing Panc-1 SC tumours
(n=2/sample) and injected doses depending upon NP’s iron content.

Partner ID Functionalization: Fe [mg/100 mg body

& NP code BFCA / targeting moiety weight]
BIU-01 None 1.7 * 103
BIU-02 PTRse-FITC 1.6 * 103
BIU-03 tPA-FITC 1.7 * 103
GU-01 DOTA-NHS 42*10*
GU-02 E?RTB AGFN#S 4.2*10*
GU-03 DOTtﬁ'ANHS 4.2 *10*

Non-targeted NPs were used as negative control for BIU and GU particles

(BIU-01 and GU-01). PTRgs and tPA were used as targeting moieties. Similar
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doses were injected into animals tested with BIU and GU particles,

respectively.

Prior to acquiring any image, the MRI parameters were fixed. Image
acquisition was synchronized with animal breathing (triggered acquisition).
Then, a fast SCOUT (or exploratory) image for positioning was performed to
the animal covering the area of interest using a field of view (FOV) of
3x3cm? covered by a matrix of 128 X 128 points fixing an in-plane
resolution of 234 um/pixel. The volume of interest (VOI) was then selected
to be of 26 slices of 0.6 mm thickness. Image contrast was settled by using
an echo time (TE) and the repetition time (TR) values of 13.4 ms and 1050
ms, respectively. A TurboRARE (Rapid Acquisition with Relaxation
Enhancement) sequence (RAREfactor = 4) was chosen for T2 imaging using
the aforementioned spatial resolution, TE and TR times and slice thickness.
At the same time of conducting the tests with the Save Me particles, tumour

angiogenesis was assessed.

3.2.5 STATISTICAL METHODS

Statistical calculations and graphs were performed by applying a one-way
ANalysis Of VAriance (ANOVA) for matched observations (105). In those
cases where significant differences were found, the ANOVA test was

followed by a Tukey’s multiple comparisons post-hoc test using GraphPad
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Prism versions 5.04 and 6.00 for Windows, GraphPad Software, La Jolla

California USA, (www.graphpad.com) and considering P < 0.05 statistically

significant. P values of P < 0.05 (*), P < 0.01 (**), or P < 0.001 (***) are
indicated on the figures when appropriate. All data has been presented as
the mean value of the group + SD error bars with a 95 % confidence interval.
The obtained data was considered to follow a normal distribution and
normality tests were not performed as too small samples would rather be

affected by the lack of normality.
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3.3 RESULTS AND DISCUSSION

3.3.1 RADIOLABELLING OF NANOPARTICLES

3.3.1.1 Purification of ¢’Ga

Gallium-67 was selected as the radioisotope because of its long half-life,
which enabled longitudinal follow-up of the biodistribution pattern up to
several days. The radionuclide was obtained as citrate solution at neutral pH,
either from Molypharma, S.A. (Galdakao, Biscay, Spain) or from Mallinckrodt
Radiopharmaceuticals Spain, S.L.U. (Cornella de Llobregat, Catalonia, Spain).
Hence, the first step to approach the radiolabelling of NPs consisted of
converting it into the chloride form, much more appropriate for subsequent
formation of the radiometal-chelator complex. This was carried out using

solid phase extraction.

Absorption of ®’Ga in the purification resin was almost quantitative. The
percentage of radioactivity absorbed in the cartridges after step 1 was 93.54
+ 4.54 % (see flowchart on Figure 12 in section 3.2.3.1) when an elution rate
of 0.1 mL/min was used. The amount of radioactivity retained in the
cartridges depended on the elution flow. As expected, faster elution resulted
in lower trapping efficiency. Using a flow rate of 0.3 ml/min, only 49.46 +
7.09 % was retained in the cartridges. Therefore, an elution rate to 0.1

ml/min was used in all subsequent experiments.
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After rinsing with ultrapure water and flushing with air, the average
percentage of radioactivity of ®’Ga still attached to the resin was 92 + 5 %

(referred to the starting amount of radioactivity).

The elution through the cartridge was carried out using a syringe pump. This
has several advantages with respect to manual operation, mainly: (i)
radiation exposure is minimized; and (ii) a constant flux is applied, and the
time required to perform the complete elution through the cartridges can be

estimated.

After flushing with air, the cartridges were flushed with hydrochloric acid
and separated in 10 different fractions. Figure 17 shows the amount of

radioactivity in each individual vial.

The overall recovery of radioactivity as ®’Ga chloride was around a 90 %; this
value is much higher than those reported in previous works (60 % of ®’Ga
recovery, see reference (97)). Approximately 94 % of the recovered
radioactivity was distributed in the fourth, fifth and sixth collected fractions.
Just to mention one specific example, in 5 different experiments in which an
average activity of 531 + 17 MBq were withdrawn from the cartridges, the
fourth, fifth and sixth peak fractions represented 260 + 73, 213 + 75 and 27

+ 5 MBq of radioactivity, respectively.
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Figure 17: Graphical representation of the fractionated elution of ®’Ga after extraction of
the activity retained on the Sep-Pak” with 1 M HClzo%.

The overall duration of the purification process was between 52 and 87
minutes (depending on the amount of initial gallium volume). This time is
acceptable taking into account the radioisotope’s half-life (T12=3.26 d) and

the recovery percentage of 90 + 4 % of ®’Ga.

The amount of radioactivity remaining in the cartridge after elution was very
low (around 1 % of the retained activity). These values are significantly lower
than those reported previously by |. Vergara et al. (30 + 5 %) (97) probably
due to their experimental procedure, in which they used 1 g of silica-gel for

the adsorption of gallium ions instead of using a packed silica column, which

~87~



FIRST IN VIVO SCREENING: SELECTION OF MOST APPROPRIATE NP CORE AND TARGETING MOIETY

might be more convenient due to more efficient packing of the solid
support. Besides, in the previous work desorption of gallium chloride ions by
extracting the radioactive fraction (supernatant) after centrifugation (and
sedimentation of the silica as pellet) in a larger acidic volume (3 mL HCI) may

lead to a loss of efficiency.

3.3.1.2 Radiolabelling of NPs with ¢/Ga

The radiolabelling reactions with the different NPs produced by the 4
partners producing the nanosystems were conducted by first converting the
gallium citrate solution into gallium chloride. Diverse temperatures and
reaction times where tested to determine the most efficient radiolabelling
parameters. Moreover, the filtration parameters used during purification
also varied depending on the nanosystems. Most of the NPs were
radiolabelled at RT to prevent thermal damage to the NPs. Heating was
eventually required to achieve good radiochemical conversion values.
Nanosystems were sonicated before radiolabelling if recommended by the
manufacturer of the NPs. Radiolabelling of NPs bearing FITC fluorescent

agent was carried out under strict darkness.

Table 6 summarizes the radiolabelling conditions and the radiochemical
conversion obtained for the different NPs. In all cases, a blank experiment
was carried out by addition of all active reagents except the NPs. By

conducting blank experiments, the formation of gallium colloids could be
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observed when 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
was used as the buffer. Hence, acetate, which did not show the formation of

colloids, was selected as the buffer of choice.

The amount of NPs used for the reactions was constant. Usually, 50 uL of a 1
mg/mL stock solution was used. Nevertheless, for BIU NPs good
radiochemical yields were achieved when only 10 uL were used (see Table
6). The high incorporation ratios can be attributed to the presence of
maghemite into the polymeric matrix of the NP core. The strong affinity
between gallium ions and iron is well known (62,78,106). Our hypothesis is
that radiolabelling in this case occurs thanks to absorption of gallium ions on

the surface of maghemite NPs, or even incorporation into the crystal lattice.
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Table 6: Optimized radiolabelling conditions and radiochemical conversion (RCC) values of
57Ga labelled NPs for in vivo imaging studies in Panc-1 SC tumour model nude mice. All
results are expressed as mean + SD (n=4).

Partner ID Functionalization: RCC £ SD % Radiolabeling/
& NP code BFCA / targeting moiety B > filtration conditions
CID-01 NH2-DOTA-GA 52+25%
CID-02 NH2-DOTA-GA 53+89% 60°C, 30 minutes/
PTRss-FITC 10 minutes, 4472 g
NH2-DOTA-GA
| + 0,
CID-03 tPAEITC 9+6%
BIU-01 None 74+3%
BIU-02 PTRss 71+4% RT, 30 minutes/
10 minutes, 4472 g
BIU-03 tPA-FITC 71+4%
UNIBO-01 NODA 52.2+156%
NODA 70°C, 30 minutes/
| + 0,
UNIBO-02 PTRss S77£23.3% 10 minutes, 4472 g
NODA
| + 0,
UNIBO-03 tPAEITC 53+2.7%
GU-01 DOTA-NHS 466+ 11.2%
GU-02 DOTA-NHS 62.5+183% 30°C, 20 minutes/
PTRss-FITC o 5 minutes, 2191 g
DOTA-NHS
= + 0,
GU-03 PA 51.2+13.2%

For CID NPs, RCC values close to 50 % were obtained both for control and

PTRss functionalized NPs, although heating to 60 °C was required. Labelling
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at RT led to RCC values below 10 %. Interestingly, low labelling efficiencies
were achieved for tPA-functionalized NPs, even when the reaction was
carried out at 60 °C (see Table 6). No explanation was found for this
unexpected result, although the low labelling efficiencies might be due to
low amount of chelating agents on the surface of the NP or low availability,
maybe due to the presence of the targeting moiety. These NPs were not

submitted to in vivo imaging studies.

The nanosystems from BIU partner were efficiently labelled at RT. As
previously mentioned, the efficient radiolabelling might be due to the
interaction between gallium ions and the iron oxide particles entrapped in

the polymeric matrix.

Nanoparticles provided by UNIBO were also efficiently radiolabelled,
although a reaction temperature of 70 °C was required to achieve significant
radiochemical yields. Again, NPs functionalized with tPA showed poor
radiochemical vyields, even when the labelling reaction was conducted at
high temperature. This finding suggests the presence of tPA on the NPs may
modify the surface properties, hampering efficient incorporation of the

radiometal.

Radiolabelling of the NPs provided by GU was conducted at RT, because as
specified by the manufacturer, these were not stable at temperatures above

37 °C. Good labelling efficiencies were obtained, irrespective of the
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functionalization on the surface of the NPs. Surprisingly, and contrary to the
results obtained with the NPs from other partners NPs functionalized with

tPA could also be efficiently labelled.

One key factor to take into consideration is the specific activity of the
labelled NPs. In order to prevent adverse effects after administration of the
NPs into animals, the mass amount of NPs per animal was limited to 100 pg
per study. Considering that previous experience in our imaging facility
recommends the use of >1 MBq of radioactivity per in vivo investigation (this
is the minimal amount that is considered to provide accurate biodistribution
data in mice), the specific radioactivity required was 10 MBg/mg. This value
of specific radioactivity was exceeded when >185 MBq of [¢/Ga]GaCl; were

used.

3.3.1.3 Radiochemical integrity of NPs

The majority of the polymeric based NPs used in the current PhD thesis were
radiolabelled by using BFCAs. As previously mentioned, the use of BFCAs can
lead to the release of the radiometal because complexation is a reversible
process with a defined Kn. Additionally, proteins present in the bloodstream
can sequestrate the radiometal by trans-chelation. Hence, one critical step
before evaluation of the NPs in vivo is the determination of the

radiochemical integrity of the NPs in vitro. As mentioned above (see section
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3.2.3.3) this can be done using different approximations to mimic in vivo

conditions.

In our case, the radiochemical integrity was determined by incubation in the
presence of a competitor (DOTA) at a concentration equivalent to apo-
Transferrin concentration in blood (32 uM) for CID and GU NPs, while

physiologic saline solution was used for BIU NPs.

The dissociation of ®’Ga (expressed in percentage) from the radiolabelled
NPs at each time point was calculated as the ratio between the amount of
radioactivity in the filtrate and the starting amount of radioactivity after
incubation of the radiolabelled samples at 37 °C (incubation time: 1-48
hours). All the experiments have been repeated twice and the results are

expressed as mean * SD (see Table 7).

~93~



FIRST IN VIVO SCREENING: SELECTION OF MOST APPROPRIATE NP CORE AND TARGETING MOIETY

Table 7: Radiochemical integrity results of radiolabelled nanoparticles, expressed as
percentage of unmodified NPs; lafter incubation with a solution containing DOTA at a final
concentration of 32 uM; and 2after incubation in saline solution. Incubation temperature
was 37 °Cin all cases.

Partner ID

& NP code

CID-01* 85+14% 83+17% 78+8% 57+15%
CID-02* 69+29% 70+25% 63+22% 45+15%
GU-01* 54+0.4% 39+5% 30+19% 29+13%
GU-02! 57+17 % 50+15% 29+7% 16+1%
GU-03? 63+23% 59+12% 48+7 % 45+4 %
BIU-012 72+13% 74+ 14 % 67+4% 19+9%
BIU-022 73+11% 60+9% 29+9% 24+11%
BIU-032 80+12% 74+9% 56+7% 67+4%

As it can be seen in the table, the fraction of radioactivity detached from the
NPs was significant in all cases at t= 48 hours. Such detachment was higher
in BIU and GU NPs, while CID particles showed higher stability in the
presence of the competitor. Interestingly, CID and GU’s NPs showed very
high stability when incubated in physiologic saline solution, with >90 % of

radioactivity attached to the NPs even at t= 48 hours of incubation.
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Altogether, the results suggest that the presence of the competitor at a
concentration similar to that of the Apo-transferrin has a marked effect on
the radiochemical integrity of the NPs, which may have a significant impact

during in vivo investigations.

During the performance of the experiments, UNIBO’s NPs radiochemical
integrity was not assessed. A priori, these NPs are similar to those of GU
partner, bearing a BFCA and a maghemite core, as well as same targeting

moieties. For these reasons, similar results could be expected.

3.3.1.4 Dose preparation

Average doses as prepared for subsequent in vivo imaging experiments using

the NPs provided by all partners are summarized in Table 8.
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Table 8: Average injected dose of each ®’Ga radiolabelled compound for in vivo SPECT-CT
animal experiments (n=2).

Partner ID Average administered dose
& NP code (MBq) £ STDV
CID-01 45.7 £ 18.9
CID-02 20.1+115
UNIBO-01 30.41+1.7
UNIBO-02 19.5+ 14.5
GU-01 6.7+0.9
GU-02 63115
GU-03 10.1+5.9
BIU-01 155+ 4.7
BIU-02 82118
BIU-03 89109

3.3.2 ANIMAL MODEL: HUMAN PANCREATIC CARCINOMA
TUMOURS GROWTH AND CHARACTERIZATION

As mentioned above, a first experiment was conducted using different cell
concentrations per animal group (n=10) as to determine the optimal tumour
growth curve in the animal model. With that aim, SC injections of pre-
established amounts of cells (0.5 million, 1 and 2 million) were performed in
the back of immunosuppressed mice (CD-1° Foxn1™) following previously

published works (101,102,107,108).
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A frequent monitoring of the tumour volume and animal weight was carried
out during several weeks, and tumour volume data was plotted. As
expected, the growth of Panc-1 SC tumours followed an exponential profile

(see Figure 18).
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Figure 18: Panc-1 SC tumours growth curve represented in volume (mm?3) throughout time
expressed in days after inoculation of 0.5 million (rhombus), 1 million (triangle) and 2 million
(square) tumour cells. Results are expressed as mean + SD, n=10 per group.

After injection of 2 million Panc-1 cells, average tumour volumes of ca. 150
mm?> were achieved within 6 to 8 weeks (see Figure 19 for example of an
animal with the tumour). This is a reasonable time that enables appropriate

planning of the imaging studies. Injection of 0.5 and 1 million cells led to a
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slower tumour growth, and hence the value of 2 million cells was selected as

the most appropriate experimental scenario.

Figure 19: Photograph of a representative immunosuppressed mouse with a pancreatic SC
tumour in its left flank 8 weeks after injection of 2 million Panc-1 cells.

The information obtained in this experiment was essential for the
determination of the number of animals to be prepared, because it provided

relevant information regarding the variability of the animal model.

Before performing in vivo imaging studies, the expression of SSTRs in the
tumour was checked. With that aim, a representative number of tumours
excised from animals were sent to SHEBA partner, who determined the
expression of the different SSTR subtypes by using immunohistochemistry.
High expression of SSTR2 and SSTR4 was observed in the excised tumours,
followed by SSTR1’s. The expression of SSTR3 and SSTR5 was detectable but

weak when compared to other SSTR subtypes.
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For execution of the first in vivo screening with the radiolabelled NPs, 50
nude mice were inoculated. Out of these, and considering the variability of
the model, we estimated that the appropriate number of animals would
have the correct tumour volume (ca. 150 mm?3) after 6-8 weeks, taking into
account that 2 animals were to be used per each NP and that the maximum
number of samples to be received was 15. Finally, as previously mentioned,
only 11 samples could be succesfully labelled and hence only these were
included in in vivo investigations. Figure 20 shows the growth curve obtained

for the animals inoculated with imaging purposes.
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Figure 20: Panc-1 SC tumours growth curve represented in volume (mm?3) throughout time
expressed in days after inoculation of 2 million tumour cells. Dots, mean; lines, SD; n=50.
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3.3.3 IN VIVO BIODISTRIBUTION IMAGING STUDIES

3.3.3.1 SPECT-CT: Biodistribution pattern of the different NPs

SPECT-CT imaging studies were conducted with radiolabelled NPs. With that
aim, ®’Ga-functionalized NPs were suspended in a certain volume of saline
solution (NaCl 0.9 %) and administered via one of the lateral tail veins of
tumour-bearing mice. After administration of the radioactive NPs, the
animals were recovered from anaesthesia until undergoing the first imaging
study. Images were acquired at 3, 24 and 48 hours after administration of

the radiolabelled NPs.

Because absolute quantification in our experimental set up was very
challenging, we decided to determine the ratio between the tumour and a
region of reference, namely the muscle. VOIs were delineated in the
tumour and in the muscles anterior to the femur (quadriceps) and the T/M
ratio was calculated for each time point and NP type (see Figures 21, 23, 25

and 27).

For BIU’s NPs, no significant differences were observed between targeted
and non-targeted NPs at each individual time point. The T/M ratios for the
control NPs (BIU-01) were 1.36 + 0.18, 1.84 + 0.62 and 2.84 + 0.66 at 3, 24
and 48 hours after injection of the NPs, respectively. BIU’s particles bearing
PTR targeting moiety (BIU-02) showed increased accumulation with time

starting with a T/M ratio of 1.20 + 0.25 at t= 3 hours, which increased up to
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2.15 £ 0.23 and 3.00 + 0.54 at 24 and 48 hours, respectively. For NPs
decorated with tPA (BIU-03), T/M ratios were 1.50 + 0.18, 2.52 + 0.70 and
2.36 £0.90 at 3, 24 and 48 hours, respectively.

Interestingly, statistically significant differences were observed for BIU-01
between t= 24 and t= 48 hours (P = 0.019), and for BIU-02 NPs between t=3
and t= 24 hours (P = 0.013) (see Figure 21). These results suggest that NPs
accumulate in the tumour due to EPR effect (note that non-targeted NPs
also show an increased accumulation with time) while the targeting moiety
seems not to play a pivotal role in this particular case. Likewise, the tPA
targeting moiety seems to have a negative effect on the accumulation in the

tumour.
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Figure 21: Average T/M ratios (mean % SD, n=2) for NPs BIU-01, BIU-02 and BIU-03 at 3, 24
and 48 hours after intravenous administration of labelled NPs (15.5 + 4.6 MBq, 8.2 + 1.8
MBg and 8.9 + 0.9 MBq, respectively).

Visual inspection of the SPECT-CT images (see Figures 22-24) showed high
accumulation of the NPs in the liver and the spleen, suggesting
sequestration of the labelled NPs by the RES organs. In dorsal 3D images
and a nearly lateral view of the animals, the liver’s uptake is highlighted in a
light bluish colour for clarity. Radioactivity could also be detected to a lesser
extent in the lungs and in bones. The radioactivity in bones is more clearly
visualized in the bone marrow and leg joints as can be observed in the
bottom image of the axial slices. The presence of radioactivity in the bladder

suggests elimination via urine. Hence, potential detachment of the
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radionuclide or trans-chelation to plasma proteins may occur in vivo after
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Figure 22: SPECT-CT 3D images of ®’Ga-labelled BIU-01 NPs at t= 48 hours after intravenous
administration. Axial 2 dimensional (2D) slices show: tumour located in the upper dorsal
left part of the animal (top), a transversal section of the liver (middle) and a slice in the
inguinal region showing the bladder (bottom).
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Figure 23: SPECT-CT 3D images of ®’Ga-labelled BIU-02 NPs at t= 48 hours after intravenous
administration. Axial 2D slices show: tumour located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a slice in the inguinal region
showing the bladder (bottom).

~ 104 ~



FIRST IN VIVO SCREENING: SELECTION OF MOST APPROPRIATE NP CORE AND TARGETING MOIETY

Tumour

Liver

Bladder

Figure 24: SPECT-CT 3D images of ®’Ga-labelled BIU-03 NPs at t= 48 hours after intravenous
administration. Axial 2D slices show: tumour located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a slice in the inguinal region
showing the bladder (bottom).

The same approach was used to investigate the biodistribution of GU’s NPs.
Figure 25 compares T/M values for the three particles investigated at
different time points after administration. No significant differences in T/M
values were observed, irrespective of the NPs and the time point. T/M ratios
for non-targeted particles (GU-01) were 1.57 + 0.38, 2.73 + 1.67 and 2.53 +
0.21 at t= 3, 24 and 48 hours post-administration. The NPs bearing PTR
showed a progressive, non-significant increase in T/M ratios: 1.94 + 0.34,
3.04 + 0.69 and 4.08 + 0.11 at t= 3, 24 and 48 hours, respectively. The NPs

with tPA also showed an increase in T/M values with time: 1.54 + 0.22, 2.63
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+ 0.35 and 3.07 + 0.54 for t= 3, 24 and 48 hours, respectively. Despite the
differences are not significant between groups, probably due to the small
sample size, a clear trend can be observed in the case of targeted particles,
with higher T/M values at longer times post-administration. These results
suggest that for GU’s particles, accumulation in the tumour may occur by
EPR effect; however, prolonged retention in the tumour can be achieved

when the NPs bear a targeting moiety.
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Figure 25: Average T/M ratios (mean + SD, n=2) for NPs GU-01, GU-02 and GU-03 at 3, 24
and 48 hours after intravenous administration of labelled NPs (6.7 + 1.0 MBq, 6.3 + 1.5 MBq
and 10.1 £ 5.9 MBgq, respectively).

Figures 26-28 show representative SPECT-CT images (3D reconstructions and
selected axial slices) for NPs GU-01, GU-02 and GU-03 at t= 48 h after
administration.
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Figure 26: SPECT-CT 3D images of ®’Ga-labelled GU-01 NPs at t= 48 hours after intravenous
administration. Axial 2D slices show: tumour located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a cut in the inguinal region
showing the bladder (bottom).
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Figure 27: SPECT-CT 3D images of ®’Ga-labelled GU-02 NPs at t= 48 hours after intravenous
administration. Axial 2D slices show: tumour located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a cut in the inguinal region
showing the bladder (bottom).
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Figure 28: SPECT-CT 3D images of ®’Ga-labelled GU-03 NPs at t= 48 hours after intravenous
administration. Axial 2D slices show: tumour located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a cut in the inguinal region
showing the bladder (bottom).

Visual inspection of the images (see Figures above) clearly shows high
accumulation of radioactivity in the liver, probably due to sequestration of
the NPs by the MPS. However, in this case the presence of radioactivity
could also be detected in the tumour. The distribution of the labelled NPs in
the tumour was not uniform, as suggested by the presence of hot spots (see
top axial slice in Figures 26-28). The non-uniform distribution of the particles

over the tumour tissue was later on confirmed by MRI (vide infra).
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The experiment was repeated for UNIBO’s NPs. Control, non-targeted
particles showed T/M ratios of 0.81 + 0.10, 1.17 £ 0.14 and 0.91 + 0.07 at 3,

24 and 48 hours after administration (see Figure 29).

T/M ratios
N
—
w
=

mmm 24h

mmm 48h

UNIBO-01 UNIBO-02

Figure 29: Average T/M ratios (mean + SD, n=2) for NPs UNIBO-01 and UNIBO-02 at 3, 24
and 48 hours after intravenous administration of labelled NPs (30.41 + 1.66 MBqg and 19.50
+ 14.50 MBq doses respectively).

T/M ratios for the PTR-targeted particles showed a non-significant increase
with time: 1.79 £ 0.57, 1.98 + 0.004 and 2.50 + 0.42 at t= 3, 24 and 48 hours.
As in the case of GU’s NPs, the targeting moiety seems to play a role in the
accumulation of these NPs in the tumour, despite no significant differences
between groups were obtained, probably due to the small sample size (see
Figure 29). Nevertheless, the axial slices of the images (see Figures 30-32) do
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not show uptake in the tumour, neither for the control nor PTR-targeted
particles. Intriguingly, targeted NPs presented a higher accumulation in the
spleen than any other particle. UNIBO-02 was in fact the only nanosystem
with an especially high accumulation rate in the spleen compared to that of

the liver (see dorsal and lateral 3D views in Figure 31).
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Figure 30: SPECT-CT 3D images of ®’Ga-labelled UNIBO-01 NPs at t= 48 hours after
intravenous administration. Axial 2D slices show: tumour located in the upper dorsal left
part of the animal (top), a transversal section of the liver (middle) and a cut in the inguinal
region showing the bladder (bottom).
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Figure 31: SPECT-CT 3D images of ®’Ga-labelled and UNIBO-02 NPs at t= 48 hours after
intravenous administration. Axial 2D slices show: tumour located in the upper dorsal left
part of the animal (top), a transversal section of the liver (middle) and a cut in the inguinal
region showing the bladder (bottom).

CID’s particles bearing tPA targeting moiety were not tested in vivo as
previously mentioned, due to the low radiochemical incorporation ratios
achieved during labelling experiments. Therefore, only CID-01 and CID-02

were essayed (see Figure 32).

The T/M ratios for CID’s control (non-targeted) particles were 1.22 + 0.14,
1.75 + 0.32 and 2.55 + 0.40 at t= 3, 24 and 48 hours, respectively. For
targeted particles, T/M values of 1.44 + 0.03, 3.08 + 0.93 and 3.92 + 0.05
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were obtained at t= 3, 24 and 48 hours, respectively. As can be observed in

Figure 32, T/M values increased clearly with time.

The most important finding in these NPs was the lower accumulation of
radioactivity in the liver, as compared to previously investigated NPs. This
lower accumulation, which can be observed by visual inspection of the
images (see Figures 33-34) resulted in a higher bioavailability of the NPs,

which led to better delineation of the tumour (see also Figure 35).
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Figure 32: Average T/M ratios (mean + SD, n=2) for NPs CID-01 and CID-02 at 3, 24 and 48
hours after intravenous administration of labelled NPs (45.7 + 18.9 MBqg and 20.1 £+ 11.5
MBq, respectively).
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Figure 33: SPECT-CT 3D images of ®’Ga-labelled CID-01 NPs at t= 48 hours after intravenous
administration. Axial 2D slices show: tumour located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a cut in the inguinal region
showing the bladder (bottom).
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Figure 34: SPECT-CT 3D images of ®’Ga-labelled CID-02 NPs at t= 48 hours after intravenous
administration. Axial 2D slices show: tumour located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a cut in the inguinal region
showing the bladder (bottom).
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Figure 35: SPECT-CT 3D images of an animal injected with CID-02 NPs 24 hours (A) and 48
hours (B) after administration of the radioactive doses.

Interestingly, a high accumulation in urine was detected at t= 48 hours,
suggesting a slow elimination of the NPs viag this route or detachment of the
radiometal. The significant accumulation in the tumour and the low liver
uptake resulted in images were the tumours could be clearly identified (see

Figures 34-35).

The localized accumulation of radioactivity into the SC tumours of animals
injected with CID-02 can be clearly visualized on the images. Uptake in the
bones and joints was also considerable as can be observed in the 2D bottom
axial cut (see Figure 34). Moreover, and following the trend of the graphic
shown in Figure 32, the accumulation of radioactivity in the tumour was high

already at 24 hours and did not significantly increase after 48 hours.
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In view of these results, CID particles were selected as the most promising

core particles to undergo more extensive in vivo investigation.

3.3.3.2 MRI: Angiogenesis in the PaCa tumour stages

As mentioned above, 12 animals were submitted to MRI images by using
BIU’s and GU’s samples, in order to gain knowledge regarding the regional
distribution of the NPs within the tumour tissue. The images were recorded
before injection (Bl), and 2 and 24 hours post injection (Pl). T2 weighted
images were acquired for BIU particles (see Figure 36) and GU particles (see
Figure 37) selecting a slice in which the tumour and the liver could be

observed.

The advantages of multimodal imaging lead to various qualitative
observations. The most relevant information obtained from MRI images is
related to the regional distribution of the particles among tissues, including
the tumour itself. It is also noteworthy that the high spatial resolution of MRI
allows us to describe the tumour as a highly heterogeneous mass of tissue.
As mentioned, the high spatial resolution of MRI showed a lack of
homogeneity, nevertheless, the sensibility of this technique is not sufficient
to provide a reliable quantification of the amount of particles distributed to

the tumour area.
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Figure 36: MRI T2-w images normalized against spinal-cord of the Panc-1 tumour bearing
mice for BIU-01 (A), BIU-02 (B) and BIU-03 (C) particles at 0 h (before injection), and 2 and
24 h post injection. Scale reflects signal intensity (s.i.=100) in arbitrary units.

Some of the images suggest that the accumulation of NPs in the tumour
increases with time as the signal decreases in the region, which is reflected
in a progressive lighting of the tumour on the images. Similarly, the
accumulation in liver is high and elimination from this organ occurs slowly.
As a general trend, changes in the tumour signal were more significant at

long time points (24 hours). This effect, which was observed for targeted
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and non targeted BIU particles, is in good agreement with results obtained
in SPECT images, which showed that uptake of NPs in the tumour was

higher at t= 24 h than at t= 3 hours.

0 h (BI) 2h (P1) 24 h (P1)

Figure 37: MRI T2-w images normalized against spinal-cord of the Panc-1 tumour bearing
mice for GU-01 (A), GU-02 (B) and GU-03 (C) particles at t=0 h (before injection) and t= 2
and 24 h post injection. Scale reflects signal intensity (s.i.=100) in arbitrary units.

GU’s targeted particles showed a more apparent contrast signal. Images

acquired at 2 and 24 hours post injection clearly show a redish signal
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surrounding the tumour, which corresponds to the lymphatic system. PTR
and tPA-1 targeted NPs (GU-02 and GU-03) showed a decrease at 24 hours
relative to 2 hours. This finding suggests washout of targeted NPs from the
target site. At 24 hours PI, the initial status was almost recovered as the
tumour’s shinning increased and became comparable to that before

injection.
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3.4 CONCLUSIONS

The conversion step of ®’Ga citrate into the chloride form resulted to be
successful. Around 90 % of the total radioactivity could be recovered as
chloride and used for further radiolabelling reactions. Additionally, the
purification procedure was optimized as compared to the results reported

previously in the literature (97).

The radiochemical labelling efficiency showed to be high when optimal
reaction parameters were used. Harsh chemical conditions were avoided as

compounds were going to be injected into animals.

NPs from CID and GU showed excellent radiochemical integrity in saline
solution, with >90 % of the radioactivity still attached to the NPs after 48
hours of incubation. The presence of a chelator in the incubation media

resulted in lower radiochemical integrity values.

For the implementation of the animal model, subcutaneous injection of 2
million Panc-1 cells resulted in an exponential tumour growth. Appropriate
tumour sizes (150 mm3) could be achieved in 6-8 weeks after cell
inoculation. This time window was considered appropriate for proper

planning and execution of imaging experiments.

All NPs showed high accumulation in the liver, suggesting sequestration by

the RES organs. Some of the NPs also showed elimination via urine,
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suggesting potential detachment/transchelation of the radionuclide. SPECT-
CT images showed that the most promising NPs for tumour visualization
were the polymeric-based particles from CID. MRI images were of great
value to confirm the heterogeneous vascularisation of cells along the tumour

mass.
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4.1 INTRODUCTION

After the first in vivo screening in which the highest T/M ratio at 48 hours was
obtained with the particles from CID partner, the consortium as a whole
decided to continue the development of new NPs with this partner. In this
sense, CID provided new polymeric NPs with the same targeting agents
attached to their structure, i.e., PTRgs and tPA. Moreover, a more promising
targeting moiety based on SST analogues, named PTRsg, which showed great
affinity towards SSTRs, was developed (see section 4.2.1.1) and it was
decided that it was worth assaying the targeting capabilities of this targeting

agent after anchoring to the NPs.

It is widely accepted that NPs can be surface-decorated with PEG
(PEGylation) in order to decrease undesired interactions with circulating
proteins, as this interaction is majorly responsible for the subsequent
sequestration of the NPs by the RES organs (109,110). Incorporation of PEG
in the surface of the NPs provided by CID was thus considered an interesting
approach in order to increase blood circulation time and potentially increase
accumulation in the tumour. However, incorporation of long PEG chains on
the surface of the NPs might lead to a significant increase in NP size, which
may ultimately difficult cell internalization. To solve this issue, an innovative
strategy was proposed by the consortium. The strategy was based on
anchoring to the NP two PEG chains sandwiching a MMP substrate, namely,

PEG-MMP-substrate-PEG.
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In cancer proliferation, an inflammatory response in produced in which
proteolytic cytokines are involved. Such is the case of gelatinase B (MMP-9),
a proteolytic enzyme secreted in inflammation sites. Via the PEG-MMP-
substrate-PEG functionality, the NPs might be recognized by the MMPs
present in the extracellular matrix resulting in a cleavage of the outer
protective PEG layer. The resulting NPs, smaller in size, might be more easily
internalized into the tumour tissue, while exposed targeting moieties (PTR or
tPA) should actively target tumour cells. The principle behind the approach is

schematized in Figure 38.

In this context, and with the ultimate aim of assessing the effect of the
different targeting moieties and PEGylation on the capacity of the
nanosystems to selectively accumulate in the tumour, the following NPs were
included in the final study: (i) Unmodified PMMAc core NPs (control); (ii)
control particles functionalized with PTRgs-FITC; (iii) control particles
functionalized with tPA; (iv) control particles functionalized with PTRgs-FITC
and PEG-MMP-substrate-PEG; (v) control particles functionalized with tPA
and PEG-MMP-substrate-PEG; (vi) control particles functionalized with PTRss-
FITC; and (vii) control particles functionalized with PTRss-FITC and PEG-MMP-
substrate-PEG.

Additionally, GU’s particles were also selected for this final study in order to
further investigate the effect of the core on the targeting capabilities of the

newly developed targeting agent PTRsg. As a result, GU partner also linked
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this targeting moiety to their NPs and provided also unmodified particles as

the control.

Following a similar experimental approach to that described in chapter 3, the
T/M ratio was assessed at different time points after administration of the

%/Ga-labelled particles using SPECT-CT for all particles; however, in order to

gain statistical significance of the results, five animals were used per NP.

Figure 38: Schematic representation of the rationale behind the use of PEG-MMP-substrate-
PEG decorations. The NPs present in the capillaries (A) cross the endothelial cells of the
blood vessels and are recognized by MMPs, (B) which cleave the outer PEG chain, resulting in
a reduction in NP size (C). Thanks to the presence of the targeting moieties, the NPs interact
with tumour cell receptors (D) and are internalized (E).
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4.2 MATERIALS AND METHODS

4.2.1 SYNTHESIS OF TARGETING MOIETIES

4.2.1.1 Synthesis of new SST analogues

Recent studies have shown that replacement of the amino acid Asn in
position 5 by the positively charged Arg results in an improvement of the
affinity of PTRs for all SST receptor subtypes (111). In view of these results, a
novel somatostatin analogue was synthesized and used in this project, with
the following amino acids sequence; GABA-(D)Phe-Arg-cyclo(Cys-Phe-(D)Trp-
Lys-Thr-Phe-GlyS2)-amide (PTRsg). A FITC molecule was attached to the

amino acid sequence following the procedure explained in section 3.2.1.1.

4.2.1.2 Synthesis of tPA analogues

tPA analogue was synthesized following the synthetic strategy described in

section 3.2.1.2.

4.2.2 SYNTHESIS OF NANOPARTICLES

Nanoparticles were prepared following the synthetic route described in

sections 3.2.2.2 and 3.2.2.4, with slight modifications as described below.
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4.2.2.1 IK4-CIDETEC

Single chain polymeric NPs (1 g) were prepared and fully characterized.
Further functionalization with targeting moieties and/or PEG decorations was
performed using in all cases the same batch of NPs, which were properly

characterized by different techniques, including NMR, TEM and DLS.

NODA was selected as the chelator for this set of experiments. NODA-
functionalized targeted and non-targeted (control) SCPNs were synthesized
(CID-04, CID-05, CID-06, CID-07, CID-08, CID-09 and CID-010, see Figure 11 in
section 3.2.2.4 for clarity) by attachment of the commercially available 2,2'-
(7-(4-((2-aminoethyl)amino)-1-carboxy-4-oxobutyl)-1,4,7-triazonane-1,4-

diyl)diacetic acid (NH2-NODA-GA, MW: 417.46 g/mol) chelating agent
purchased to CheMatech (Cat. No: C112) using covalent bonding. The
quantification of the NH,-NODA-GA BFCA loading per nanoparticle (% w/w)
was conducted by means of a xylenol orange/ZnCl, visual colorimetric assay
based on a previously reported method originally implemented for DOTA
(112). Basically, the incorporation of NH,-NODA-GA for radiolabelling to the
different SCPNs was determined by incubating the NPs with a 0.1 % solution
of xylenol orange (XO) tetrasodium salt (Acros, CAS: 3618-43-7) in distilled
water and a solution containing ZnCl, (Sigma-Aldrich, CAS: 7646-85-7) in 0.01
N HCI. The principle behind this technique relies in the fact that Zn?* ions are

more strongly linked to the BFCA than to XO at pH = 5.6. Hence, once all the
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BFCAs are forming a complex with Zn?* ions, the free Zn%* ions react with XO

forming a pink coloured XO-Zn?* complex, which can be visually identified.

The PMAAc NPs containing the BFCA were further functionalized with the
targeting agents PTRsgs, PTRss, tPA, and PEG-MMP-substrate-PEG by
sequential amide coupling as explained in section 3.2.2.4. The synthetic

procedure has been recently patented by CID (Patent N. P3103EPQOQ).

The PTR loading per NP (% w/w) was quantified by fluorescence using a
calibration curve established with PTRgs-FITC for the NPs bearing PTRgs or
PTRss (compounds CID-05, CID-07, CID-09 and CID-10). The amount of tPA
present in CID-06 and CID-08 was calculated by UV absorption, and using a
calibration curve established with tPA peptide (absorbance measured at A:

277 nm).

The PEG-MMP-substrate-PEG, which contains a 24 amino acids chain in
between two PEG fragments, was purchased to Synthezza (Cat. No:
1411370). The quantification of the PEGylated fragment of CID-07 and CID-08
could be determined by *H-NMR. The amount incorporated to CID-10 could

not be determined.

The NPs used in this study, their main properties and the relative amount of

targeting agents attached to the NPs are summarized in Table 9.
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Table 9: Composition, functionalization, size, and PDI values of the NPs.

Partner ID
& NP code

Core composition

Functionalization:
BFCA / targeting moiety

Size (nm)
(n=3)

CID-04

PMAAC based SCPNs

NH2-NODA-GA [15 % w/w]

35

0.3

CID-05

PMAACc based SCPNs

NH2-NODA-GA [1 % w/w ]
PTRse-FITC [6.7 % wW/wW]

38

0.4

CID-06

PMAACc based SCPNs

NH2-NODA-GA [2 % w/w]
tPA [4 % w/w]

37

0.3

CID-07

PMAAC based SCPNs

NH2-NODA-GA [3 % w/w]
PTRs6-FITC [0.84 % w/w]
PEG-MMP-substrate-PEG [3
% w/w]

52

0.6

CID-08

PMAACc based SCPNs

NH2-NODA-GA [3 % w/w]
tPA [4 % w/w]
PEG-MMP-substrate-PEG [3
% W/w]

39

0.4

CID-09

PMAACc based SCPNs

NH2-NODA-GA [5 % w/w]
PTRsg-FITC [1.7 % w/w]

40

0.453

CID-10

PMAAC based SCPNs

NH2-NODA-GA [4 % w/w]
PTRss-FITC [1 % w/w]
PEG-MMP-substrate-PEG
[N/A¥]

46

0.682

* N/A: Information not provided by the supplier.

4.2.2.2 Goethe University

The NPs provided by GU were synthesized by producing a CAN maghemite

core with recombinant human serum albumin (rHSA), to which 2,2'-(7-(2-

((2,5-dioxopyrrolidin-1-yl)oxy)-2-oxoethyl)-1,4,7-triazonane-1,4-diyl)diacetic

acid (NOTA-NHS) was anchored as the chelator (CheMatech, Dijon, France).

PTRsgs moiety containing fluorescein (FITC) was also anchored to the NP
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surface via EDC chemistry (94). After production, the nanoparticles were

purified by centrifugation and gel-permeation chromatography.

The NPs used in this study and their main properties are summarized in Table

10.

Table 10: Composition, functionalization, size, PDI and zeta-potential values of the NPs.

Partner ID Functionalization: Size (nm) PDland Z

& NP code Core composition

GU-04 CAN-Fe30a-rHSA NOTA-NHS [N/A*] 120+ 1.4 N/A*

NOTA-NHS [N/A*]
PTRss-FITC [N/A*]

* N/A: Information not provided by the supplier.

BFCA / targeting moiety potential

GU-05 CAN-Fe30a-rHSA N/A* N/A*

4.2.3 RADIOLABELLING OF NANOPARTICLES

4.2.3.1 Purification of °’Ga

As mentioned in section 1.3.4.1, gallium was obtained as a citrate form from
commercial suppliers. The procedure for the transformation into the chloride

form and fractioning was the same as explained in section 3.2.3.1.

4.2.3.2 Radiolabelling and purification of NPs

The radiolabelling reactions were carried out as described in section 3.2.3.2

but with the NPs described in section 4.2.2. CID and GU incorporated NODA
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or NOTA as BFCAs into the particles and hence the radiolabelling process
relied on the formation of the ®’Ga-NODA complex. The chelator-mediated
labelling reactions were conducted by incubating 8’GaCl3* with 200 pL of 0.2
M acetate buffer solution and 0.05 mg of the corresponding NPs, the latter
obtained from stock solutions at a concentration of 1 mg/ml. The pH was
measured by means of a pH-meter and reaction conditions (temperature,
time and filtration parameters) as described in Table 6 were applied for both
CID and GU particles. After purification through Millipore filters (100 kDa cut-
off, Amicon Ultra-0.5 mL UFC510096, Molsheim, France) in a small centrifuge
(Nahita, 2507/100 Auxilab S.L.) radiolabelling efficiencies were calculated and
finally, the radioactive doses were prepared by suspending the residue
present in the filters in 200 pL of NaCl at 0.9 % (Braun Medical S.A., Catalonia,

Spain).

4.2.3.3 Radiochemical integrity of NPs

The radiochemical integrity of the NPs was assessed following the procedure
described in section 3.2.3.3, both in saline solution and in the presence of

NOTA as the competitor; in both cases, the temperature was fixed at 37 °C.

4.2.3.4 Dose preparation

Animal doses were prepared as previously described in section 3.2.3.4 by

diluting the purified labelled NPs in 200 L of saline solution 0.9 % and filling
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Omnican® (B. Braun Vet Care GmbH, Melsungen AG, Germany) insulin

syringes for injection.

4.2.4 IMAGING STUDIES

4.2.4.1 Animal model: Athymic Nude Mice

Following the experimental protocol described in section 3.2.4.1, animals
(CD-1 Foxnl nu/nu mice, Charles River Laboratories Inc., n=50) were
subcutaneously injected with 2 million Panc-1 cells to develop the pancreatic
tumours. Nude mice were housed as described in section 3.2.4.1 and the
tumour growth monitored during 8 weeks. Animal images were acquired by
SPECT-CT imaging at 3, 24 and 48 hours, after injection of the NPs described

in section 4.2.2.

4.2.4.2 Nuclear imaging studies: Data acquisition and image

processing

Whole-body SPECT-CT images were acquired to a total number of 45 animals
after injecting the different ®’Ga-NPs (n=5/NP). Thirty-five of these animals,
all bearing SC tumours with tumour volume > 150 mm?3, were used for CID’s
samples (weight 31.7 £ 2.6 g) and ten for GU’s NPs (weight 30.8 + 2.6 g).
Mice received an IV injection of the radiolabelled systems as a slow infusion
in a total volume of 200 uL of saline solution 0.9 % (see animal doses

injection in section 4.3.1.3) three hours before examination. During the
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administration of the doses and image acquisition, sedation was first induced
using 4.5 -5 % isoflurane and maintained with 1.5 -2 % isoflurane blended
with O,. The liquid anaesthesia for inhalation Isoflurane (IsoFlo®) was a
product from Abbott Laboratories. During image acquisition, temperature
was maintained by using a heating blanket (Homeothermic Blanket Control
Unit; Bruker BioSpin GmbH, Karlsruhe, Germany). Animals’ heart rate and

body temperature were monitored uninterruptedly during imaging studies.

SPECT-CT images were acquired as previously described (section 3.2.4.2).
Whole-body SPECT-CT scans were acquired at 3, 24, and 48 hours PI. After
each SPECT scan, CT acquisitions were performed to provide anatomical

information of each animal.

The SPECT images were reconstructed using the OSEM iterative algorithm (3
iterations, 5 subsets) into a 128 x 128 x 32 array with a voxel size of 0.4 x 0.4
x 2.46 mm?3, and were not corrected for scatter and attenuation. The CT
images were reconstructed using a cone beam filtered back-projection
Feldkamp algorithm into 437 x 437 x 523 array with a voxel size of 0.2 x 0.2 x

0.2 mm3.

Finally, image data was analyzed by mMOD software (version 3.4, TMOD
Technologies Ltd., Zirich, Switzerland) by co-registering SPECT and CT

images. VOIs were drawn around the tissues under investigation (tumour

~ 135 ~



SECOND IN VIVO SCREENING: SELECTION OF OPTIMAL TARGETING WITH MOST PROMISING NP CORE

and muscle), and results of the SPECT signal were used to calculate the T/M

ratios.

4.2.5 STATISTICAL METHODS

Statistical calculations were performed by applying a one-way ANalysis Of
VAriance (ANOVA) by using Graph Pad Prism software as in the case of the
multiple comparisons of chapter 3 (see section 3.2.5). When significant
differences between targeted and control NPs were observed, a Dunett’s
post-hoc test was performed to compare all groups with respect to the
control group, in order to get more accurate information about the effect of

the targeting moiety or surface decoration on the T/M ratio.

In the present study, independent samples have been compared and so, the

normality assumption was tested within each group by means of residuals.
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4.3 RESULTS AND DISCUSSION

4.3.1 RADIOLABELLING OF NPS

4.3.1.1 Radiolabelling of NPs with ¢’Ga

The radiolabelling reactions with the different polymeric nanoparticles from
CID partner were conducted by first converting gallium citrate to gallium
chloride. Previous knowledge of the radiolabelling parameters of this NPs
core bearing DOTA as BFCA made us think that the new samples bearing a
NOTA derivative could be efficiently labelled at RT. Thereby, we conducted
the radiolabelling experiments incubating 0.05 mg of the nanoparticles in 200
uL of buffer acetate 0.2 M and 100 L of the peak fraction of ®’GaCl at RT.
Labelling time (30 minutes) and centrifugation parameters (10 minutes, 4472
g) were not modified with respect to chapter 3. Before radiolabelling, NPs
were sonicated (2 minutes) to ensure proper dispersion, and pH values were
maintained around 3.9 for the labelling step. Blank studies were also carried

out to confirm the lack of formation of colloids.

Special attention was paid during radiolabelling of CID-05, CID-07, CID-09 and
CID-10, as these particles could be damaged in contact with light due to the
presence of the fluorescent moiety attached to the PTRs; i.e., PTRgs-FITC and

PTRss-FITC.

NPs provided by GU were simply radiolabelled as described in chapter 3.
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After radiolabelling, the unchelated gallium species were washed from the
radiolabelled samples with 100 kDa cut-off Millipore filters as described in
section 3.3.1.2. Thereafter, the radioactive doses for animals were prepared
by suspending the precipitate in 200 uL NaCl 0.9 % (see section 4.3.5). Table

11 summarizes the incorporation ratios obtained for the different NPs.

Table 11: Averaged RCC values expressed in percentage.

Partner ID & Functionalization:
+ 0
NP code BFCA / targeting moiety RHAGEEDEs
CID-04 NH2-NODA-GA 63.9+5.1%
NH2-NODA-GA
| + 0,
CID-05 PTRse-FITC 689+2.0%
CID-06 NHz-NODA-GA 721+25%
tPA
NH2-NODA-GA
CID-07 PTRge-FITC 77.7+11%
PEG-MMP-substrate-PEG
NH2-NODA-GA
CID-08 tPA 746+16%
PEG-MMP-substrate-PEG
NH2-NODA-GA
| + 0,
CID-09 PTRss-FITC 66.8+4.1%
NH2-NODA-GA
CID-10 PTRss-FITC 62.8+52%
PEG-MMP-substrate-PEG
GU-04 NOTA-NHS 428+3.7%
NOTA-NHS
- + 0,
GU-05 PTRes-FITC 44.5+2.2%
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In the case of CID’s NPs, all NPs were efficiently radiolabelled at RT, possibly
thanks to the NODA chelator. Moreover, the compounds bearing a targeting
moiety did not show lower radiochemical conversion values. In fact, higher
values were achieved. Despite not confirmed, this might be due to the
presence of non-specific interactions of the functional groups present in the

peptides with the radiometal.

In the case of GU’s particles, lower radiolabelling efficiencies were obtained

compared to data obtained in our previous studies (see Table 6).

All NPs were tested in vivo using 5 animals per NP. In the current study,
radioactive doses were higher than those used in chapter 3 (see section
4.3.1.3). This was due to 2 main facts: (i) Higher RCC values were obtained,
(ii) with the experience gained in previous studies, better planning and
scheduling of the experimental work enabled a more efficient use of the
radioactive gallium. In this occasion, radiolabelling experiments and imaging
studies were designed to scan a lower number of animals per day, and the
reception of commercially available gallium was better planned. Injection of
higher amount of radioactivity enabled better results in terms of image

quality.
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4.3.1.2 Radiochemical integrity of NPs

Radiochemical integrity of the developed final nanosystems was carefully

assessed. The stability studies were conducted in presence of NOTA

competitor at 37 °C. The results obtained are shown in Table 12.

Table 12: Stability of radiolabelled NPs, expressed as percentage of unmodified NPs, after
incubation with a solution containing NOTA at a final concentration of 32 uM; incubation
temperature: 37 °C.

;a,;t:i;('jz 2 min 1h 3h 24h 48h
CID-04 | 941+14% | 940+35% | 93.1+18% | 853406% | 788+49%
CID-05 | 989+05% | 96.0+16% | 922+57% | 882+18% | 91.7+52%
D06 | 97.2+13% | 965+02% | 956+05% | 885+10% | 769+69%
CID-07 | 976+11% | 96.9402% | 958+0.7% | 854+30% | 71.8+14.8%
QD08 | 97.7+17% | 977+01% | 966+10% | 855423% | 632+23%
CID-09 | 973+06% | 947+08% | 843+62% | 835408% | 67.5+61%
CID-10 | 962+19% | 954+24% | 89.0+53% | 838424% | 651+12%
GU-04 | 812+18% | 643+40% | 585+21% | 348+10% | 234+41%
GU-05 73.4+206% | 529+19.0% 452 +22.4% 31.7+11.4 % 285+49%

As mentioned, the stability of the particles was also assessed in physiologic

saline solution. The percentage of gallium attached to the NPs at different

incubation times is represented in Table 13.
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Table 13: Stability of radiolabelled NPs, expressed as percentage of unmodified NPs, after
incubation with saline solution at 37 °C.

Partner ID 2 min

& NP code
CID-04 944+43% | 93.0+13% | 850+109% | 949+04% | 96.6+0.7%
CID-05 929+87% | 983+0.6% 94.6+47% | 97.1+0.1% | 89.8+7.4%
CID-06 975 +10% | 974+11% 973+03% | 96.4+0.7% | 958+09%
CID-07 97.7+05% | 96.8+0.1% 97.5+09% | 96.0+19% | 94.7+0.1%
CID-08 97.8+05% | 98.3+04% 97.7+01% | 97.1+06% | 92.8+23%
CID-09 96.0+£1.7% | 93.9+47% 96.4+03% | 89.6+74% | 884+69%
CID-10 97.7+04% | 965204 % 95.6+25% | 929+04% | 91.7+2.2%
GU-04 80.1+0.7% | 76.6+04% 878+17% | 84.8+25% | 81.6+33%
GU-05 922+11% | 90.6+0.6% 919+1.1% | 928+19% | 92.1+13%

NPs showed excellent stability in physiologic saline solution, with >90 % of
the radioactivity in all the NPs at t= 48 h except for CID-05, CID-09 and GU-
04. In the presence of the competitor, this stability was slightly decreased to
~ 65 % in the NPs which contained the tPA and the PEG-MMP-substrate-PEG

domain and in the ones labelled with PTRsg moiety at t= 48h.

GU particles showed a very low stability in the presence of the competitor.
The reason behind the low stability remains unknown, although a possible

explanation is the lack of formation of the complex NODA-gallium. The
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incorporation of the radionuclide in the NPs might be due to nonspecific
interactions between the radiometal and the functional groups present in the
protein at the core of the NPs. These interactions are weak, potentially

leading to a loss of the label in the presence of strong chelators.

4.3.1.3 Dose preparation

Doses were prepared as described in section 4.2.3.4. The amount of
radioactivity used in the in vivo studies for the different NPs is summarized in
Table 14.

Table 14: Average injected doses for the different ®’Ga-radiolabelled NPs for the in vivo
SPECT-CT animal experiments (n=5).

Partner ID Average administered dose

& NP code (MBg) £ STDV
CID-04 44.4 +13.6
CID-05 24.7+6.6
CID-06 35.7+116
CID-07 409+6.1
CID-08 38.1+8.9
CID-09 325169
CID-10 244+5.8
GU-04 185+ 6.7
GU-05 13.8+3.6
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4.3.2 ANIMAL MODEL: HUMAN PANCREATIC CARCINOMA TUMOURS
GROWTH AND CHARACTERIZATION

Nine different NPs were assayed in tumour bearing mice. Because 5 animals
were to be used per NP, 50 animals were inoculated with 2 million Panc-1
cells subcutaneously and the tumours growth curve studied. A representative

growth curve can be seen in Figure 39.
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Figure 39: Panc-1 SC tumours growth curve expressed in volume (mm?3) after inoculation of 2
million Panc-1 cells. Dots, mean; lines, SD; n=50.

The graph resembles the initial graph in section 3.3.2 (see Figure 20). Animals

bearing homogeneous sized tumours were selected for in vivo experiments.
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4.3.3 IN VIVO BIODISTRIBUTION IMAGING STUDIES

4.3.3.1 SPECT-CT: Biodistribution pattern of the different NPs

For all NPs and time points, the radioactivity present in the tumour was
compared to the amount of radioactivity present in the muscle, and the ratio
between these two values was calculated. Tumour-to-muscle ratios,
expressed as average + SD are presented and discussed in the following

sections.

IK4-CIDETEC:

Figure 40 shows T/M values for all CID particles. In all cases, the results

correspond to 5 animals except for CID-07 (n=3).
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T/M ratios
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Figure 40: Average T/M ratios for ®’Ga-PNPs in Panc-1 xenografted CD-1 Foxnl nu/nu mice
at 3,24 and 48 h PI.

Tumour-to-muscle ratios t= 3 hours have been plotted for clarity in Figure 41.
The results show a ratio of 1.58 + 0.23 for the control NPs (CID-04) and 1.74 +
0.32,1.81 £+ 0.87,1.51 £ 0.21, 1.28 £ 0.44, 2.00 + 0.31 and 2.17 + 0.12 for
CID-05, CID-06, CID-07, CID-08, CID-09 and CID-10, respectively.
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T/M ratios

Figure 41: Average T/M ratios for ¢’Ga-PNPs in Panc-1 xenografted CD-1 Foxn1 nu/nu mice at
3hPL

Despite no statistically significant differences were observed at this time
point, the results show higher T/M ratios for CID particles tagged with both
PTR targeting moieties (CID-05 and CID-09) compared to the control particles
(CID-04). The NPs targeted with tPA (CID-06) presented as well a higher
accumulation in the tumour but conversely, when these particles were
coated with PEG-MMP-substrate-PEG (CID-08), lower T/M ratios were
achieved. Surprisingly, the particles tagged with PTRsg and PEG-coated were
the ones which presented the highest T/M ratio at 3 hours time point. The

results obtained with the One-Way ANOVA test confirm that the differences
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observed at this time point were not significant, and hence no conclusions

can be extracted regarding the influence of the decoration on T/M ratios.

Figure 42 shows T/M ratios for the same particles at t= 24 hours. Tumour-to-
muscle ratios of 3.04 £ 0.63, 3.11 £ 0.66, 2.00 £ 0.80, 3.15 + 0.54, 2.75 + 0.83,
3.68 + 0.38 and 3.86 + 0.97 were obtained for CID-04 (control), CID-05, CID-
06, CID-07, CID-08, CID-09 and CID-10, respectively.

T/M ratios

CID-04 CID-05 CID-06 CIiD-07 CID-08 CID-09 CiD-10

Figure 42: Average T/M ratios for ’Ga-PNPs in Panc-1 xenografted CD-1 Foxnl nu/nu mice at
24 h Pl

In general terms, the results at t= 24 hours show higher T/M ratios than
those observed at t= 3 hours (see also Figure 40), suggesting a progressive
accumulation of the NPs in the tumour tissue. Unfortunately, no statistical

differences were obtained among the different NPs, suggesting that surface
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decoration seems not to play a pivotal role in the accumulation of the NPs in
the tumour at this time point. Noteworthy, decoration of the NPs only with
tPA seems to lead to poor accumulation in the tumour (T/M values lower
than those obtained for control NPs), while inclusion of both tPA and PEG-

MMP-substrate-PEG (CID-08) led to higher T/M values.

In Figure 43, T/M v ratios for the different NPs at t= 48 hours are shown. The
results show ratios of 3.67 £ 0.73,5.16 +0.98,2.95 +0.77,3.44 £ 1.05, 3.68 =
0.99, 3.67 £ 0.65 and 3.91 + 0.59 for CID-04, CID-05, CID-06, CID-07, CID-08,
CID-09 and CID-10, respectively.

T/M ratios

CID-04 CID-05 CID-06 CID-07 CID-08 CID-09 Cib-10

Figure 43: Average T/M ratios for ®’Ga-PNPs in Panc-1 xenografted CD-1 Foxn1 nu/nu mice at
48 h pi; *, P <0.05.
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Statistical analysis of the results confirmed that all T/M values at t= 48 h were
equivalent to the T/M ratio obtained for control particles, with the exception
of CID-05. For this NP, T/M values were significantly higher (P= 0.0264) than
the values obtained for control particles at the same time point. These results

suggest that CID-05 particles are the most promising for tumour visualization.

Tumour

Liver

Bladder

Figure 44: SPECT-CT 3D images of ®’Ga-labelled CID-04 at t= 48 hours after intravenous
administration. Axial 2D slices show: tumours located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a cut in the inguinal region
showing the bladder (bottom).
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Tumour

Liver

Bladder

Figure 45: SPECT-CT 3D images of ®’Ga-labelled CID-05 at t= 48 hours after intravenous
administration. Axial 2D slices show: tumours located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a cut in the inguinal region
showing the bladder (bottom).
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Tumour

Liver

Bladder

Figure 46: SPECT-CT 3D images of ®’Ga-labelled CID-06 at t= 48 hours after intravenous
administration. Axial 2D slices show: tumours located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a cut in the inguinal region
showing the bladder (bottom).
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Tumour

Liver

Bladder

Figure 47: SPECT-CT 3D images of ®’Ga-labelled CID-07 at t= 48 hours after intravenous
administration. Axial 2D slices show: tumours located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a cut in the inguinal region
showing the bladder (bottom).
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Tumour

Liver

Bladder

Figure 48: SPECT-CT 3D images of ®’Ga-labelled CID-08 at t= 48 hours after intravenous
administration. Axial 2D slices show: tumours located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a cut in the inguinal region
showing the bladder (bottom).
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Figure 49: SPECT-CT 3D images of ®’Ga-labelled CID-09 at t= 48 hours after intravenous
administration. Axial 2D slices show: tumours located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a cut in the inguinal region

showing the bladder (bottom).
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Tumour

Liver

Bladder

Figure 50: SPECT-CT 3D images of ®’Ga-labelled CID-10 at t= 48 hours after intravenous
administration. Axial 2D slices show: tumours located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a cut in the inguinal region
showing the bladder (bottom).

Besides analysing the values of T/M ratios, it is worth mentioning that visual
inspection of the images (see Figures 44-50) showed high accumulation of
radioactivity in the organs of the RES, mainly in the liver, suggesting
sequestration of the NPs. The inclusion of the PEG decoration on the surface
did not result in a significant decrease in liver accumulation. Also, the
presence of radioactivity was detected in the bones at t>24, mainly in the

spinal cord. This, together with partial elimination of the radioactivity via
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urine, suggests the partial detachment of the radiolabel at long times after

administration.

GOETHE:

Nanoparticles provided by Goethe were also investigated using 5 animals per
NP. Two particles were included: non-functionalized NPs (GU-04, control)
and NPs functionalized with PTRsg (GU-05). Figure 51 shows T/M values
obtained for both NPs at different time points after administration. The
results showed ratios of 1.74 + 0.32, 3.20 + 1.45 and 4.07 = 2.32 for the
control NPs (GU-04) at 3, 24 and 48 hours, respectively. Ratios obtained for
NPs bearing PTRsg were 1.69 + 0.58, 5.24 + 2.23 and 3.71 + 1.00 at the same
time points, respectively. Targeted NPs showed an increase in T/M values
from t= 3 hours to t= 24 hours. However, the value decreased at t= 48 hours,
while a progressive increase was still observed for control particles (Figure
51). Hence, for GU particles inclusion of the targeting moiety did not result in

a positive effect in terms of accumulation of the NPs in the tumour.
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Figure 51: Average T/M ratios for ®’Ga-PNPs in Panc-1 xenografted CD-1 Foxn1 nu/nu mice at
different time points with GU-04 and GU-05 particles.

Visual inspection of the SPECT images showed a high accumulation of NPs in
the liver, suggesting sequestration by the organs of the RES. Accumulation in
the spleen could also be detected. The bone uptake was not significant, but
the radioactivity was partially eliminated by urine, suggesting detachment of

the radiolabel (see Figures 52-53).
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Figure 52: SPECT-CT 3D images of ®’Ga-labelled GU-04 at t= 48 hours after intravenous
administration. Axial 2D slices show: tumours located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a cut in the inguinal region
showing the bladder (bottom).
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Figure 53: SPECT-CT 3D images of ®’Ga-labelled GU-05 at t= 48 hours after intravenous
administration. Axial 2D slices show: tumours located in the upper dorsal left part of the
animal (top), a transversal section of the liver (middle) and a cut in the inguinal region
showing the bladder (bottom).
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4.4 CONCLUSIONS

Both CID and GU particles could be efficiently labelled with Gallium-67. The
radiochemical integrity of the radiolabelled nanosystems in the presence of
saline showed excellent results. However, the presence of a competitor in
the incubation media resulted in poor stability of the radiolabel at long times

of incubation.

Proper planning of the experimental set up enabled the administration of
higher radioactive doses aiming to achieve higher quality images in similar

acquisition times.

After intravenous administration, all NPs accumulated in the organs of the
RES, mainly the liver and the spleen, irrespective of the time after
administration. Nanoparticles provided by CID targeted with PTRgs showed
the best results in terms of T/M ratio at t= 48 hours after administration. The
use of the novel somatostatin analogue (PTRsg), tPA or PEG-MMP-substrate-
PEG did not significantly improve selective accumulation of the NPs in the
tumour tissue. In the NPs provided by GU, the inclusion of the targeting
moiety did not result in an improvement in terms of T/M ratios increase with

respect to control particles.
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GENERAL DISCUSSION

Molecular imaging techniques are perceived as valuable tools in the process
of drug development. When properly applied, molecular imaging techniques
may aid in the identification of non-viable drug candidates at earlier stages of
the development process, the determination of the pharmacokinetic
properties or the adjustment of the effective dose. Indeed, the scientific
literature is full of examples proving the suitability of different imaging
modalities, and especially nuclear imaging, to assess the pharmacokinetic
properties and predict the therapeutic efficacy of a wide variety of drug
candidates, including small organic molecules (113—-115), peptides (41,116),
proteins (117), and antibodies (118,119), among others.

With the recent emergence of nanotechnology, novel nanomedicines aiming
at increasing therapeutic efficacy while minimizing toxic or side effects are
continuously being developed. Of note, the investigation of their
pharmacokinetic properties, eventual toxicity and therapeutic efficacy is
extremely complicated. In this scenario, consolidated technologies such as
molecular imaging techniques need to be adapted and properly applied, in
order to provide suitable and cost-efficient tools for the screening of newly

developed nanomedicines.

In this European project, we were given the unique opportunity to apply a
combination of in vivo imaging techniques in the pre-clinical screening of

multi-functionalized engineered NPs of different nature, with the final
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objective of selecting the most promising candidate/s for future application
in the treatment of pancreatic cancer. The strategy, as described in the work
description of the original project, was quite straightforward: Five partners
should develop different core particles, and two more partners should
design, synthesize and test different targeting moieties with high affinity for
specific receptors over-expressed in pancreatic cancer cells, namely SSTRs
and Gal-1 receptors. By combination of the above, a plethora of NPs would
result, after appropriate in vitro testing, into a short list of promising NPs to
be tested in vivo in our facilities. Because most of the NP cores designed by
the partners contained iron oxide NPs, suitable to be used as contrast agents
in MRI, this imaging modality was one of the selected ones for the
multimodal in vivo evaluation. Additionally, bifunctional chelators were
attached to the NP surface to enable subsequent radiolabelling using a

radiometal and investigation using nuclear imaging.

The work performed by Save Me partners resulted in a short list of 15
particles that required in vivo evaluation in order to select the most
promising candidate/s, and the first task to be tackled by CIC biomaGUNE
consisted of selecting the most appropriate core and the most appropriate
targeting moiety to maximize the accumulation of NPs in the tumour after
intravenous administration, using an animal tumour model mimicking those

tumours commonly found in humans.
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In this context, the first decision to be made was the selection of the tumour
model. As it has been mentioned in the introduction, the most common
pancreatic cancer in humans is the pancreatic adenocarcinoma. This cancer
accounts for > 85 % of all pancreatic cancers, and usually is diagnosed at late
stages were resection is not viable due to metastasis (5,16). Hence, in a
consensus decision with other partners involved in the consortium, Panc-1
cell line was selected to generate the animal model. The subcutaneous
tumour model using this cancer cells from human origin is known to form a
dense stroma poorly vascularised. Hence, low accumulation of any injected
drug could be anticipated. However, despite compromising the final results,
this tumour model was selected because it has proven appropriate to mimic
the behaviour of human pancreatic adenocarcinomas (101,119). Additionally,
this cell line is the one affecting more individuals’ compared to any other
(101). Finally, PANC-1 cells over-express different SSTR subtypes and Gal-1

receptor, targeted by the ligands developed within the consortium.

The subcutaneous inoculation was selected because monitoring of the
tumour size and determination of the appropriate time-window to conduct
imaging studies is simpler. Additionally, form an ethical point of view,
subcutaneous tumour models have proven to cause less pain and distress to

the animals than other models (120).
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After deciding the animal model, implementation of the appropriate
inoculation procedure was paramount. The number of cells to be injected
required careful refinement in order to achieve a progressive and smooth
tumour growth, which should be sufficiently slow to enable a proper planning
and execution of the imaging studies. Hence, experiments in which different
numbers of cells were inoculated into the animals were started, and the
growth curve was determined. For these experiments, appropriate selection
of the number of animals was essential in order to respect the concept of
Reduction, while ensuring a sufficient number of animals to achieve
statistically significant results. From literature data (101), 500 K, 1 M and 2 M
cells were selected as starting points, and 10 animals were used per number
of cells. Tumour growth curves showed that optimal tumour growth to

conduct imaging experiments was achieved with inoculation of 2 M cells.

The number of animals to be used in the initial screening of the NPs provided
by all partners was severely limited for technical reasons. Imaging studies to
select the best candidates had to be conducted in a short period of time, in
order to provide scientific evidences to ensure that non-promising candidates
were identified without compromising the time-lines of the whole project.
Additionally, only one MRI, one SPECT and one PET cameras were available at
that time, with the consequent limitation in terms of throughput. Considering
these factors and taking into account that 15 particles had to be investigated,

only 2 animals were investigated per NP.
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Selection of the imaging modality was one of the most critical points in the
execution of the project. In principle, one nuclear imaging modality and MRI
were to be used. Hence, in the first screening (chapter 3) both MRI and
nuclear imaging were used. The selection of SPECT as the nuclear imaging
technique was based on technical aspects. First, we decided to use the same
imaging modality for all NPs, in order to prevent technology-related
differences which may bias our final decisions. Second, and due to the long
biological half-life of NPs after administration in the organism (31,110), long-
lived radionuclides were required to conduct imaging studies in the
appropriate time-window. The production of long-lived positron emitters
(e.g. ®Cu, Zr, 1%4) was not feasible at that time in our institution and
acquisition from commercial suppliers was extremely expensive. Hence, PET
was discarded and the decision was simplified. To our understanding, it was
also essential to use the same labelling strategy and the same radionuclide
for all the particles. The selected radionuclide should fulfil the following
requirements: (i) have long half-life, for the reasons mentioned above; (ii)
have a maximum energy emission within the energy window of our SPECT
camera (25-250 keV); and (iii) be available from commercial suppliers at
reasonable cost. The selected candidate was ©’Ga. Despite it was provided as
the citrate salt, which is not optimal to approach subsequent labelling using
bifunctional chelators, it could be easily converted into the chloride form
following a previously established method (97). This method was

implemented and further optimized in our lab.
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NPs provided by the partners were decorated with a bifunctional chelator to
enable incorporation of the radionuclide. The chelators were selected by the
individual partners in charge of NP preparation, following indications
provided from CIC biomaGUNE. Basically, and relying on literature data
(79,121), NOTA or DOTA analogues were used by all the partners. These
chelators form stable complexes with strong cations such as Ga(lll)
(69,71,122). For the radiolabelling of the NPs, experimental conditions
required optimization on an individual basis, although the same general
protocol was followed in all cases: incubation with the radionuclide,
purification by centrifugal filtration and repeated washing. Incubation time,
temperature and media were modified until satisfactory conditions were
achieved. It is worth mentioning that radiochemical processes were not fully
optimized. In other words, radiochemical yields reported in this work might
be improved by fine tuning of the experimental conditions. However, it is a
cost-efficient general practice in radiochemistry to use experimental

conditions which are sufficient to approach subsequent steps.

SPECT and MRI studies were conducted in parallel in the first in vivo
screening. Magnetic resonance imaging results showed promise in the
determination of the regional distribution of the NPs within the tumour at
different time points after administration, thanks to the exceptional spatial
resolution of the technique (123,124). Indeed, data obtained from MRI

studies confirmed the uptake of some of the NPs in the tumour tissue, and
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distribution within the tumour could be determined at the sub-millimetre
scale. However, the low sensitivity and the lack of an efficient methodology
for the accurate quantification of the images forced the discontinuation of its
use. Simply, it was not the optimal tool to achieve the objectives of this work
(mainly, to quantify the accumulation of the different NPs in the tumour),
although the complementary information provided by MRI images was

extremely useful to better understand the behaviour of the NPs in vivo.

Contrary to MRI, SPECT images enabled the relative quantification of the
accumulation of the labelled NPs in the tumour at different time points after
administration, as well as complementary information related to the general
biodistribution of the NPs and accumulation in major organs, such as the
liver. It is worth mentioning that despite the original idea was to get absolute
guantitative data of the accumulation of the NPs in the tumour, absolute
quantification was extremely challenging and not reliable in our
configuration. Indeed, it is well known that absolute quantification of SPECT
data is extremely challenging (49). For this reason, relative quantitative
analysis was carried out. With that aim, the ratio between the tumour and a
region of reference was determined. As the region of reference, the muscle
was selected because the SST and Gal-1 receptors are known to be poorly

expressed in this tissue (104,125).

~ 169 ~



GENERAL DISCUSSION

One of the key parameters in the use of nuclear imaging for the investigation
of the biodistribution of radiolabelled NPs using nuclear imaging is the
radiochemical stability of the labelled particles. The release of the label from
the NP may lead to wrong results. Hence, after the radiolabelling, the
radiochemical stability of all particles was investigated in vitro. As it has been
shown in both chapters (3 and 4), the labelled NPs proved to be
radiochemically stable in physiologic saline solution. However, with the
presence of a competitor in the incubation media at a high concentration, a
significant release of the radiolabel was observed. These results cannot be
directly extrapolated to in vivo conditions, were many factors may influence
the stability of the NPs. However, it is worth mentioning that the
development of radiolabelling strategies leading to more stable nanosystems
even in the presence of a chelator in the incubation media should be

considered in future studies.

The investigation of the different NPs (targeted and non targeted NPs) using
just 2 animals per NP type allowed us to create a ranking of the potential of
each NP to accumulate in the tumour, and further select the best candidates
in terms of core material and targeting moieties. Despite the results were not
statistically significant, the experience of the imaging team and the observed
trends allowed us to make a compromise decision: One core particle (cross-
linked polymeric NPs, provided by partner CID) and 2 targeting moieties (one

SST analogue and one ligand for Gal-1) were selected. A second NP core
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(protein-based NPs, provided by partner GU) was also selected for the final

screening.

After the first in vivo screening and selection of the most appropriate cores
and targeting moieties, the next step was clearly identified: /n vivo studies
were to be repeated but with a higher number of animals, in order to have
more reliable data about the accumulation of the NPs in the tumour.
Additionally, two new factors were introduced by the consortium: decoration
of the NP surface with a PEG-based protective shell, and inclusion of a new
SSTR ligand, recently developed by one of the partners of the consortium.
The inclusion of the PEG chain aimed at prolonging the circulation time of the
NPs in the bloodstream, and consequently the bioavailability of the NPs
(126). Additionally, and in order to favour the internalization of the NPs in the
tumour cells, the PEG chain was linked to the NP via an MMP substrate, in
order to favour cleavage in the immediacy of the tumour cells with the
consequent reduction of particle size. Despite nuclear imaging techniques do
not have enough resolution to determine if the NPs are inside or outside the
cells, a favoured internalization in the tumour cells should result in a higher

accumulation of the NPs in the tumour.

In order to guarantee the consistency of the results, our decision was not to
change the experimental approach. In other words, SPECT was used as the

imaging modality, radiolabelling was performed using the formation of
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chelator-radiometal complexes and relative quantification was applied on the
images. In order to increase the statistical power of the results, five animals

were used per NP in this case.

Radiolabelling efficiencies of the best candidates developed to conduct the
studies of chapter 4 showed to be good, following the same experimental
procedures conducted for their analogue particles used in chapter 3. In great
agreement with the results obtained when checking radiochemical integrity
with compounds in chapter 3, there was a decrease in stability when putting
in contact the NPs with a competing media. The newly developed targeting
moiety based on SST affinity, i.e., PTRsg, did not show a particular
improvement in tumour targeting with respect to the firstly developed
analogue. A proper planning of the experimental set up lead to higher
injected doses and consequently, to shorter image acquisitions to achieve
images of similar quality. In general, CID’s particles showed higher tumour to
muscle ratios compared to GU’s particles and although the addition of a PEG-
MMPsubstrate-PEG ligand was a priori thought to improve access to
tumours, SPECT imaging did not apparently demonstrate this fact compared

to CID-02 particles (used in chapter 3).

To sum up, different NPs were prepared and characterized based on iron
oxide cores or a polymeric core, coated with polymers and including agents

targeting receptors over-expressed in pancreatic cancer cells. An animal
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tumour model was developed out of a human derived adenocarcinoma by SC
inoculation of Panc-1 cells into the animal’s flanks.

Radiolabelling with gamma emitters was conducted and SPECT-CT images
acquired in order to calculate the tumour uptake of the different developed
systems. MRI images were also performed to determine the morphology and
expected heterogeneity and uptake of NPs in tumours. The effects of
targeting ligands were investigated during this work and as a result, SST-
based targeting agents have been highlighted as optimal ligands to hit
pancreatic cancer cells. Altogether, polymeric NPs showed a greater access
to tumours and CID partner's NPs have been suggested as potential

therapeutic or diagnostic tools in the context of pancreatic cancer.
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[67Ga]Gallium citrate can be efficiently converted into the chloride form
by following an easy to automate, solid phase extraction-based
methodology.

Polymeric and protein-based NPs bearing chelating agents on the
surface can be efficiently labelled with ®’Ga by incubation with
[¢’Ga]GaCls under different experimental conditions (pH, temperature
and time) depending on the properties of the NPs. The presence of the
chelator is not necessary for the radiolabelling of polymeric NPs
containing iron oxide NPs entrapped into the polymeric core.

NPs labelled following the strategy mentioned above are
radiochemically stable in physiologic saline solution, where detachment
of the radiolabel is not significant after 48 hours. The stability was
significantly lower in the presence of a competitor (chelator) in the
incubation media.

Subcutaneous inoculation of 2x10% M Panc-1 cells in athymic nude mice
resulted in the formation of tumours. The exponential tumour growth
yielded 150 mm?3 tumours in 6-8 weeks, which was appropriate to
approach subsequent longitudinal imaging studies using either nuclear
imaging or Magnetic Resonance Imaging.

After intravenous administration, labelled NPs accumulated majorly in
the organs of the reticuloendothelial system, mainly liver and spleen,
irrespective of surface decoration, particle size and composition of the

core. Minor elimination of the radioactivity via the urinary system
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suggests detachment of the radiolabel in vivo or low stability of the
NPs.

Magnetic Resonance Imaging is a suitable technique to qualitatively
assess the spatiotemporal biodistribution of the NPs after intravenous
administration, providing relevant information regarding the local
distribution within the tumour. Nanoparticles provided by partners BIU
and GU showed non homogeneous distribution within the tumour at
2<t<24 h post injection.

After intravenous administration, tumour-to-muscle ratios determined
by SPECT/CT progressively increased with time, irrespective of surface
decoration and composition of the NP core. Inclusion of PTRgs as the
targeting moiety resulted in non-statistically significant enhanced
tumour-to-muscle ratios with respect to control particles.
Incorporation of tPA as the targeting moiety did not result in improved
pharmacokinetic properties. Incorporation of the targeting agent PTRsg
improved tumour accumulation with respect to control particles,
although better results were obtained with PTRgs.

Incorporation of a decoration on the surface of the NPs based on an
MMP-substrate sandwiched between two PEG chains did not result in
improved imaging capabilities of the NPs.

NPs provided by CID partner bearing PTRgs as the targeting moiety
showed the highest T/M ratios among all NPs tested in the frame of

this PhD thesis. This, in combination with lower liver uptake, turns
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these NPs into the most promising ones for proper tumour

visualization.
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Mediante un sencillo método facil de automatizar basado en la
extraccion en fase sdlida, el citrato de [°/Ga] galio puede convertirse en
su forma clorada.

Las nanoparticulas poliméricas y las nanoparticulas a base de proteinas
con agentes bifuncionales anclados en su estructura, pueden ser
marcadas eficientemente con ®’Ga, incubdndolas con [#’Ga]GaCls bajo
distintas condiciones experimentales (pH, temperatura y tiempo)
dependiendo de las propiedades de las NPs. La presencia de agentes
guelantes no resulta necesaria para el marcaje de NPs poliméricas que
contengan en su nucleo nanoparticulas de 6xido de hierro.

Las NPs marcadas mediante la estrategia mencionada anteriormente,
son estables radiogquimicamente hablando en una solucién de suero
salino fisioldgico, en la que la separacion del trazador no resulta
significativa tras 48 horas. La estabilidad resultd ser significativamente
menor en presencia de un competidor (agente quelante) en el medio
de incubacion.

La inoculacién subcutdnea de 2x10° M de células Panc-1 formd los
tumores. El crecimiento exponencial de los mismos, origind tumores
de 150 mm3 en volumen en 6-8 semanas, tamafio que resultd
apropiado para la realizacion de estudios de imagen longitudinales
mediante técnicas de imagen nuclear o imagen por resonancia

magnética.

~ 183 ~



CONCLUSIONES FINALES

Tras la administracion intravenosa, las NPs marcadas se acumularon en
su mayoria en los odrganos del sistema reticulo-endotelial,
principalmente en higado y bazo, con independencia de la decoracion
superficial de las NPs, el tamafio de particula o la composicién del
nudcleo de las mismas. La minoritaria excrecidn por via urinaria
observada, sugiere la liberacién del radionucleido in vivo o una baja
estabilidad de las NPs.

La imagen por resonancia magnética es una técnica adecuada para
determinar la biodistribucion espacio-temporal de las NPs tras su
administracion intravenosa, proporcionando informacion relevante con
respecto a la distribucion local en el tumor. Las nanoparticulas
suministradas por los miembros BIU y GU, mostraron una distribucion
no homogénea en el tumor de 2<t<24 h tras su inyeccion.

Tras la administracion intravenosa en los estudios realizados mediante
SPECT/CT, se determinaron los ratios de tumor respecto a musculo, en
los que se observd que aumentaban progresivamente con el tiempo,
con independencia de la decoracion superficial y la composicion del
nudcleo de la NP. La adicion de agentes especificos para tumores
pancredticos como el PTRss, no resultd ser estadisticamente
significativa en cuanto al ratio tumor/musculo se refiere en
comparacién con las NPs control. La incorporacion de tPA como agente
especifico, no mejord las propiedades farmacocinéticas. La

incorporacion del agente especifico para tumores de origen
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pancreatico PTRss, mejord la acumulacién en tumor con respecto a las
NPs control, aunque se obtuvieron resultados mejores con el derivado
PTRss.

La adicién de un substrato capaz de ser reconocido por encimas
metaloproteinasas entre dos cadenas de PEG como funcionalizacion,
no resultd en una mejora significativa de la capacidad de trazado de las
NPs mediante SPECT-CT.

Las NPs proporcionadas por el grupo CID funcionalizadas con el agente
especifico PTRgs mostraron los ratios T/M mayores entre todas las NPs
ensayadas durante la tesis doctoral. Este hecho, en combinacion con la
menor captacién en higado, hace que sean éstas las NPs mas
prometedoras  para la adecuada visualizacion de los tumores

pancreaticos.
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Abstract: A novel nanocarrier system was designed and developed with key components
uniquely structured at the nanoscale for early cancer diagnosis and treatment. In order to per-
form magnetic resonance imaging, hydrophilic superparamagnetic maghemite nanoparticles
(NPs) were synthesized and coated with a lipophilic organic ligand. Next, they were entrapped
into polymeric NPs made of biodegradable poly(lactic-co-glycolic acid) linked to polyethylene
glycol. In addition, resulting NPs have been conjugated on their surface with a 2,2"-(7-(4-((2-
aminoethyl)amino)-1-carboxy-4-oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic acid ligand for
subsequent “Ga incorporation. A cell-based cytotoxicity assay has been employed to verify
the in vitro cell viability of human pancreatic cancer cells exposed to this nanosystem. Finally,
in vivo positron emission tomography-computerized tomography biodistribution studies in
healthy animals were performed.

Keywords: maghemite nanoparticles, organic coating, polymeric nanoparticles, magnetic
resonance imaging, radiolabeling, positron emission tomography

Introduction

Despite impressive progress in basic and clinical medicine, cancer still ranks as one
of the leading causes of mortality in Europe and in the United States.!? Consequently,
the development of imaging agents and diagnostic methods for detecting cancer at an
early presymptomatic stage as well as new therapeutic agents able to overcome the
problems commonly associated with traditional treatments is urgently required.

Cancer diagnosis utilizes anatomical or molecular imaging methods such as mag-
netic resonance imaging (MRI), positron emission tomography (PET), single photon
emission computerized tomography (CT), ultrasound imaging, optical imaging. Each
of these modalities has its own limitations in terms of spatial resolution, sensitivity,
and depth of signal penetration that might be overcome by the combination of two
or more such modalities.’ Therefore, dual or multimodal imaging are currently being
explored to enhance the quality and specificity of imaging methods in order to achieve
proper visualization of organs or to better localize the accumulation of a diagnostic
or therapeutic agent. Concomitantly, the development of multimodal imaging probes
has attracted much attention during the last years.

Recently, nanotechnology has emerged as an excellent tool for the generation of
nanoparticles (NPs) for diagnostic (imaging) or therapeutic purposes. Among all NPs,
inorganic ones have attracted great interest, given their intrinsic physical properties and
compatible size. The best example can be found in magnetic NPs (MNPs) which have
been used as contrast agents for MRI for more than 20 years.* However, the pursuit of
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multimodal imaging agents requires the development of organic
ligands that are able to make the MNPs lipophilic (coated with
an organic molecule), and that entrap them into a polymeric
matrix acting as a targetable water soluble nanocarrier. In ideal
planning, this nanocarrier would be further functionalized with
an appropriate labeling agent (eg, a positron emitter), to allow
multi-modal in vivo imaging. In order to achieve efficient
distributions in the targeted tumor lesions for early cancer
diagnosis and treatment, the colloidal nanocarriers are required
to be highly monodisperse and smaller than 200 nm.*

Here we describe the preparation and characterization
of a novel, versatile, and biocompatible hybrid nanocarrier
for dual PET/MRI imaging. This nanocarrier contains a
superparamagnetic maghemite core consisting of crystalline,
as well as hydrophilic and strongly positively charged ceric
ammonium nitrate (CAN)-stabilized maghemite NPs for
MRI contrast,® which were encapsulated in the well-known
poly(D,L-lactide-co-glycolide)-block-poly(ethylene glycol)
copolymer (PLGA-b-PEG-COOH). Polyethyleneglycol
(PEG)-based polymeric nanoparticles (PNPs), owing to
their stealth character,” are widely used delivery systems for
in vivo applications. On the other hand, the PLGA-b-PEG-
COOH copolymer self-assembles to form targetable PNPs
consisting of a hydrophobic poly(D,L-lactide-co-glycolide)
(PLGA) core and a hydrophilic PEG corona-like shell. Inter-
estingly, the presence of active sites (COOH) on the surface
allows surface modification with 2,2’-(7-(4-((2-aminoethyl)
amino)-1-carboxy-4-oxobutyl)-1,4,7-triazonane-1,4-diyl)
diacetic acid (NODA) to chelate ®*Ga for PET imaging (see
Figure 1 for the schematic representation of the fabrication
of this nanocarrier). Since the resulting composite presented
a high T, relaxivity, such a system should be suitable as an
MRI contrast agent. Furthermore, the ®Ga-radiolabeled
NPs proved to be stable and allowed in vivo biodistribution
studies in healthy animals using PET-CT. Further attachment

£33

of functional groups that can act as targeting moieties or
therapeutic agents could be pursued in the near future using
the functional groups present on the NP surface, leading to
multimodal PET-MRI diagnostic agents. The combination
of both PET and MRI imaging capabilities should provide
images with high anatomical resolution of MRI at the sensi-
tivity of PET (10~ to 10712 M)).®

Despite the suitability of the nanoplatforms reported
here for the preparation of a wide range of diagnostic mul-
timodal agents, one first application is expected in the field
of pancreatic cancer diagnosis in the frame of the SaveMe
project (EU-FP7 project number CP-IP 263307-2). Thus,
a preliminary investigation (in vitro toxicity tests) of the
developed nanosystem has been performed.

An application to pancreatic ductal adenocarcinoma
(PDAC) has been preliminarily investigated. PDAC is one
of the most aggressive malignancies with an overall 5-year
survival rate of only 3%—5% and a median survival time after
diagnosis of 6 months.’ This highly lethal disease is usually
diagnosed in an advanced stage when there are few or no
effective therapies available.!

Materials and methods

All chemicals were purchased from Sigma-Aldrich (St
Louis, MO, USA) and used as received. Poly(D,L-lactide-
co-glycolide) (50/50) with carboxylic acid end group
(PLGA-COOH, pharmaceutical grade, inherent viscosity
0.12 dL/g, molecular weight (MW) ~7 kDa) was purchased
from Lakeshore Biomaterials (Lakeshore Biomaterials, Inc,
Birmingham, AL, USA). PEG with amino and carboxylic
acid end groups (NH,-PEG-COOH, >95%, MW ~3 kDa)
was purchased from Rapp Polymere GmbH (Tiibingen,
Germany). All aqueous solutions were prepared with deion-
ized water obtained using an ultrafiltration system (Milli-Q,
Millipore Corporation, Billerica, MA, USA) with a mea-

09@9@@ Liga:‘|.1d1 DA
%@ Ethanol/water PLGA b- PEG Y (" NODA ™
CAN-Magh Magh-1 Acetone/water Water
""NODA
" OH
HAAA N ey Magh-1- PNPs °°4
NODA = G e Magh-1-PNPs-NODA

NODA-GA-ethylenediamine

Figure | Schematic representation of the synthesis of Magh-[-PNPs-NODA.

Abbreviations: CAN, ceric ammonium nitrate; PNPs, polyethyleneglycol-based nanoparticles; NODA, 2,2’-(7-(4-((2-aminoethyl)amino)- | -carboxy-4-oxobutyl)- |,4,7-
triazonane- | ,4-diyl)diacetic acid; PLGA-b-PEG, poly(D,L-lactide-co-glycolide)-block-poly(ethylene glycol).
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sured resistivity above 18 MQ/cm (referred in the text as
double distilled [dd] water). Tetrahydrofuran was distilled
from sodium/benzophenone just prior to use and stored
under Ar. CH,CI, and CHCI, were passed through basic
alumina prior to use. Transmission electron microscopy
(TEM) was conducted on a JEOL JEM 2010 at 200 keV
(JEOL, Tokyo, Japan). Samples for TEM analyses were
prepared by spreading a small drop of the NP dispersion
on amorphous carbon-coated copper grids (Formvar carbon
400 mesh grids) followed by air-drying. Inductively coupled
plasma (ICP) was performed on diluted acidic aqueous
solutions using a Jobin Yvon Ultima 2 device (HORIBA,
Ltd, Fukuoka, Japan). "H-NMR (hydrogen-1 nuclear mag-
netic resonance) and *C-NMR (carbon nuclear magnetic
resonance) spectra were recorded using CDCI, or dimethyl
sulfoxide solutions at 300, 400, and 600 MHz for 'H, and
75.46, 100.6, and 150.92 MHz for *C. Chemical shifts (8)
are reported in ppm relative to CHCI, (8 = 7.26 for 'H and
8 =77.0 for °C). Fourier transform infrared spectra were
recorded on a PerkinElmer Spectrum 2000 (PerkinElmer,
Waltham, MA, USA). Dynamic light scattering (DLS) mea-
surements were performed on a Malvern Zetasizer nano-S
working with a 532 nm laser beam (Malvern Instruments
Ltd, Malvern, UK). Moreover, { potential measurements
were conducted in DTS1060C-clear disposable zeta cells
at 25°C. SpectraAA 100 Varian (Palo Alto, CA, USA) was
used for atomic absorption spectroscopy analyses. Ther-
mogravimetric analyses were carried out on a TA Instru-
ments 1GA Q500 (TA Instruments, New Castle, DE, USA)
apparatus (nitrogen flow, isothermal temperature accuracy
of 0.1°C for a weighting precision of 0.1 ug).

Synthesis of ethyl 12-((3,4-dihydroxyphenethyl)amino)-
12-oxododecanoate 1 was conducted as reported in the steps
2-4 of the supplementary material (see also Figures S2—S4).

Synthesis of Magh-|
CAN-maghemite NPs were synthesized according to a known
procedure that was recently developed in our laboratory
with slight modifications, using preformed magnetite NPs as
starting nanoscale material (see supporting information for
details concerning the all synthesis pathways).®
Accordingly, the original CAN-Magh solution was
diluted with water and added to an ethanolic solution of ethyl
12-([3,4-dihydroxyphenethyl]amino)-12-oxododecanoate
(EDAO) 1. The mixture was sonicated in an ultrasound bath
for 1 hour, and it was left to react overnight at room tempera-
ture under mechanical stirring. Afterward, the solution was
decanted magnetically.

Synthesis of Magh-1-PNPs

A total of 560 mg of PLGA-b-PEG-COOH (10 kDa)
was added to 56 mL of an acetone solution of Magh-1.
The organic phase was mixed to 560 mL of ultrapure water
under vigorous stirring, maintaining the water/organic
ratio of 10/1 with constant removal of the solution. The
mixture was kept for 30 minutes under vigorous stirring.
The residual organic solvent was evaporated under reduced
pressure. The solution was concentrated to a volume of
100 mL using a tangential flow filter (Pellicon XL filter
device, Biomax membrane with 500.000 NMWL; Millipore
Corporation) following by filtration using a syringe filters
SterivexTM-GP of polyethersulfone (0.22 um, Millipore
Corporation).

Synthesis of Magh-1-PNPs-NODA

The linkage of NODA on the surface of the particle was
carried out through a classic peptide formation. In particular,
Magh-1-PNP water solutions were stirred for 2 hours
in the presence of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide. Then, NODA-GA-ethylenediamine were
added, and the reaction mixture was kept under stirring for
an additional 2 hours. The particles were purified with a
centrifugal filter device.

Nuclear magnetic resonance (NMR)

relaxivity

Relaxivity measurements were performed on a Bruker
Minispec TD-NMR system (Bruker Optik GmbH, Ettlingen,
Germany) at 37°C operating at 1.5 Tesla and 60 MHz proton
resonance frequency. The longitudinal relaxation times (T )
and transverse relaxation times (T,) were determined at the
following concentrations for each nanocomposite: 0.01,
0.03, 0.1, 0.3, 1, and 3 mM Fe in 50% D,0/H,0. A linear
regression of the concentration versus T, relaxation time or
T, relaxation time yielded R, and R, values [mmol™" s7'], as
summarized in Table 1.

Table | Relaxivity values obtained for Magh, Magh-1-PNPs, and
Magh-1-PNPs-NODA

Compound R, R,

[mmol~' sec”'] [mmol' sec™']
CAN-Magh 0.2 72 H,0/D,0
Magh-1-PNPs 0.9 134 H,0/D,0
Magh-1-PNPs-NODA 0.5 182 H,0/D,0

Abbreviations:  PNP,  polyethyleneglycol-based  nanoparticles;  NODA,
2,2’-(7-(4-((2-aminoethyl)amino)- | -carboxy-4-oxobutyl)- | 4,7-triazonane- | ,4-diyl)
diacetic acid; CAN, ceric ammonium nitrate.
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Radiolabeling of NPs with ¢¢Ga
The #Ga (T, = 68 minutes, B+ = 89%, Electronic Capture
(EC) = 11%) was obtained from an iThemba **Ge/**Ga gen-
erator system (IDB Holland bv, Baarle-Nassau, Netherlands)
with a nominal *®*Ge activity of 740 MBq installed at CIC
biomaGUNE (Guipuzcoa, Spain). The generator was eluted
with 0.6 M of HCI solution (6 mL). Aqueous HCI solution
(37%, 2.5 mL) was added to the generator eluate, giving a
final HCI concentration of 4 M. The resulting solution (total
volume = 8.5 mL) was passed through a Chromafix® 30-PS-
HCO,-anion-exchange column (MACHEREY-NAGEL GmbH
and Co, Diiren, Germany; 45 mg, conditioned sequentially with
3 mL of purified water and 3 mL of 4 M aqueous HCl solution)
at a flow rate of 3 mL/minute at room temperature and dried
under air. The ®Ga was then eluted with 2 mL of purified water
at a flow rate of 0.7 mL/min and the eluate (~220 MBq) was col-
lected in a vial precharged with 45 mg of 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES). After the addition
of 1 M NaOH solution (5-10 pL, final pH = 3.5) to the ®Ga
eluate, 200 puL of NPs (Magh-1-PNPs-NODA) solution were
added and the vial, and was heated at 60°C for 30 minutes.
The reaction crude was cooled at room temperature and **Ga-
labeled NPs were filtered under centrifugation (10,000 rpm,
10 minutes) using Amicon® Ultra-4 Centrifugal Filter Units
(10 kDa, Millipore Corporation). The residue was washed
twice with HEPES solution (pH = 3.5) and finally suspended
in physiologic saline solution. All fractions were measured in a
dose calibrator (CRC*—25PET Dose Calibrator, Capintec, Inc,
Ramsey, NJ). The labeling yield of the NPs was calculated as
the ratio between the amount of radioactivity in the NPs solu-
tion and the total amount of radioactivity in all fractions.
Quality control of the NPs was performed by thin layer
chromatography (TLC). A fraction of the NPs solution
(100 uL) was mixed with a solution containing ethylenedi-
aminetetraacetic acid (EDTA, 1 mg/mL). After shaking for
10 seconds, 5 UL were deposited on a silica gel 60 F254 plate
(Macherey-Nagel) and eluted with a mixture of buffered 0.1 M
aqueous NaOAc solution (pH = 4.5)/0.1 M aqueous EDTA
solution 90/10. After complete elution, the plates were dried at
60°C and analyzed using a radio-TLC reader (miniGITA Star,
Raytest Isotopenmessgerite GmbH, Straubenhardt, Germany)
and the fractions corresponding to labeled NPs (Rf < 0.1) and
free gallium (Rf ~0.35) were quantified. The same analytical
procedure and conditions were used to assess the stability of
labeled NPs in physiologic saline solution and in rat serum;
in this case, the NPs solution was analyzed at different times
after preparation (15, 30, 60, and 90 minutes).

Toxicity assays

Cell lines

Human PDAC-derived cell lines Panc-1, ASPC-1, MiaPaCa,
Su86.86, T3M4, BxPC3, and Colo-357 were kindly provided
by Dr Klaus Felix (University of Heidelberg, Heidelberg,
Germany). ASPC-1, Su86.86, T3M4, BxPC3, and Colo-
357 cell lines were maintained in culture in Roswell Park
Memorial Institute medium supplemented with 10% fetal
bovine serum, L-glutamine, penicillin, and streptomycin.
Panc-1 and MiaPaCa cell lines were maintained in DMEM
supplemented with 10% fetal bovine serum, L-glutamine,
penicillin, and streptomycin.

Viability assay

PDAC cells were seeded in flat-bottom 96-well plates at
5000 cells/well in a volume of 200 uL of supplemented
medium. After 72 hours of culture in the presence/absence
of increasing dosage of Magh-1-PNPs-NODA NPs, 25 puL of
5 mg/L 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Sigma-Aldrich, St Louis, MO) was added
directly to the cells followed by an additional 4 hours of
incubation, then 100 pL of DMSO was added. The optical
density of individual wells was measured at a wavelength of
550 nm with Infinite® F500 (Tecan Group, Ltd, Mannedorf,
Switzerland). All assays were performed in triplicate.

Imaging studies

Image acquisition

Male rats weighting 325-375 g (Sprague—Dawley, Harlan
Laboratories, Udine, Italy) were used to perform PET studies.
The animals were maintained and handled in accordance with
the Guidelines for Accommodation and Care of Animals
(European Convention for the Protection of Vertebrate Ani-
mals Used for Experimental and Other Scientific Purposes)
and in accordance with internal guidelines, and experimental
procedures were previously approved by local authorities.
PET studies were performed using an eXploreVista-CT small
animal PET-CT system (GE Healthcare, Little Chalfront,
England). During PET studies, rats were kept normothermic
using a heating blanket (Homoeothermic Blanket Control
Unit; Bruker Optik GmbH). Three animals were submitted
to whole body scans to assess the biodistribution pattern of
labeled NPs. In all cases, anesthesia was induced with 3%
isoflurane and maintained by 1.5% to 2% of isoflurane in
100% O,. The tail vein was catheterized with a 24-gauge
catheter for intravenous administration of ®*Ga-labeled NPs
(7.4 £ 2.4 MBgq, corresponding to 3.8 + 1.3 ug of Fe,0,,
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resuspended in 300 pL of physiologic saline solution), which
was injected concomitantly with the start of a PET dynamic
acquisition.

Dynamic images (32 frames: 4 X 5 seconds, 4 x 10 seconds,
6 x 30 seconds, 6 X 60 seconds, 6 x 150 seconds, and
6 % 300 seconds) were acquired in four bed positions in the
400-700 keV energetic window, with a total acquisition time
of 220 minutes. After each PET scan, CT acquisitions were
also performed providing anatomical information as well
as the attenuation map for the later image reconstruction.
Dynamic acquisitions were reconstructed (decay and CT-
based attenuation corrected) with filtered back projection
using a ramp filter with a cut-off frequency of 1 Hz.

Image analysis

PET images were analyzed using PMOD image analysis
software (PMOD Technologies Ltd, Ziirich, Switzerland).
Volumes of interest were manually drawn in the lungs, liver,
kidneys, brain, heart, spleen, bladder, and bone using the CT
images as anatomical reference. Volumes of interest were
then transferred to the PET images, and time activity curves
(decay corrected) were obtained for each organ as cps/cm?’.
Injected dose and organ mass normalizations were finally
applied to data to get time activity curves as standardized
uptake values for each organ.

Results and discussion

Chemistry and nanotechnology

In a previous work, the production of hydrophilic water-
compatible maghemite (y-Fe,O,) was described.® Accordingly,
the experimental conditions did not involve any surface-
passivating bifunctional ligand, nor routinely used physically
adsorbed natural/nonnatural polymer. More specifically, this
fabrication process comprises the high-power ultrasonic
irradiation of preformed 1015 nanosized magnetite (Fe,0,)
NPs together with the strong oxidant ceric ammonium
nitrate [CAN, Ce"V(NH,),(NO,),] in a 1/1 v/v acetone/
H,O mixture.® Under these conditions, the simultaneous
oxidation of the magnetite NPs to maghemite NPs and
CAN-mediated modification(s) of the NP surface charge/
functionality resulted in crystalline, hydrophilic, and strongly
positively charged CAN-stabilized maghemite NPs that
formed extremely stable colloidal water dispersions due to
electrostatic repulsive interactions. These conditions also
promote the formation of a polyCOOH-containing organic
shell on the NP surface, which allows further grafting of
the particles.'!

These NPs have an average hydrodynamic radius of
44-55 nm (DLS measurements), a { potential of ~40-50 mV,
and are 8-12 nm in average size as measured from TEM
(TEM micrograph analysis of more than 100 particulate
objects). In addition, "Fe Mssbauer spectroscopy performed
at 300 K afforded a spectrum that discloses asymmetrical
sextets of broadened lines that were attributed to significant
superparamagnetic fluctuations. The NPs superparamag-
netism feature that is essential for MRI application, was also
confirmed by superconductive quantum interference device.®
The so-formed CAN-maghemite NPs are water-dispersible,
and in these conditions (ie, without any surface modification),
their entrapment into polymeric NPs is rather hard. In order
to solve this phase compatibility problem, the maghemite NP
surface was coated by a hydrophobic organic ligand (ethyl
12-((3,4-dihydroxyphenethyl)amino)-12-oxododecanoate
(herein referred as ligand 1) specially designed to ensure
lipophilicity to the iron oxide NPs. Ligand 1 possesses a
catechol unit at one end, a central aliphatic chain, and a ter-
minal ester group. On the one hand, the catechol unit is well
known to present a strong affinity to iron due to both the ¢
and © donor power of oxygen atoms.'? On the other hand, the
aliphatic chain is necessary to confer stability to the systems
thanks to interchain hydrogen bonding, while the terminal
ester group should provide good solubility of the NPs in
common organic solvents. To prove this idea, a solubility test
of CAN-Magh versus Magh-1 in a water/dichloromethane
mixture was preformed (see Supplementary Material, Figure
S6A). As could be expected upon coating of CAN-Magh NPs
with ligand 1, the NPs readily transferred from the water
phase to the dichloromethane organic layer.

IR analysis (see Supplementary Material, Figure S5)
confirmed the successful coating of the maghemite NPs with
ligand 1: in the region between 3300 and 3500 cm™', there
is a strong absorption due to the hydroxyl groups present
on the surface of the maghemites that make impossible the
identification of polar organic moieties. However, the stretch-
ing of aliphatic —CH of the ligand can be observed in region
between 2800 and 3000 ¢cm™'. Furthermore, at 1700 and
1640 cm™, the stretching of the two C=0 (ester and amide
groups) can be easily recognized. In addition, thermogravi-
metric analysis confirmed the presence of an organic coating
of 35.6% in mass (see Figure S3B).

Following our interest in the entrapment of lipophilic
MNPs,'*!5 the hydrophobic Magh-1 NPs were incorporated
into polymeric micelles using the nanoprecipitation tech-
nique.'>!* The amphiphilic copolymer PLGA-b-PEG-COOH
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Figure 2 TEM image and relative DLS measurements of Magh-1-PNPs. TEM image (A) and relative DLS measurements (B) of Magh-1-PNPs.
Abbreviations: TEM, transmission electron microscopy; PNPs, polyethyleneglycol-based nanoparticles; DLS, dynamic light scattering.

served as a biocompatible coating that may enable blood
circulation. Briefly, an acetone solution of Magh-1 and
copolymer was added dropwise to dd water under vigor-
ous stirring leading to the formation of Magh-1-PNPs. The
as-synthesized polymeric NPs were characterized by means
of DLS (Figure 2B). The analysis showed a hydrodynamic
radius of 95.32 + 0.88 nm with a polydispersity index (PDI)
value of 0.153 £ 0.007. The NPs proved to be stable in an
aqueous environment with a {-potential value of —=39.2 mV
at pH =5.45. TEM observations confirmed the formation of
polymeric shells around clusters of magh-1 (Figure 2A).

The concentration of iron was investigated by means of
atomic absorption spectrophotometry, and it was found to
be 112 ppm.

In order to add the second contrast agent to obtain the
dual modal imaging platform, the polymeric NP surface was
functionalized with the ®*Ga chelating agent, NODA. The
carboxylic acid originating from the free end of the PEG
building block was utilized for this functionalization reaction:
first, it was activated with 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) in water. In the next step, NODA was
introduced in the reaction mixture and an amidation reaction
between the activated acid and NODA amine function occurred.
The resulting Magh-1-PNPs-NODA possesses a hydrody-
namic radius of 92.34 £+ 0.72 nm with a polydispersity index
value of 0.167 £ 0.011 (DLS analysis), and a {-potential value
of —44 mV at pH = 6.30. The concentration of iron in this case
was found to be of 134 ppm with a total yield in iron of 64%.

Magh-I-PNPs-NODA in vitro toxicity

in PDAC-derived cell lines

One potential field of application of *Ga-labeled NPs is the
clinical and preclinical diagnosis and evaluation of PDAC,

which is one of the most deadly tumors, for which detection
of neoplastic lesions at an early stage might permit life-saving
interventions.'°

Thus, we evaluated the toxicity of Magh-1-PNPs-
NODA NPs on different human PDAC-derived cell lines
(ASPC-1, Panc-1, MiaPaCa, Su86.86, T3M4, BxPC3,
Colo-357) using cell growth inhibition assays (MTT test,
Figure 3 and Figure S1). Magh-1-PNPs-NODA NPs caused
a modest dose-dependent decrease of cell proliferation.

Despite the fact that a considerable variability among
cell lines was observed, about a 50% reduction of the pro-
liferation rate was observed within 72 hours of incubation

100
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Figure 3 Cellular viability rate versus maghemite concentration after 72 hour
incubation with Magh-1-PNPs-NODA NPs.

Notes: Relative values were normalized to the values from the corresponding
untreated cells and are shown as percent of survival. Results are expressed as a
mean percentage of three independent experiments performed in triplicate + SD.
Abbreviations: NPs, nanoparticles; PNPs, polyethyleneglycol-based nanoparticles;
NODA, 2,2'-(7-(4-((2-aminoethyl)amino)- | -carboxy-4-oxobutyl)- | ,4,7-triazonane-
|,4-diyl)diacetic acid; SD, standard deviation.
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in the majority of the culture cells when 3-6 ug of Fe,O,
was present. Notably, at higher concentrations, the Su8686
cell growth was only marginally affected by Magh-1-PNPs-
NODA NPs.

NMR relaxivity

Although, in general, cells can survive short-term exposure
to low concentrations of NPs, several groups have found
cytotoxic effects to emerge in a dose- and time-dependent
manner for most type of NPs. This is generally due to NP
internalization inside cells, which elicits inflammatory
responses, cell-cycle irregularities, and gene expression
alterations.!” Although a certain extent of Magh-1-PNP-
induced cytotoxicity in the present study occurred, it is
important to keep in mind that in vitro results can differ
from what is found in vivo, and that toxicity in vitro may not
necessarily be clinically relevant. This depends on whether
repetitive NP administration is required, as well as on the
NP bioavailability at the target site.

All nanocomposites were very weak T, relaxing agents,
and as expected for maghemite NPs, they were strong T,
relaxation agents (Table 1). The obtained values indicate
that the polymer shell enhances R, relaxivity, making the
NODA functionalized compound ideally suitable as a T,/
T,* MRI contrast agent.

Radiolabeling of NPs with *Ga

The attachment of positron emitters to macromolecules is
usually approached by the chelation of a (positron emitter)
metallic atom using a bifunctional polyazacarboxylate- or
tetraaza-macrocycle.'!” This strategy can be transferred to
the incorporation of radioisotopes into NPs, because con-
trary to the case of the radio-halogens (eg, '*F), the labeling
reaction usually takes place under mild conditions without
damaging the NPs.

A number of metallic PET isotopes have been used to
date for NP labeling, including **Cu,? and ®Ga.?! Copper-64
has probably been the most widely used due to its relatively
long halflife (12.7 hours), which permits PET evaluation of
slow biochemical pathways. However, the production of *Cu
requires the irradiation of *Ni with protons, and a laborious
purification process using anion exchange chromatography.*
Due to this fact ®Ga, which can be easily obtained from a
commercially available ®*Ge/**Ga generator, is gaining inter-
est in the development of multimodal imaging agents, and its
incorporation into NPs using bifunctional chelating agents
has been already reported in the literature.” In the current
work, a similar procedure was followed but a preconcentra-
tion step was applied to the *Ga** solution obtained from

the generator.” Under optimized experimental conditions
(T = 60°C, t = 30 minutes, pH = 3.5), the labeling yield of
Magh-1-PNPs-NODA, as measured by gamma-counting
after filtration, was 84% + 6%. Quality control of the NPs
performed by TLC (Figure 4, red line) showed no peak cor-
responding to free ®®Ga after filtration and reconstitution in
physiologic saline. The stability of labeled NPs in physiologic
saline solution and in rat serum was also determined by TLC.
The fraction of free gallium at t = 90 minutes was <5% in
both media (not shown in Figure 4). These results confirm
the stability of the *Ga-NODA complex, which is very
appropriate for subsequent in vivo studies.

Imaging studies
In Figure 5A, an image corresponding to the biodistribution
pattern at long times after administration (frames 10-32) is
presented. High accumulation in the liver and spleen can
be visualized. The significant accumulation observed in the
lungs might suggest the presence of a small percentage of
aggregates, probably formed after administration of the NPs.
The significant levels of radioactivity detected in the heart,
especially at long times after administration of the labeled
NPs, point towards a slow clearance from the bloodstream
(Figure 5B). The low level of radioactivity in the bladder (Fig-
ure SH) indicates a partial (and slow) elimination via urine.
Time—activity curves for the heart, brain, lungs, kidney,
spleen, liver, and bladder are shown in Figure 5B to H.
Following tail vein injection, dynamic imaging revealed
a steep peak in the heart, brain, and lungs (Figure 5B-D,
respectively) as expected from a transient increase in blood

Origin Front

2% £.C - NoDA
~

y

A
2
NODA NODA-*Ga

EDTA-%Ga complex

Amount of radioactivity (cps)

Elution distance (cm)

Figure 4 TLC profiles obtained for *Ga-labelled NPs (red line, Rf = 0) and free EDTA-
%Ga complex (black line, Rf = 0.35).

Note: The complex EDTA-#Ga is generated in situ.

Abbreviations: TLC, thin layer chromatography; NPs, nanoparticles; EDTA,
ethylenediaminetetra-acetic acid; NODA, 2,2-(7-(4-((2-aminoethyl)amino)- |-
carboxy-4-oxobutyl)- |,4,7-triazonane- | ,4-diyl)diacetic acid.
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Figure 5 PET image and CT time-activity curves of *Ga. PET image of ®®Ga-labeled NPs signal corresponding to averaged time frames at t > 20 minutes after IV injection (A).
CT images were adjusted on the Y-axis for an appropriate fitting with the tracer distribution. Time-activity curves for heart (B), brain (C), lungs (D), kidneys (E), spleen (F),

and liver (G) after IV administration of ®Ga-labeled NPs.
Note: Average values +/— standard deviation (n = 3) are shown.

Abbreviations: PET, positron emission tomography; CT, computerized tomography; NPs, nanoparticles; IV, intravenous; ID, injective dose.

pool activity. Brain activity decreased to negligible values
(<0.1% injected dose g™') 10 minutes after injection; higher
values were reached in the heart (~0.25% ID g™') and lungs
(~0.45%ID g™'). Uptake into the spleen (Figure 5F) and liver
(Figure 5G) was rapid. Within 5 minutes of the appearance
of radioactivity in the blood, liver, and spleen, levels reached
a plateau at 1.7% and 2.1% injected dose g!, respectively.
This level was maintained until the end of the study (4 hours
after administration of NPs).

Accumulation of radioactivity in the bladder (Figure SH)
slowly increased along the scan time up to 0.2% ID g™ at
the end of the study, while the accumulation of radioactiv-
ity in bones (results not shown) was very low at all times
(<0.1% of ID/g all along the study). The results obtained
in the current work demonstrate the suitability of **Ga-
labelling for subsequent determination of biodistribution
patterns. Although the NPs described here did not have
any functionalization to target specific organs or tissues,
the same labeling and quantification strategy could be
applied to targeted NPs to assess the potentially selective
accumulation in specific organs or tumors. Therefore, the

NPs presented here are an excellent platform for further
functionalization in order to become suitable PET/MRI dual
imaging contrast agents.

Indeed, our in vitro growth inhibition studies indicate an
IC,, value for PDAC cell lines of approximately 3.0-6.0 g of
F,O, (Figure 3). This is a considerably high value considering
the dosage of NPs injected in vivo for imaging experiments
(2.67 pg of F,0, injected into animals, Figure 5) suggesting
a low grade of toxicity of Magh-1-PNPs-NODA NPs. It is
well known that the physicochemical characteristics of NPs
are often changed when they come into contact with the blood.
In particular, NP interactions with proteins in the blood both
quantitatively and qualitatively affect NP half-lives and biodis-
tribution. Surface protein deposition may induce NP aggrega-
tion, and large aggregates may be trapped in the capillaries.
Also, surface opsonization is an issue (ie, the deposition of
proteins that facilitate NP recognition and clearance from
the blood by circulating phagocytes or tissue macrophages in
direct contact with the blood). All these events contribute to
the reduction of NP bioavailability at the target site. A very
recent reference discussed these issues.?
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Thus further investigation can be carried out on Magh-
1-PNPs-NODA NPs for the application of such NPs for the
early diagnosis and evaluation of pancreatic neoplasms.

Conclusion

We have developed a novel multifunctional biocompatible
hybrid nanocarrier for dual PET/MRI imaging. This nanocar-
rier is composed of a polymer shell containing maghemite
NPs at its lipophilic core and bearing **Ga chelating group on
the outer surface. The T, relaxivity values show promising
perspectives for the NPs to be used as MRI contrast agents;
moreover, the incorporation of the positron emitter *Ga,
and the stability of the resulting NP-NODA-%Ga complex,
confirm the suitability of the labeled NPs as contrast agents
for in vivo PET imaging. The values at which Magh-1-PNPs-
NODA proved to be suitable for MRI/PET analysis were
found to be not toxic in vitro on seven cell lines of PDAC.
Thus, the nanoplatform presented here is a promising tool for
the future development of innovative PET/MRI diagnostic
agents. Additional applications of this nanocarrier in nano-
medicine are currently under investigation.
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Supplementary materials
1. Derivatization of maghemite NPs with 1,4-diaminobutane
for Kaiser test
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC), 50 mg (0.26 mmol), was added to
I mL of maghemite NPs suspended in doubly distilled water
(ddH,0), and the reaction mixture was shaken for 40 minutes
at room temperature. Then, the excess of EDC was washed
out by centrifugation at 8000 rpm (8 minutes, 5°C, three
times). Then, 1 mL of ddH,O and 0.25 mL (3.22 mmol) of
1,4-diaminobutane were added and the solution was shaken
for 1.5 hours. The excess of amine was removed by centrifu-
gation at 12,500 rpm (5°C, and three times).”

Results

Kaiser test?® of NPs after surface derivatization with 1,4

diaminobutane afforded average values of 0.163 mmol

of accessible COOH/g NPs. ICP measurements: Fe con-
centration was 3.24 mg/mL while Ce concentration was

1.053 pg/mL (Weight ratio Ce/Fe = 0.000325).

2. Acetyl chloride (20 puL, 0.28 mmol) was added to a
stirred solution of 12-hydroxydodecanoic acid (1.00 g,
4.63 mmol) in 40 mL of ethanol under nitrogen
atmosphere. The mixture was heated to reflux for 24 hours,
then, the solvent was removed under vacuum and the
resulting oil (1.02 g, 4.47 mmol, yield = 90%) was used
for the next step without further purification.
Hydrogen-1 nuclear magnetic resonance (300 MHz,

CDCl,): 6=4.09 (q, 2H, CH,), 3.59 (t, 2H, CH,), 2.23 (t, 2H,

CH,), 1.58 (bs, 6H, CH,), 1.25 (bs, 15H, CH, + CH,).
Carbon nuclear magnetic resonance: (75 MHz, CDCl,):

8 = 174.023 (C=0), 61.835 (CH,), 60.170 (CH,), 34.035

(CH,), 32.578 (CH,), 29.560 (CH,), 29.477 (CH,), 29.385

Table S| Statistical analysis of the mean values reported in
Figure 3

Cell line P-values

Treatment: Fe,O, mg/mL

0.75 1.5 3 6
BxPC3 0.0105%96 0.000987 2.94E-05 0.004902
Colo357 0.007747 0.001283 0.002206 0.000895
MiaPaCa 0.017082 0.000392 0.00308 2.58E-05
Pancl 0.008794 0.01066 0.005601 0.00213
ASPCI 0.012462 0.0272229 0.00528 0.002234
T3M4 0.010854 0.006424 0.002105 0.001432
Su8686 0.108404 0.101878 0.007791 0.001184

Notes: P-values were calculated using a two-sample Student’s t test comparing
differences in the means between two groups, treated versus untreated, after 72
hours of culture. P-values <<0.005 were considered statistically significant. Statistically
significant values are highlighted.

PV

Figure S| Transmission electron microscopy image of ceric ammonium nitrate
(CAN)-Magh nanoparticles (NPs).

(2CH,), 29.210 (CH,), 29.047 (CH,), 25.583 (CH,), 24.913

(CH,), 14.200 (CH,).

3. A suspension of periodic acid (2.13 g, 9.33 mmol)
in 40 mL of acetonitrile was left to react for 20 min-
utes at room temperature. Then, a solution of ethyl
12-hydroxydodecanoate (1.02 g, 4.16 mmol) and pyri-
dinium chlorochromate (20 mg, 0.091 mmol) in 10 mL
of acetonitrile was slowly added, keeping the temperature
at 0°C with an ice bath. Once completed, the addition the
ice bath was removed and the mixture was left to react
for 24 hours at room temperature.

Afterward, 40 mL of ethyl acetate were added, and the mix-
ture was first washed with water (3 X 40 mL), then with an aque-
ous solution of sodium hydrogen sulfate (40% m/V, 3 x40 mL),
and finally again with water (2 x40 mL). The organic phase was
dried with anhydrous sodium sulfate, and it was filtered and
evaporated in vacuo to obtain the product as a white solid (1.00 g,
3.87 mmol, yield = 93%). melting point: 51°C-53°C.

Hydrogen-1 nuclear magnetic resonance (300 MHz,
CDCL,): 6=4.12(q, 2H, CH,), 2.37 (t,2H, CH,), 2.29 (t, 2H,
CH,), 1.61 (bs, 4H, CH,), 1.26 (bs, 15H, CH, + CH,).

Carbon nuclear magnetic resonance: (150 MHz, CDCI,):
& =180.046 (C=0), 174.003 (C=0), 60.169 (CH,), 34.342

(0]
HO \/\/\/\/\/\)J\O/\

Figure S2 Synthesis of ethyl |2-hydroxydodecanoate.
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0]

~~ O\H/\/\/\/\/\)J\OH

o

Figure S3 Synthesis of 12-ethoxy-|2-oxododecanoic acid.

(CH,), 34.041 (CH,), 29.441 (CH,), 29.295 (CH,), 29.156
(2CH,), 29.060 (CH,), 28.987 (CH,), 24.918 (CH,), 24.625
(CH,), 14.198 (CH,).

4. To a stirred solution of 12-ethoxy-12-oxododecanoic
acid (3.87 mmol, 1.00 g) in 30 mL of anhydrous tetrahy-
drofuran (THF) under nitrogen, 1,1-carbonyldiimidazole
(6.17 mmol, 0.99 g) was slowly added. The mixture was
stirred for 1.5 hours, diluted with an additional 70 mL
of anhydrous THF, and added dropwise (4 hours) to
a suspension of dopamine hydrochloride (3.87 mmol,
0.73 g) and pyridine (5.8 mmol, 0.47 mL) in the same
solvent (30 mL of anhydrous THF), maintaining a
nitrogen atmosphere. The mixture was left to react
for 1 hour, and then the solvent was removed under
vacuum.

The solid was redispersed in ethyl acetate and washed
three times with water. The organic phase was dried over
MgSO,, filtered and evaporated in vacuo. The crude product
was then purified with column chromatography (EtOAc/Pet
ether, 3:1) to provide the final ligand (0.72 g, 1.83 mmol,
yield = 47%). mp: 60°C—62°C.

Hydrogen-1 nuclear magnetic resonance (300 MHz,
CDCL,): $=16.81 (d, 1H, Ar), 6.78 (m, 1H, Ar), 6.59 (d, 1H,
Ar), 5.65 (bs, 1H,NH), 4.15 (q, 2H, CH,), 3.45 (q, 2H, CH,),
2.70 (t, 2H, CH,), 2.30 (¢, 2H, CH,), 2.18 (¢, 2H, CH,), 1.60
(bs, 4H, CH,), 1.22 (bs, 15H, CH, + CH,).

Carbon nuclear magnetic resonance (150 MHz, CDCI,):
8 =174.538 (C=0), 174.373 (C=0), 144.518 (C), 143.225
(C),130.490(C), 120.373 (CH), 115.479 (CH), 155.183 (CH),
60.373 (CH,), 41.000 (CH,), 36.777 (CH,), 34.898 (CH,),
34.404 (CH,), 29.309 (CH,), 29.294 (CH,), 29.180
(CH,), 29.115 (2CH,), 29.067 (CH,), 25.730 (CH,), 24.950
(CH,), 14.251 (CH,).

Gas chromatography—mass spectrometry ES+: 416
(M + Na).

H
Y PN S
HO

Figure S4 Synthesis of ethyl 12-((3,4-dihydroxyphenethyl)amino)-12-oxododecanoate
(EDAO, 1).

Coating of CAN-Magh with ligand
Original CAN-Magh solution (10 mL) was diluted with
30 mL of water and added to a solution of 1 (300 mg,
0.762 mmol) in 40 mL of ethanol. The mixture was sonicated
in an ultrasound bath for 1 hour, and it was left to react
overnight at room temperature under mechanical stirring.
Afterward, the solution was decanted magnetically (strong
external magnet) and the supernatant was removed while
the brownish solid was washed with ethanol (2 x 30 mL).
Finally, the solid (Magh-1) was redispersed in 80 mL of
acetone, sonicated for 30 minutes (bath sonicator, Branson
Ultrasonics Corporation, Danbury, CT) and immediately
used in the following steps.

5. Poly(D,L-lactide-co-glycolide)-block-poly(ethylene
glycol) was synthesized through the activation of
carboxyl- capped PLGA-COOH (MW ~7 kDa) with
N-hydroxysuccinimide using dicyclohexylcarbodiimide
coupling chemistry, and then conjugated to the amine
bifunctional NH,-PEG-COOH (MW ~3 kDa), in chloroform
and in the presence of N,N-Diisopropylethylamine.'

6. Synthesis of Magh-1-PNPs-NODA
The linkage of 2,2’-(7-(4-((2-aminoethyl)amino)-1-

carboxy-4-oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic

acid (NODA) on the surface of the particle was carried out
through a classic peptide formation. In particular, 35 mL of

a 0.28 mM Magh-1-polyethyleneglycol-based nanoparticle

water solution (0.010 mmol of D,L-lactide-co-glycolide)-

block-poly(ethylene glycol) were stirred for 2 hours in the
presence of 0.010 mmol of 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide (1.7 mL of a 5.7 mM water solution
neutralized with 0.1 M HCl solution up to pH = 7.60). Then,

0.010 mmol of NODA-GA-ethylenediamine was added

(6.1 mL of a 1.6 mM water solution neutralized with 0.1 M

NaOH solution up to pH = 7.15) and the reaction mixture

was kept under stirring for additional 2 hours. The particles

were purified with a centrifugal filter device (Amicon Ultra,

Ultracel membrane with 100.000 normal molecular weight

limit; Millipore Corporation, Billerica, MA) and redispersed

in 25 mL of water.

7. Synthesis of Magh-1-PNPs-NODA
The linkage of 2,2"-(7-(4-((2-aminoethyl)amino)-1-

carboxy-4-oxobutyl)-1,4,7-triazonane-1,4-diyl)diacetic

acid (NODA) on the surface of the particle was carried
out through a classic peptide formation. In particular,

35 mL of a 0.28 mM Magh-1-polyethyleneglycol-based

polymeric nanoparticle water solution (0.010 mmol of

poly(D,L-lactide-co-glycolide)-block-poly(ethylene glycol))
was stirred for 2 hours in the presence of 0.010 mmol of
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Figure S5 Infrared spectra of ceric ammonium nitrate (CAN)-Magh (black line) and Magh-| (blue line).
Abbreviation: T, transmittance.
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Figure S6 Solubility test of ceric ammonium nitrate (CAN)-Magh versus Magh-| (A) and thermogravimetric analysis of Magh-1 (B).
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Figure S7 Synthesis of Magh-1-PNPs-NODA.
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1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (1.7 mL
of a 5.7 mM water solution neutralized with 0.1 M HCI
solution up to pH =7.60). Then, 0.010 mmol of NODA-GA-
ethylenediamine was added (6.1 mL of'a 1.6 mM water solu-
tion neutralized with 0.1 M NaOH solution up to pH =7.15),
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and the reaction mixture was kept under stirring for additional
2 hours. The particles were purified with a centrifugal filter
device (Amicon Ultra, Ultracel membrane with 100.000 nor-
mal molecular weight limit; Millipore Corporation, Billerica,
MA) and redispersed in 25 mL of water.
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