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Abstract

Cancer continues to be a significant global public health issue, and regrettably, it remains one of
the leading causes of death. Statistics indicate that 1 in 5 men or women will be diagnosed with
cancer during their lifetime, resulting in 1 in 12 women and 1 in 9 men succumbing to the disease.
Therefore, improving the current methods for diagnosis and treatment of cancer is a must. Time to
first diagnosis plays an important role when it comes to managing cancer cases since as the cancer
progresses its management will become more difficult, and the treatment of advanced cancers are
not as effective. One possible solution to mange cancer cases faster than current practice, is to
combine diagnosis and treatment steps into one. These compounds, known as theranostics, have
attracted significant attention for the management of cancer in recent years. In this context,
development of nanotheranostics, nanomedicine entities that can be tracked in real time and carry
a high payload of medication to cancer lesions is expected to provide additional opportunities for
the targeted and optimized treatment of tumor burden in patients. The hypothesis of this research
was that antibodies and actively targeted nanoparticles against epidermal growth factor receptors
(EGFR) labeled with radioactive traceable elements to home on EGFR positive tumors and provide
means for tumor imaging in real time. To assess this hypothesis, we initially developed %*Cu
labelled panitumumab, a clinically approved monoclonal antibody against EGFR. Further studies
indicated that the ®*Cu labelled panitumumab can be taken up by EGFR+ non-small cell cancer
(NSCLC) cell lines. The radiolabelled panitumumab was able to detect EGFR+ subcutaneous and
metastatic NSCLC xenografts in mice as shown by positron emission tomography (PET) imaging.
Moreover, to assess the capability of radiolabelled panitumumab to detect other type of EGFR+
cancers and assess the capability of radiolabeled Pb as a radioisotope for developing theranostics,

we developed 2*Pb labeled panitumumab and assessed its capability on detecting EGFR" patient
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derived xenografts (PDX) of head and neck caner in mice using SPECT imaging. Our findings
showed 2°*Pb-panitumumab to be capable of detecting EGFR™ head and neck cancer subcutaneous
PDX. Furthermore, it can persist in the tumors for up to 120 hours after injection. We then worked
on developing nanotheranostics by using poly (ethylene oxide)-poly(e-benzylcarboxylate-e-
caprolactone) nanoparticles (PEO-PBCL NPs) as the nano delivery system and the base of the

intended nanotheranostic. The surface of PEO-PBCL NPs was modified with panitumumab and

1,4,7-Triazacyclononane-1,4-bis (acetic acid)-7-(3-azidopropylacetamide) (NO2A-azide) chelator
accommodate **Cu. This modification was done on the Fc region of antibody, using glycan
remodeling process. Despite preferential homing of panitumumab modified NPs on EGFR +
NSCLC cell lines compared to plain NPs, the in vivo PET imaging and biodistribution studies did
not indicate any advantage in terms of tumor homing and targeting for panitumumab modified NPs
compared to plain NPs. In the final chapter of this thesis, we examined different cryoprotectants
for long term storage of PEO-PBCL NPs using either freeze drying or freeze thaw methods. Our
data showed the best condition for long-term storage of NPs to be provided by freeze-thawing
method using polyethylene glycol (PEG)s at 3350 Da molecular weigh or higher leading to no

aggregation of NPs upon storage. Sucrose was also found to be an effective cryoprotectant for this
purpose.

In conclusion, our presented research indicated that radiolabeled panitumumab can detect EGFR+
cancer and can be used for developing theranostics. We have also successfully developed

radiolabelled PEO-PBCL NPs that can be tracked by PET imaging in real time in vivo, providing

valuable information on the pharmacokinetic and biodistribution of NPs in different animal models
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of disease. Traceable NPs can be further developed for use in human patients to identify cancer

patients who may benefit from NP drug delivery.
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Preface

Chapter one of the thesis describes the background knowledge behind different aspects of this

thesis in addition to the rationales, objective, hypotheses and specific aims of the thesis.

Chapter two of the presented thesis has been submitted for publication as Sarrami, N., Wuest, M.,
Paiva, M., Leier, S., Lavasanifar, A., Wuest, F. Imnmuno-PET imaging of EGFR with ¢ Cu-
NOTA Panitumumab in subcutaneous and metastatic non-small cell lung cancer xenografts.
Most of the experiments were carried out by me, excepting the development of metastatic non-
small cell lung cancer animal model (Paiva, .M.) and animal PET imaging and biodistribution
studies (Wuest, M.). Also, optimization of the radiolabeling reaction was done with the help of
Leier,S. Dr.Lavasanifar and Dr.Wuest contributed to the supervision, edits and corrections of the
manuscript. All animal experiments were conducted in accordance with the CCAC guidelines and
received approval from the Cross Cancer Institute local animal care committee (protocol #

AC21256).

Chapter three has been submitted for publication as Sarrami, N., Nelson, B., Leier, S., Wilson, J.,
Chan, C., Meens, J., Komal, T., Ailles, L., Wuest, M., Schultz, M., Lavasanifar, A., Reilly, R.M.,
Wuest, F. SPECT/CT imaging of EGFR-positive head and neck squamous cell carcinoma
patient derived xenografts with 2% Pb-PSC-panitumumab in NRG mice — potential
application in a radiotheranostic approach with 2!2 Pb-PSC-panitumumab. In this project,
Nelson, B., Leier, S., Wilson, J. prepared the 2**Pb for the studies. Schultz, M. developed and
characterized the PSC chelator. The animal models were developed in Dr. Ailles laboratory by
Meens, J.; also, Komal, T. took care of SPECT/CT imaging. Chan, C. and Wuest, M. assisted with

biodistribution and in vitro studies. All other experiments were conducted by me. The manuscript
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was supervised, edited, and corrected by Dr. Lavasanifar, Dr. Wuest, and Dr. Reilly. A patient with
HNSCC underwent surgery to obtain a primary tumor specimen (#391) in accordance with
approved protocols from the Research Ethics Board and Animal Care Committee at the University
Health Network (Protocol No. 12-5639). Animal studies followed the approved protocol (AUP
2843.14) by the Animal Care Committee at the University Health Network, in accordance with the

Canadian Council on Animal Care guidelines.

Chapter four will be submitted as part of a publication as Sarrami, N et al. Glycan remodeling of
panitumumab for the development of PET traceable EGFR targeted nano-theranostics in
non-small cell lung cancer. In this project, Leier, S. and Wilson, J. produced 64Cu for the
radiolabeling purposes. Also, Wuest, M. conducted PET imaging and biodistribution studies. |
conducted all other experiments. Dr. Lavasanifar and Dr. Wuest played a role in supervising,
editing, and correcting the manuscript. The Canadian Council on Animal Care (CCAC) guidelines
were followed for all animal experiments, which were also approved by the Cross Cancer Institute

local animal care committee (AC 21256).

Chapter five will be submitted for publication as Sarrami, N., Honary, S., Vakili, M.R.,
Lavasanifar, A. Development of methods for long-term storage of poly(ethylene glycol)-
poly(a-benzyl carboxylate-e-caprolactone) nanoparticles: The effect of cryoprotectant and
storage conditions on nanoparticle aggregation. In this project, preliminary experiments on the
effect of sugars as cryoprotectants for freeze-thawing and freeze-drying PEO-PBCL nanoparticles,
were conducted by Dr. Honary with the help of Dr. Vakili conducted. All the other experiments

were done by me. Dr. Lavasanifar supervised, edited and corrected the manuscript.
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Chapter 1

Introduction



1.1. Theranostics: A general overview

Radiopharmaceuticals are a group of biologically active compounds that have been labeled with
radioisotopes. The purpose of the radioisotope can be to provide a probe for imaging and diagnosis
of the disease or its treatment(1). The radioisotope used in radiopharmaceuticals for diagnostic
purposes should emit rays that could be detected by gamma or positron devices such as single

photon emission computed tomography (SPECT) and PET imaging, respectively. For therapeutical

purposes,

radiopharmaceuticals be toxic to the target site (2). Some commonly used radioisotopes for

the radiolabeled element

diagnostic and therapeutical purposes are mentioned in Table 1.1.

should emit high energy radiation so that the

Table 1.1.Examples of different radioisotopes used for imaging and therapy

Radioisotope Half-life B—MeV (%) | p+MeV | EC Y MeV Use Reference
(minutes) (%) (%) (%)
Carbon-11 20.3 - 0.968 - - (3-6)
(100%) PET imaging
Fluorine-18 110 - 0.635 3 -
(97%)
Copper-64 762 0.573 (38.4) 0.655 43.8 0.511
(17.8%) (35.6)
Technetium- 360 - - - 0.140 (7-12)
99m (100) SPECT
Indium-111 4032 - - 100 | 0.173 (89) imaging
Lead-203 3114 - - 100 | 0.279 (81)
Lutetium-177 9648 0.497 (78.6) - - 0.113 (6.6) (13-22)
0.384 (9.1) 0.208(11) radiotherapy
0.176 (12.2)
Lead-212 638.4 0.57 (100) - - -
Iodine-131 11520 0.606 (89.6) - - -
0.334 (7.23)
0.807 (0.39)
Yttrium-90 3840 2.28 (100) - - -
Copper-67 3715.2 0.141 (100) - - 184.5
(48.7)



Radiopharmaceuticals usually contain biologically active components, such as a monoclonal
antibody (mAb), a peptide, or a small molecule that covalently conjugates radioisotopes directly
or a chelators that can host radioisotopes. The choice of the biologically active components of
radiopharmaceuticals is usually made based on the cells and/or organelles of interest for treatment

or diagnosis purposes (11, 12).

The radiolabeling of peptides requires a different approach from radiolabeling mAb due to their
difference in the radiolabeling process, for example, the reaction conditions that peptides can
endure are rough such as non-aqueous solvents, temperature above 40°C or pH that is significantly
different from biological pH. However, these conditions can affect the protein structure causing
the protein to lose its biological activity. Therefore, the most performed condition for protein (e.g.,

mADb) reactions is mild and aqueous (25).

Compared to peptides, mAbs show higher affinity for the target protein. They are also larger in
size, which can limit their permeation inside the cells by non-active mechanisms of cell transport.
Due to their larger molecular weight, they cannot pass the glomeruli filtration by kidneys and
usually show long half-lives. mAbs are also prone to aggregation upon storage during their shelf
life. Nevertheless, for decades mAbs have been in use for diagnosis and treatment of different

diseases particularly cancer (24,26).

The term theranostic refers to a compound that has both diagnostic and therapeutical features (27).
In nuclear medicine, theranostics refers to the same compound being labeled with diagnostic and
therapeutic radioisotopes such as labeling prostate-specific membrane antigen-617 (PSMA-617)
with gallium-68 (®3Ga) and lutetium-177("’Lu) for imaging and treatment, respectively (28). In

an alternative approach the same radiolabeled compound can be used at different doses for imaging
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and treatment such as the '3'I which is used for imaging thyroid tissue and its disorders which is
used in higher doses for treating thyroid cancer (29,30). The aim of using theranostics is to have
an opportunity for real-time monitoring of treatment efficiency by imaging changes in the
expression of certain biomarkers in the disease sites. Theranostics can also be used to track the fate
of drugs in the biological system ensuring delivery of medication at the right location and time in

patients (31,32).

The goal in nuclear medicine is to maximize the concentration of radiopharmaceuticals in the
specific tissue being targeted while minimizing the concentration in healthy non-target tissues.
This ensures that the treatment or diagnostic procedure is effective and specific for the diseased
site. Targeting of radiopharmaceuticals to the disease site minimizes their potential side effects on
healthy tissues at the same time (33). The biologically active component of radiopharmaceuticals
composed of mAbs, peptides or small molecules targeting specific receptors on the diseased cells
can provide an efficient tool for selective delivery of these agents. To further advance the tissue
targeting capabilities of theranostics and at the same time make them amendable for delivery of

high drug payloads as well as effective drug cocktails, nanotheranostics were developed (34).

Nanotechnology based products have been used to diagnose, treat, or prevent diseases at cellular
and subcellular levels (34). Particles in the nanometer size range 10-100 nm termed nanoparticles
(NPs) cannot be easily eliminated through kidneys because of their size being above kidney
filtration threshold. They show a high surface-to-volume ratio, providing opportunities for better
interaction with cells of interest at their surface, as well as capacity to attach multiple targeting
ligands on one NP. If engineered properly for their size and surface properties, they can accumulate

into organs harboring leaky and/or angiogenic vasculature, as well (35).



Nanotheranostics, can be developed from different materials at nanometer size range; including
lipid based, polymer based or inorganic NPs (36). Nanotheranostics, can take advantage of unique

features of nanotechnology, imaging probes, and therapeutical agents together (37).

1.2. Antibody as imaging and therapeutic entities

Antibodies (Abs) are Y shaped glycoprotein structures from the immunoglobulin (Ig) family that
can recognize and neutralize foreign antigens and lead to an immune response. Each Ab is
comprised of two heavy and light chains. Furthermore, the portion of the Ab that attaches to
antigens is named fragment antigen-binding (Fab) and the base of the antibody which interacts
with the other immune systems member, is named fragment crystallizable (Fc) (38) . There’re five
different types of Ig in humans: IgM, IgG, IgA, IgE and IgD (39) with the IgG subtype being the

most approved antibody for use in clinic (40).

Upon the discovery of antibodies, Sir Gustav Nossal proved that each B cell clone produces a
unique type of Ab that targets a specific segment of the antigens and were named monoclonal Ab
(mAb) (38). Then after, mAb have found their way for treatment of different diseases such as

cancer, autoimmunity and chronic inflammatory diseases (40).

Initially the developed mAb had murine origins which led to immunogenic responses in humans
and limited their use in the clinic (38). However, advancements in mAb productions resulted in
production of humanized mAb leading to approval of more than 100 Ab-based treatments for use

in the clinic nowadays (38,40).

The use of mAb for cancer treatment has seen substantial progress, making it one of the leading

therapies for cancer (26,29). mAb against tumor biomarkers has been utilized for precise diagnosis
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and treatment of cancers (42). The most common biomarkers targeted in cancers by mAbs are:
growth factor receptors such as epidermal growth factor receptor (EGFR) and human epidermal
growth factor receptor 2 (HER2), B cell markers CD19 and 20, immune check point inhibitors
such as programmed cell death protein 1 (PD-1) and vascular endothelial growth factor (VEGF)

which is an angiogenic growth factor (40).

mAbs have the ability to eliminate cancer in multiple ways (38). One mechanism is by inhibiting
certain functions, like blocking the dimerization of receptors such as epidermal growth factor
receptor (EGFR) (43,44). Additionally, mAbs can play a role in immune-mediated cell destruction
like antibody-dependent cell-mediated phagocytosis. mAb can also interact with secreted growth
factors and interfere with their function, for instance mAbs that inhibit tumor vascularization can

attach to vascular endothelial growth factor (43).

Various subtypes of [gG mAD can be utilized based on their intended purpose. IgG is categorized
into four subtypes - IgG1, IgG2, 1gG3, and IgG4 - based on their Fc region, which affects their
binding affinity to Fcy receptors on immune cells (45,46). IgG1 has the highest binding affinity,
followed by 1gG3, IgG2, and IgG4. Therefore, for immune-mediated cell destruction aims IgG1
and for antigen targeting aims IgG2 and IgG4 subtypes are good candidates (46). Table 1.2.

compares IgG four subtypes (47,48).



Table 1.2. Comparison of different IgG subtypes. In the presented structures, blue represents antibodies heavy chain and

purple represents light chains. Red arrow indicating the the Fc and green arrow indicating the Fab segment of Ab.

-se s U W

IgG1 IgG2 IgG3 IgG4
Molecular weight (KDa) 146 146 170 146
Disulfide bonds within 2 4 11" 2
heavy chains
Amino acids in hinged 15 12 62" 12
reign
Half-life (Days) 21 21 7/~21" 21

* Depends on the antibodies allotvpe

Chemotherapeutics can covalently be attached to mAb making antibody dug conjugates (ADC)s
for precise drug delivery to cancer cells. Since mAb have high specificity toward target

recognition, a decrease in the side effects and an increase in drug activity is resulted from the use

of ADCs (49).

Other than chemotherapy drugs, radioisotopes could be attached to mAb. Depending on the type
of radioisotope attached; the developed radioimmunoconjugate could be used for diagnosis and
therapeutical purposes for example 89-zirconium labeled panitumumab and '3!-iodine labeled 3F8
are in clinical trials for diagnosis of colorectal cancer and treatment of brain tumors respectively

(50).



1.2.1. EGFR and Anti-EGFR monoclonal antibodies

EGFR is trans-membrane receptor from the ErbB family of receptor tyrosine kinases (51) over-
expressed in many solid tumors, such as head and neck squamous cell carcinoma (HNSCC) with
90-95% and non-small cell lung cancer (NSCLC) with 50-90% of cases overexpressing EGFR
(52,53). Furthermore, several studies indicated that the expression of EGFR to have a negative
association with survival of patients with solid tumors (54). These factors make EGFR a good
target for solid tumors. Among EGFR " solid tumors, HNSCC shows the highest EGFR expression
(53). The overall prevalence of lung cancer and relatively high expression of EGFR in these
patients makes this cancer type another good candidate for investigations concerning EGFR
targeting (55-57). Anti-EGFR mAbs attach to the extracellular part of the EGFR and block the

activation of downstream cascade associated with EGFR. (58).

Currently all anti-EGFR approved mAbs are IgG isotype (59). Cetuximab and panitumumab are
examples of anti-EGFR Abs approved by US Food and Drug Administration (FDA) for the
treatment of HNSCC and metastatic colorectal cancer (CRC) respectively (60). However,
resistance to anti-EGFR Ab has been reported in clinic due to multiple reasons such as reduction
in Ab-receptor interaction, activation of alternative pathways for activating tyrosine kinase, and
constant activation of downstream cascades (58). Yet, this does not mean that anti-EGFR Abs
cannot be used as targeting agents, as a matter of fact, they can be used for targeted delivery of

chemotherapies and radionuclides (61).

Panitumumab is an IgG mAb against EGFR and the first member of anti-EGFR Ab family that is

fully humanized. There is no reports on the development of Abs against panitumumab (62,63).



Furthermore, less hypersensitivity from panitumumab has been reported in comparison to other

members of the anti-EGFR Ab family including cetuximab (63).

In the literature there has been many reports on radiolabelling panitumumab for targeting EGFR*
tumors with different isotopes such as labeling with °Zr for use as an immune-PET probe (64),
Mn for use as an immune-SPECT probe (65) , 2!?Pb as an therapeutic agent (66) and labeling

with "'In and '”’Lu as a theranostic (67).

1.3. Nanoparticles

NPs are defined as particles with 10-1000 nm range size. These particles can be used to encapsulate
different drugs for improving their water solubilized levels, modifying drugs’ pharmacokinetic and
pharmacodynamic properties, increasing drugs circulation half-life and delivering the drug to the
site of interest (68). NPs ranging from 10-100 nm in size have potential applications in cancer
therapy as they can enhance drug accumulation in solid tumors by the enhanced retention and

permeation effect (EPR) (69).

1.3.1. Passive and active targeting of NPs in cancer

The abnormal blood vessel permeability and impaired lymphatic drainage in cancerous tumors
offer a window to transport and retain particles larger than the pores of the tumor's blood vessels
(70). The phenomenon known as EPR allows NPs to passively target cancer cells (19,20). This
method of targeting known as passive targeting can deliver NPs to the tumor site but it can not
selectively deliver the NPs to the cancer cells (71). Furthermore, this targeting method does not

have an impact on NP uptake or bypassing multidrug resistance by cancer cells. Another level of



targeting can be achieved through modification of NPs with ligands that interact with

overexpressed receptors on cancer cells. This is known as active targeting (71,72) (Figure 1.1.).

Active targeting enhances tumor specificity, and binding affinity and decreases the required drug
amount for therapeutical effect (73,74). Different ligands such as peptides and nucleic acids that
bind to the overexpressed receptors on cancer cells could be considered as targeting agents(75).
Among different targeting ligands, antibodies have proven to be highly selective and possess a
strong binding affinity towards their target receptors. This is primarily because of antibodies
having two epitopes per molecule, making them an excellent choice for targeting agents. Large
size of antibodies, however, may be considered as a roadblock as far as modification of NPs with
such targeting ligands is concerned. This may limit the efficiency of NP modification with the
targeting ligand due to steric hindrance caused by larger size of antibodies compared to peptides.
Besides, the larger size and hydrophobicity of antibodies may mark the NPs for uptake by the
mononuclear phagocytic cells, in vivo, leading to a reduction in targeting ability of NPs. The need
for the use of aqueous media during the conjugation process is another limiting factor when

antibodies are compared to peptides.
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Figure 1.1. Passive and active targeting of nanoparticles in tumors Vs normal tissue

1.4. Development of Antibody Modified Nanoparticles

In general, the Ab binding strategies to NPs can be divided into three major groups: physical
adsorption, covalent bond formation, and employment of adaptor molecules (76,77). Each
strategy has its advantages and disadvantages depending on the features of each component and
their final application. For instance there is a high chance of antibody release from the surface of
NP when attached via physical adsorption although Ab modification is not required via this
method (78,79). Nevertheless, it is crucial that the binding method does not alter the structure,
conformation, and orientation of the antibody (80). The binding methods are described in more

detail below (77). Figure 1.2. provides a general scheme of attachment methods and Table 1.3.
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provides examples for each described method:

Nanoparticle

Physical Adsorption Covalent Bond

Adaptor Molecules

7\

Figure 1.2. General scheme of attachment methods of mAb to NPs

1.4.1. Physical Adsorption of Ab to NPs

This method of NP modification is simple with no requirement for chemical modification on either
Ab or the NPs’ surface. Ab and NPs are mixed together, resulting in the formation of van der Waals
and/or hydrogen bonds, hydrophobic and/or electrostatic attractions (79). In this method, there’s
no control over the orientation of the Ab on the surface of the NP and there is no guarantee that the

Ab stays with NPs, in vivo (81).
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1.4.2. Covalent bond formation

The attachment of the Ab to the surface of NPs via covalent bonds produces a more stable
conjugation of Ab to the NPs (80). However, in this method modification of the NP with functional
groups prior to the conjugation is required (80,82). Also, depending on the type of the reaction,

chemical modifications of the Ab may be needed (80).

1.4.2.1. Amide bond formation

The Ab can be conjugated to the NPs surface by utilizing the high density of primary amines that
can react with different functional groups on the NPs surface. In a typical reaction, NPs with
carboxyl groups on their surface can be activated via 1-ethyl-3-(-3-dimethylaminopropyl)

carbodiimide and form an amide bond with Ab (77,80).

1.4.2.2. Disulfide /maleimide-thiol bond formation

The free or generated sulthydryl on Ab has the ability to create a disulfide bond with thiol modified
NPs or interact with thiol-reactive functional groups such as maleimide, iodoacetyl, and 2-pyridyl
disulfide on the NPs (83,84). However, if the disulfide bonds present in the Abs’ hinge segment
are cleaved by reducing compounds such as 2-mercaptoethanol, to form free sulthydryl groups,
Abs will get fragmented as the presence of disulfide bond is essential for the tertiary structure and
function of antibodies (77). It is worth noting that the reaction condition for the maleimides to
react with thiol is pH 6.5-7.5, in which amines are protonated and unwanted side reactions will not

occur (85).

1.4.2.3. Bond formation via sugar moieties

Oxidation of polysaccharides present in the Fc region of antibodies can be utilized to selectively

attach Abs to NPs through the Fc section of the Ab and preserve their Fab regions. Compounds
13



such as boronic acid derivatives can oxidize sugar moieties. Although this strategy resolves many
issues of amide or disulfide conjugation methods, several steps are needed for conjugation also

attachment to nanoparticles is random across the Fc segment of the Abs (77).

1.4.2.4. Click chemistry

The conjugation via click chemistry is the most reliable method with a high conjugation outcome
which can occur under mild aqueous reaction conditions (86,87). Click chemistry conjugation can
occur alongside other conjugation methods simultaneously. Modifying proteins with click-reactive
groups is essential for click chemistry, such as modifying the Ab with azide and the NPs with

alkyne groups (87).

1.4.3. Conjugation via adaptor molecules

An alternative conjugation method is to use a non-covalent approach which is strong yet reversible
(88). One of the most common examples of this conjugation approach is the attachment of
biotinylated Ab to NPs modified with structures that can rapidly bind to biotin with high specificity
such as tetramers namely avidin, streptavidin, and NeutrAvidin with avidin being the most used

compound in bio and nanotechnology field (89,90).

These conjugations are stable at a variety of conditions such as temperature and pH. The efficiency

of this method is reliable on the amount of biotinylated Abs (88).

In this conjugation method, adaptor proteins can be conjugated to the Fc region of Abs while
leaving the Fab part of Ab untouched and providing control over the orientation of the Ab (88).
Moreover, in this method of conjugation, Abs can be substituted with each other. In addition, the

orientation of Abs can be controlled via this method of conjugation (77).
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Other than biotin and avidin binding, the NPs and Abs can be decorated via nucleic acids, both Ab
and NPs are required to be modified with single-strand nucleic acids that are complementary to

each other. As this method relies on base-pairing chemistry, the specificity of this strategy is high

91).

Another method of conjugation that needs to be considered is the conjugation of Ab to NPs via
enzymes. Enzyme activity enables more specific conjugation compared to covalent bond
formation in milder conditions. However, due to the multiple-step preparation, the outcome of the

procedure could be inefficient (77).
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Table 1.3. Example Ab modified NPs prepared by different methods of antibody conjugation
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STRATEGY METHOD

Physical

Adsorption

Covalent Bond Formation

Change

Amide bond formation

Disulfide functional groups

Sugar moieties

Click

chemistry

of pH

NANOCARRIER

Gold nanoparticles

Mesoporous silica
nanoparticle

Fe304-based

PLGA nanoparticles

Iron nanoparticles

Silica nanoparticles

Magnetic nanoparticle

Mixed micelles of PEO-
PCL or PEO-PBCL with

RTX- PEG-DSPE

Gold nanoparticles

Fluorescent silica
nanoparticles

MSNP

PBCA nanoparticles

Gold

Liposomes

Magnetic nanoparticles

Silver nanoparticles

Quantum dots

ANTIBODY

Goat polyclonal IgG

Anti-HER 2 scFv

Anti-CD206

polyclonal antibody
1gG B. abortus

Goat anti-
mouse/rabbit [gG

Rituximab

Anti-PD-L1

Goat anti-human
IgG

Cetuximab

Cetuximab and
Nimotuzumab

R17217

Anti-serum amyloid
P

1gG of Anti-NT-
proBNP

Anti-human EGFR
mAb
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THE OBJECTIVE OF THE
STUDY

Development of an improved method
for preparing Ab-Au NPs by physical
adsorption method

Preparation of pH/temperature-
responsive and HER2 targeting
delivery system

Prepare NPs that target M2
macrophages and convert them to
M1 phenotype

Design of immuno-nano-biosensor
with high sensitivity to detect
B.abortus

Synthesis and determination of
magnetic NPs for biomedical
applications

Development of mixed polymeric
micelles modified with rituximab for
targeting B-cell lymphoma cells.

chemo-photothermal targeting
therapy for CRC treatment by the
development of DOX and anti-PD-
L1 conjugated gold NP

Development of Polycarboxylated
dextran, multivalent linker, for
attachment of Ab to NPs

Development of targeted therapeutics
to enhance radiation sensitivity

Development of polymeric micelle
targeted with mAb for glioblastoma
treatment

Impact of TfR Ab density on the
uptake and transport of nanoparticles
into the brain

Development of optimal oriented Ab

assessment of heterobifunctional
cross-linker on Ab orientation and
activity

Conjugation of antibodies to
Quantum dots using copper-free
click chemistry

REF.

92)

93)

94

95)

(96)

o7

(98)

99)

(100)

(101)

(102)

(103)

(104)

(105)



Conjugation via

adaptor molecules

Biotin binding

Fc binding proteins

Nucleic acid hybridization

protein

Superparamagnetic iron
oxide

Gelatin nanoparticles

Self-assembled hexameric
protein barrel

Quantum dots

Lipid modified

Quantum dots

Spherical Nucleic acid
(SNA)

with gold core

Anti-CD 20
(RTX)

Anti-CD3

Rabbit IgG

Anti-HER2
(Herceptin)

Anti claudin-4,Anti-
mesothelin, Anti-
cadherin-11

Anti-mucin-4

HER2
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Comparison of click chemistry and
carbodiimide Ab conjugates

Targeting CD3 positive T-cells by
modifying the surface of gelatin
nanoparticles

Delivering enough functional
antibody to the cytosol

Preparation of antibody-conjugated
quantum dots with facile strategy

Development of a method to
conjugate Ab to lipid-coated NPs
using Fc-gamma receptor 1

Synthesis of novel SNA-nucleic
acid-antibody conjugate

(106)

(107)
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1.5. Methods for the development of radiolabeled Ab-NP

The choice of an appropriate radionuclide for radiolabeling a system requires consideration of
factors such as linear energy transfer (LET), half-life, and the affected area by the radioisotope
(111). Among the radiation emitters, a particles have the highest LET, followed by auger electrons
then P particles (112). The range affected by auger electrons is about 10 pm (113); also, the range
for a particles is 50-100 um (114). The high energy of a particles and short range make them well-
suited for targeting micrometastasis and malignancies in the blood and bone as their short range
will not effect the surrounding cells. On the other hand, B particles, with a range of 2-10 mm (112),
are well-suited for targeting larger tumors due to their impact on multicellular dimensions.
Radionuclides that emit y rays other than the mentioned rays could be used for theranostic purposes

as the y rays could be detected via SPECT imaging such as *'T (115,116).

Radiolabeling of NPs that are modified with a protein or peptide as their targeting ligand can follow
to different pathways: 1. Radiolabeling the NPs 2. Radiolabeling the protein or peptide on the

NPs.

1.4.4. Radiolabeling Ab-NP by labeling NPs

Different delivery systems such as polymeric micelles and liposomes loaded with different cargos
have been radiolabelled for in vivo tracking using different methods such as directly attaching the
radiometal to NPs structure, or while preparing the NPs such as liposome development, the lipid
film can be hydrated with radionuclides added to aqueous solution or by using chelators to trap the
radionuclides (117-119). Yang et al. (120) designed theranostic micelles labeled with '%°I acting
as an imaging moiety as well as an oncolytic due to their photothermal activity. In this study, to

poly(ethylene glycol)—poly(I-tyrosine) an amphiphilic diblock polymer indocyanine green (ICG)
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was added and after that '?°I to the polymers followed by preparation of polymeric NPs from dye
and radiolabelled polymers. In this study, since ICG can convert to absorbed optical energy to heat,
the developed NPs had photothermal and photoacoustic properties. Furthermore, since the NPs

were labeled with '%°1, they were detected via SPECT imaging.

NPs can be radiolabeled by adding chelators to NPs, encapsulating the radioisotope in the NPs or
in the case of liposomes, incorporating it into the phospholipid bilayer (119). The choice of
radiolabeling method is dictated by NP and radionuclide properties (121). For instance
Lamichhane et al. (122) reported on radiolabeling of liposome and the encapsulated drug both.
The liposomes were labeled by !'''In complexation with diethylenetriamine pentaacetic acid
(DTPA) which was then detected by SPECT imaging and the drug cargo, a derivative of
carboplatin, was labeled with *F which was detected via PET. This system allowed the
investigators to track the biodistribution of liposome/drug complex in vivo with exquisite detail

(122,123)

By considering the type of delivery system such as gold, silica, and magnetic NPs, the
radionuclide conjugation method can be chosen. For example, Glaus et al. (124) iron oxide NPs
were labeled with ®*Cu through the attachment of 1,4,7,10-tetraazacyclo-dodecane-1,4,7,10-
tetraacetic acid (DOTA) chelator to the PEGylated phospholipids which were covering the iron
oxide core leading to the development of a dual imaging probe. Another example is liposomes,
due to their hydrophilic core, radioisotopes such as *™Tc and '''In have been encapsulated to

develop imaging probes (125).
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1.4.5. Radiolabeling Ab-NP by labeling antibodies

The attachment of radiolabeled Ab to NP can be used for 2 different approaches: 1. Simultaneous
radiolabeling and active targeting of the NPs (126). 2. Providing means for delivering radiolabeled
Ab to the tissue of interest. There are several advantages to this method; first the NPs presumably
provide a more efficient delivery method throughout the circulation and into the tissues, second,
multiple antibodies can be attached to each nanoparticle, and third, the entire structure is less likely
to be degraded by proteases leading to an increase in Ab half-life in vivo (127) For example, in a
study cetuximab was initially labeled with ¥Zr via complexation with desferal followed by
attachment to AuNPs. This study assessed the difference in the biodistribution of ¥Zr labeled
cetuximab alone and attached to AuNPs which indicated that attaching 3°Zr labeled cetuximab to
AuNPs will not alter the EGFR recognition properties and tumor accumulation of ¥Zr labeled

cetuximab (128).

In another study, silver NPs (AgNPs) were decorated with '*'I labeled isatuximab, which is an
anti-CD38 mAb used for treatment of multiple myeloma. In this study, isatuximab was
radiolabeled with '*'T via Chloramine-T method and for preparing radiolabeled AgNPs, isatuximab
was initially added to the NPs then radiolabled with the same method. The results indicated that
31T labeled isatuximab AgNPS show higher toxicity, apoptotic effect than '*'I labeled isatuximab

(129).

1.5. Application of radiolabeled antibody-modified NPs in cancer diagnosis and/or therapy

One of the commonly used radioisotopes in nuclear medicine is !''In. This radionuclide has a half-
life of 2.8 days and emits y rays which cause less damage to normal tissues in comparison to a f3

emitter such as '3 Re. Cheng et al. (130) conjugated !!'In to their delivery system and developed a
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polymeric nano delivery system that targeted glucose-regulated protein 78 (GRP78) which is
overexpressed in gastric cancer. The NPs were composed of poly(ethylene glycol)—poly(e-
caprolactone) polymeric micelles, (diethylenetriamine pentaacetate) DTPA-!''In complex, and
GRP78 binding peptide. In vivo study of nude mice bearing MKN45 tumors showed that '''In

labeled GRP78BP NPs accumulated two-fold higher in tumors in comparison to ''In labeled NPs.

The decay half-life of '''In makes it a suitable candidate for SPECT imaging of long-circulating
delivery systems such as the study done by Makhlouf et al. (131). In this study, DOTA was used
as the chelator since it could be attached to both !'In (y ray emitter) and ** Ac (a particle emitter).
In vitro cell uptake results showed '''In-Fab-DOTA-NPs were internalized by the RPMI-7951
melanoma cells more significantly than the "'In-DOTA-NPs. However, in mice bearing G361
melanoma tumor, 'In-DOTA-NPs were internalized by the tumor significantly more than ''In-
Fab-DOTA-NPs as shown by SPECT/CT imaging which could be a result of high spleen uptake

of actively targeted NPs.

NPs were developed by Werner et al. (132) using poly(D,L-lactide-co-glycolide)-lecithin-PEG,
which were targeted against folate receptors by adding folate onto the NPs. These NPs were then
loaded with paclitaxel and radiolabeled using yttrium-90 (°°Y). Their in vitro assessments on
OVCAR-3, SW626 and SKOV-3cell lines indicated that actively targeted radio chemotherapy NPs
are the most effective NPs in comparison to actively targeted NP that have either paclitaxel or *°Y
or any of non-targeted NPs. /n vivo outcomes on murine-bearing SKOV-3 tumors agents were in

line with in vitro results that indicated folate-targeted NPs had more effect than non-targeted NPs.

Another therapy combination that has been studied is a combination of photothermal therapy with

internal radiotherapy (133,134). For example, polypyrrole (PPy) nanoparticles were actively
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targeted against transferrin receptors by using transferrin. In this development, transferrin not only
acts as the targeting agent but also helps to stabilize the PPy NPs. By radiolabeling transferrin with
1311, the developed system had the capability for simultaneous photothermal and radio therapy due
to presence of PPy and '*'I. This delivery system showed significant higher internalized by
U87MG and accumulation in the U87MG tumor of tumor-bearing nude mice three fold more than

PPy nanoparticles which were not actively targeted (135).

Gold NPs have been an attractive nanodelivery system due to their versatile size, the capability of
delivering small drug molecules, and lack of toxicity and this delivery system has been used to
target EGFR in breast cancer cells (136). This design uses DTPA as a chelator whereby EGF is
radiolabeled with '''In and then attached to the surface of Au NPs. The size of these particles was
14 nm and about 78 EGF molecules were attached to each particle. These nanoparticles were
internalized by MDA-MB-468 (high expression of EGFR) cells more than by MCF-7 cells that do
not express EGFR. Both cell lines incorporated very small amount of "'InCls. A colony forming
cell assay demonstrated that these EGF-Au NPs were toxic to MDA-MB-468 cells. The therapeutic

efficiency of the nanoparticles was improved greatly when they were radiolabeled (136).

Furthermore, radiolabeled and actively targeted NPs can be loaded with compounds that make up
for tumor mutations such as the p53 oncogene. By this delivery, cancers such as anaplastic thyroid
carcinoma (ATC) may become sensitive to radiation. Huang et al. (137) worked on a compound
namely Prima-1 that restores p-53 mutation. They initially confirmed that CD44 receptor is over-
expressed in samples from ATC patients then prepared NPs using a tyrosine—hyaluronic acid-
polyethyleneimine conjugate and Prima-1 was loaded through the self assembly of NPs.

Hyaluronic acid served as the CD44 targeting agent and tyrosine was added so that it could attach
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to '3'I and radiolabel the NPs. In vitro and in vivo experiments indicated that actively targeted
NPs loaded with prime-1 and radiolabeled with '3'I can result in cytotoxicity in CD44 * ATC with

p53 mutation.

1.6. Rationale, hypothesis, and objectives

1.6.1. Rationale

Cancer remains a major public health problem worldwide, and unfortunately, it still ranks among
the top causes of death from diseases (138,139). The estimation suggests that 1 out of 5 individuals,
either male or female, will experience a cancer diagnosis in their lifetime, resulting in 1 in 12
women and 1 in 9 men losing their lives to the illness (139). Moreover, estimates suggest that there
will be more than 28 million cancer cases by 2040 and approximately 35 million cases by 2050
(139,140). These findings led to attempts to diagnose and treat cancer at early stages of the disease,
aiming to improve survival rates and reduce invasiveness, side effects, and costs since current
limitations in cancer diagnosis and treatment is the reason for the deaths caused (31,140). To
improve cancer management, development and application of theronostics are suggested.
Theranostics can track the fate of treatment in real time in patients, be used to monitor treatment
effectiveness using less invasive options compared to biopsy, reduce time to first diagnosis and

help in choosing the best treatment option for cancer patients towards a personalized treatment

(31).

Nanocarriers have the potential to encapsulate poorly soluble drugs effetely and direct them
towards solid tumors by passive targeting. This is shown to lead to lowered side effects and

increased therapeutic activity for several anticancer agents.
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Among different materials that NPs have been prepared from, polymeric NPs are one of the most
studied organic NPs as their flexibility in design allows for customization based on the desired
function (141). Moreover, polymeric NPs are simple to develop and can be made biocompatible

which makes them a good candidate for cancer therapy (142).

Nanoparticles based on poly(ethylene oxide)-poly(e-benzylcarboxylate-g-caprolactone) (PEO-
PBCL) have been under investigation for the delivery of different anticancer agents by our research
groups in the past decade (97,143,144). This includes delivery of an inhibitor of DNA repair,
known as A83B4C63, by PEO-PBCL NPs. The NP formulation of this drug was shown to enhance
the sensitivity of CRC tumor xenografts to radiation therapy. This contrasted with free A83B4C63
which was proved to be ineffective. The superior activity of NP formulation of A83B4C63 as a

radio-sensitizer was attributed to enhanced accumulation of drug by its NPs in tumor tissue (145).

To further enhance the activity and targeting ability of PEO-PBCL NP formulations of A83B4C63,
we have recently reported on the modification of PEO-PBCL NPs with EGFR targeting peptide,
GE11. (146). Our data, using fluorescent as well as PET imaging showed a modest advantage for
GEIll in increasing the homing of PEO-PBCL NPs in subcutaneous CRC models, but no
correlation was found between GE modification and homing of PEO-PBCL NPs in metastatic

tumor lesions.

1.6.2. Objective

The long-term objective of this research was to develop new theranostics for detection and therapy
of EGFR positive solid tumors. Towards this goal we first pursued radiolabeling of a clinically
approve mAb against EGFR and validated their activity in imaging of cancer lesions in different

models of EGFR" NSCLC and HNC. Moreover, to combine the advantages of PET imaging in
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tracing the fate of cancer treatment, the capacity of NPs in delivery of a high payload of anticancer
drugs (e.g., A83B4C63) and that of EGFR antibodies in targeting EGFR positive tumors, we
developed PET traceable plain and panitumumab modified NPs. The potential of developed

systems in tracking the fate of NPs in an animal model of NSCLC was then assessed.

1.6.3. Hypothesis

The hypothesis of this research was that PET and SPECT traceable EGFR mAbs can image EGFR
positive tumors in primary and metastatic site, in real time. Our second hypothesis was that PET
traceable plain and mAb modified NPs can be developed and used to track the fate of NPs in real

time, in tumor bearing animal models.

1.6.4. Specific objectives

1. To develop a metastatic EGFR+ non-small cell lung cancer animal models and assess the
potential of ®¥Cu labeled panitumumab on detecting metastatic tumors as well as studying the

biodistribution of %*Cu labeled panitumumab in metastatic animal model.

2. To develop 2*°Pb labeled panitumumab and assessing its potential on detecting EGFR+ head
and neck cancer animal models up to 120h after injection of immune-SPECT probe. Also, to study

the biodistribution of 2%*Pb labeled panitumumab in these animal models

3. to prepare positron emission tomography (PET) traceable panitumumab modified nanoparticles

and assess their capability in recognition of EGFR overexpressing cancer cells, in vitro and in vivo

4. To assess different storage conditions for PEO-PBCL NPs with the use of different

cryoprotectants
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Chapter 2

Immuno-PET imaging of EGFR with **Cu-NOTA Panitumumab in

subcutaneous and metastatic non-small cell lung cancer xenografts

A version of this chapter has been submitted for publication
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2.1. Introduction

Lung cancer is the leading cause of cancer deaths worldwide, with a 5-year survival rate of ~15%.
Around 50% of diagnosed cases are at the metastatic stage (1,2). In the USA alone, it is estimated
that in 2024, lung cancer will cause the death of about 340 people per day, which is 2.5 times
higher than deaths caused by the second most common cancer, colorectal cancer (3). About 87%
of lung cancer cases are non-small cell lung cancer (NSCLC). For this phenotype, 40% of all cases
are at the metastatic stage when first diagnosed (4). Advanced NSCLC has a poor prognosis with
average survival rates of only 8-10 months (2). NSCLC metastases are primarily detected in the
brain, bone, liver, and adrenal glands (1). Survival rates of lung cancer patients with liver and bone
metastasis are worse compared to the ones with only nervous system metastasis (5). Patients with
liver metastasis have the lowest overall median survival of 3-4 months (6). Poor prognosis and

high incidences highlight the importance of early detection and precision treatment of metastatic

NSCLC (7).

Epidermal growth factor receptor (EGFR) was the first identified oncogenic target in NSCLC,
which is overexpressed in 40-89% of all NSCLC cases, depending on the patient cohort (8,9).
Elevated protein expression of EGFR in NSCLC is associated with cancer metastasis, proliferation
and apoptosis suppression, playing a significant role in cancer relapse following therapy and poor

patient outcome (10-12).

For imaging and diagnosis of NSCLC, computed tomography (CT) was initially used. However,

CT was not adequate to detect all cancer lesions in patients, especially at the advanced and
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metastatic disease stage. In contrast to CT, positron emission tomography (PET) allows for
functional imaging of NSCLC, leading to more accurate diagnosis and staging (13). PET
radioligand 2-deoxy-2-[ 18F]fluoro-D-glucose (18F-FDG), a radiolabeled analogue of glucose, is
frequently used for the detection of NSCLC lesions in patients (14,15). However, 18F-FDG also
shows false-positive signals at inflammation and infection sites due to the high uptake of 18F-FDG
by immune cells, including neutrophils, lymphocytes, and activated macrophages (14,16,17).
Another radioligand clinically used for PET/CT imaging of NSCLC is 3’-deoxy-3’-18F-
fluorothymidine ('®F-FLT), measuring cell proliferation independent of metabolic changes and

inflammatory processes (20).

An alternative for PET imaging of NSCLC is immuno-PET with radiolabelled immunoconjugates.
Radiolabelled immunoconjugates display high specificity and can provide opportunities for patient
selection for targeted treatments by mapping the target protein expression in tumour cells in vivo
(19). EGFR is involved in cell signalling pathways that control cell division and survival. Aberrant
cell division is a typical cancer hallmark, and the reported high expression of EGFR in NSCLC
lesions (12,13) makes EGFR a suitable NSCLC imaging biomarker for non-invasive diagnosis and

drug target for targeted therapy.

Panitumumab is a recombinant, fully human monoclonal antibody that binds with high affinity to
the extracellular portion of EGFR, preventing dimerization and, therefore, activation of the
receptor associated with cell migration, adhesion, and proliferation. The U.S. Food and Drug
Administration (FDA) approved panitumumab (Vectibix) for treating patients with EGFR-
expressing, metastatic colorectal carcinoma (20). Panitumumab has a pharmacological half-life of

7.5 days (21), making it a suitable candidate for developing radiotheranostics for immuno-PET
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detection and targeted therapy of NSCLC (22—24). Interest in radiotheranostics, compounds that
can simultaneously diagnose and treat cancer using pairs of radioisotopes, has significantly
increased over recent years (25,26). Matched radioisotope pairs like **Cu/*’Cu are suitable for PET

imaging (**Cu) and targeted beta-radiotherapy (°’Cu) (27). Paired with targeted ligands like

panitumumab, radioisotopes from the same element do not change the radioligand's chemical
properties and biodistribution profile, enabling accurate detection of a disease biomarker and
targeted cancer treatment, including metastases (147). In addition, decorating nanoparticles with
specific targeting units such as mAb panitumumab and radiolabelling with diagnostic
radioisotopes such as ®*Cu would allow for monitoring of targeted delivery of chemotherapeutic

drugs loaded into the core of these nanoparticles to enhance treatment efficacy (146).

The goal of the presented work was to analyze the potential of **Cu-NOTA panitumumab using
immuno-PET for detecting EGFR" NSCLC tumour models to visualize tumour burden, especially

in the metastatic disease making comparisons with that for the subcutaneous tumor xenografts.
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2.2. Materials and Methods

2.2.1. Materials

2-S-(4-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA-NCS) was
purchased from (Macrocyclics Inc ,USA). Panitumumab (Vectibix®) ( Amgen Inc., USA) was
gifted by the Cross Cancer Institute Pharmacy in Edmonton, Canada. LoBind Eppendorf tubes
were purchased from Eppendorf, USA. Bio-Rad 10DG desalting column, Chelex 100 Resin,
Laemmili buffer and SDS-PAGE Mini-PROTEAN® TGX™ Precast Protein Gels were purchased
from Bio-Rad, USA. Aquastain protein staining reagent from Bulldog Bio, USA, was used. The
NanoDrop OneC from Thermo Scientific, USA and AR-2000 radio-thin layer chromatography
(radio-TLC) imaging scanner from Eckert and Ziegler, USA were used. Cell culture media
DMEM/F12, fetal bovine serum (FBS), and penicillin—streptomycin-L-glutamine were purchased
from GIBCO, Life Technologies Inc., Carlsbad, CA. $*CuCl, was produced via the ®3Zn(p,na)**Cu
nuclear reaction (148) at the Medical Isotope and Cyclotron Facility (MICF) at the University of

Alberta, Edmonton, Canada.

2.2.2. NOTA conjugation to panitumumab

100 pg of 2-S-(4-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA-
NCS) was dissolved in 50 pL of chelex-treated 0.1 M sodium bicarbonate buffer (pH 9.0) in a
LoBind tube. Then, an aliquot of 2 mg of panitumumab was added to the tube, and the pH was
adjusted to pH 8.5. The mixture was incubated at room temperature for 1.5 hours at 700 rpm on a
thermoshaker. The sample was passed through a size exclusion chromatography column (10DG

desalting column) with chelex-treated 0.025 M NaOAc buffer pH 5.5 to purify the product. The
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eluent was collected in LoBind tubes in 0.5 mL fractions. The amount of antibody in each fraction
was determined by nanodrop at 280 nm. The samples with the highest amount of protein with a
concentration of 5-10 mg/mL were submitted for matrix-assisted laser desorption/ionization
(MALDI) mass spectroscopy (Agilent Technologies 6220 0aTOF; Agilent Inc., Santa Clara, CA,
USA) at the University of Alberta, mass spectrometry facility for further analysis on the number

of chelators per antibody (149).

2.2.3. %Cu labelling of NOTA-functionalized panitumumab

64Cu was produced at the Medical Isotope and Cyclotron Facility (MICF, Edmonton, AB, Canada)
according to a recently established procedure (148). [**Cu]CuCl> (0.5 mL in 0.1 N HCI) was
buffered by 10-15 pL of chelex-treated 2 M NaOAc buffer (pH 10) to pH 5.5. Then, ~100 pL of
64Cu (200-300 MBq) was transferred to a LoBind Eppendorf tube containing 200 pg of NOTA-
functionalized panitumumab. Radiolabeling with %*Cu was performed by incubating the reaction
at 37 °C for 60 min at 700 rpm on a thermoshaker. EDTA ( 1mM) was added to quench the reaction.
64Cu-NOTA-panitumumab was purified on an Econo-Pac 10DG desalting column pre-equilibrated
with 0.25 M NaOAc (pH 5.5) as the eluent. Elution fractions (400 mL) were collected from the
column, and the radioactivity of collected fractions was measured using an Atomlab 400 dose
calibrator. The incorporation efficiency of %*Cu was measured using radio-TLC. For radio-TLC
analysis, an EDTA (ethylenediaminetetraacetic acid) challenge was first done by adding 2 pL of
10 mM EDTA to 8 pL %*Cu-NOTA-panitumumab from the reaction and incubating at room
temperature for 10 min. Then, a 1.5 pL sample was spotted on a TLC plate and transferred to a

TLC tank employing citric buffer as the mobile phase.
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2.2.4. Analysis of **Cu-NOTA-panitumumab

Laemmili buffer was added to panitumumab, NOTA -panitumumab and **Cu-NOTA-panitumumab
and the samples were incubated at 95 °C for 5 min. Then, the samples were loaded on SDS-PAGE
gels under reductive conditions, and electrophoresis ran at 120 V for ~45 min. After
electrophoresis, Aquastain® was added to the gel and incubated at room temperature for 30 min,
and the gel was removed for further analysis. The gel was imprinted on film and scanned with a

radio-scanner to analyze the radioactive bands on the gel.

2.2.5. Cell line

H1299 luciferase positive (H1299-luc+) cells were purchased from the American Type Culture
Collection (ATCC) (Manassas, VA). H1299-luc+ cells were cultured in a 5% CO; incubator at 37
°C in DMEM/F12 media supplemented with 10% fetal bovine serum and 1%

penicillin/streptomycin with media renewal 2-3 times per week.

2.2.6. Cell uptake studies

In vitro cell uptake studies were performed using H1299-luc+ cells and different incubation times.
H1299-luc+ cells were initially seeded in each well of a 12-well plate and incubated overnight.
The next day, after removing media in each well, 500 uL Krebs-Ringer buffer solution (120 mM
NaCl, 4 mM KCI, 1.2 mM KH2POy4, 2.5 mM, MgSO4, 25 mM NaHCOs3, 70 uM CaCly, pH 7.4)
(29) was added. Then 0.2 MBq of **Cu-NOTA-panitumumab was added to each well, and the plate

was kept at 5% COz incubator at 37 °C for different time points. Radiotracer uptake was stopped
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with 1 mL of ice-cold PBS, and the cells were washed twice with PBS and lysed in 0.4 mL
radioimmunoprecipitation assay buffer (RIPA buffer). Radioactivity in 400 uL of cell lysates was
determined as Becquerel [Bq] using a HIDEX automated gamma counter (Hidex Oy, Turku,
Finland). Total protein concentration in the samples was determined by the bicinchoninic acid
method (BCA 23227; Pierce, Thermo Scientific) using bovine serum albumin as protein standard.
Data were calculated as percent of measured radioactivity per milligram of protein
(%oradioactivity/mg of protein). Graphs were constructed using GraphPad Prism 5.0 (GraphPad
Software, San Diego, CA). Statistical differences were tested by one-way ANOVA and were
considered significant for p<0.05. For the blocking experiments, plates with seeded H1299-luc+
were prepared as mentioned previously, and cells were co-incubated with different concentrations
of unlabeled panitumumab (0.2 to 200 nM) and 0.2 MBq of **Cu-panitumumab. After 60 min,

washing, lysing, and transferring samples to tubes were performed, as mentioned above.

2.2.7. Mice

Male 6-10 weeks old NSG mice were obtained from a breeding colony from Dr Lynne Postovit
(Department of Oncology, University of Alberta, Edmonton, Canada). All animal experiments
followed the Canadian Council on Animal Care (CCAC) guidelines and was approved by the Cross

Cancer Institute local animal care committee (animal protocol # AC21256).

2.2.8. NSCLC animal models

The uptake and biodistribution of %Cu-NOTA-panitumumab was investigated in both

subcutaneous and metastatic EGFR* H1299-luc+ models in mice.
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The subcutaneous mouse model was generated by subcutaneous injection of ~3x10° H1299-luc*
cells in 100 mL of 50% Matrigel 50% PBS into the left shoulder of male NSG mice. After ~3-4
weeks, tumors reached a size of approximately 5x5 mm and were suitable for PET experiments.
For the orthotopic metastatic mouse model, ~1x10% H1299Iuc" cells in 100 pL PBS were injected

into the tail vein of male NSG mice.

After six weeks, these mice were analyzed with ['8F]FLT PET to determine if they had developed

detectable metastatic lesions in their lungs or livers.

2.2.9. PET imaging experiments

Subcutaneous or metastatic H1299-luc™ tumor-bearing NSG mice were anesthetized with
isoflurane (100% O2), and their body temperatures were kept constant at 37°C. Mice were injected
intravenously with either 5-7 MBq ['®F]FLT in 100-150 pL 10% ethanol/saline (metastatic model
only) or 7-9 MBq %*Cu-NOTA-panitumumab in 100-150 pL 0.025 M sodium acetate through a tail
vein catheter. Radioactivity in the injection solution (0.5 mL syringe) was determined using a dose

calibrator (Atomlab™ 500; Biodex Medical Systems, New York, NY, USA).

For blocking experiments, mice were injected intravenously with 1 mg panitumumab 48 h before
injecting the *Cu-NOTA-panitumumab. Mice were positioned and immobilized in a prone
position in the center of the field of view of an INVEON® PET/CT scanner (Siemens Preclinical
Solutions, Knoxville, TN, USA). A transmission scan for attenuation correction was not acquired.
Static PET scans were measured for 10 min at two h post-injection for ['*F]FLT and 10-30 min for
64Cu-NOTA-panitumumab at two h, 24 h or 48 h post-injection. PET data were reconstructed using

maximum a posteriori (MAP) reconstruction mode. No correction for partial volume effects was
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performed. Image files were further processed using Rover v.2.0.51 software e (ABX GmbH,
Radeberg, Germany). Masks defining 3-dimensional regions of interest (ROI) were set and defined
by 50% thresholding. Mean standardized uptake values [SUVnean=(activity/mL tissue)/(injected
activity/body weight)] (mL/kg), were calculated for each ROI. Diagrams were constructed using
GraphPad Prism 5.0 (GraphPad Software, San Diego, CA). All SUV PET data are presented as
means = SEM from n experiments. Statistical differences were tested by unpaired Student’s #-test

and considered significant for p <0.05.

2.2.10. Ex vivo biodistribution experiments

For biodistribution studies using both tumour models, 3—5 MBq of **Cu-NOTA-panitumumab in
100-150 pL of 0.025 M sodium acetate was injected intravenously through a tail vein catheter of
anesthetized tumour-bearing or control NSG mice. Radioactivity in the injection solution (0.5 mL
syringe) was determined using a dose calibrator (AtomlabTM 500; Biodex Medical Systems, New
York, NY, USA). For blocking experiments, mice were injected intravenously with 1 mg
panitumumab 48 h before injecting the **Cu-radiolabeled antibody. The animals were allowed to
regain consciousness until sacrifice. Animals were anesthetized again and euthanized by cervical
dislocation after 48 h post injection. Organs of interest, including blood, heart, lung, liver, kidneys,
spleen, stomach, duodenum, small and large intestines, pancreas, right femur, muscle, brain, fat,

and tumours, were collected and weighed.

Radioactivity in all tissues was measured as becquerel in a HIDEX automated gamma counter

(Hidex Oy, Turku, Finland), and results were analyzed as percentage of injected dose per gram of
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tissue (% ID/g). Experiments were performed from n=4-5 mice. Data are represented as mean +

standard error of measure (SEM).

2.2.11. Statistical Analysis
All in vitro, in vivo and ex vivo data are expressed as means + SEM from n experiments. Graphs
were constructed using GraphPad Prism 5.04 (GraphPad Software, San Diego, CA). Statistical

differences were tested by one-way ANOVA and unpaired Student’s #-test and were considered

significant for p <0.05 (*), p <0.01 (**) and p < 0.001 (***).

38



2.3. Results

2.3.1. 4Cu labeling of NOTA-panitumumab

The bifunctional chelating agent NOTA-NCS was attached to panitumumab by thiourea formation
using lysine residues. The number of NOTA chelators per antibody was determined by MALDI-
TOF analysis. The m/z difference between NOTA-attached panitumumab (m/z = 147877) and
panitumumab (m/z = 147185) revealed an average of 1.5 NOTA chelators conjugated per antibody.
NOTA-functionalized panitumumab was used for radiolabelling with ®‘Cu (i 12.8 h).
Radiolabelling of NOTA-panitumumab with [¢*Cu]Cu(OAc), (200-300 MBq) for 60 min at 37 °C
followed by size-exclusion (SEC) purification afforded ®*Cu-NOTA-panitumumab in isolated
radiochemical yields of 47 = 9 % (n=8) at an average molar activity of 0.65 GBq/mg (Figure 2.1.
A and B). The radiochemical purity of isolated *Cu-NOTA-panitumumab exceeded 99%, as
analyzed by radio-TLC (Figure 1C). SDS-PAGE analysis under reductive conditions revealed that
panitumumab's light (25 kDa) and heavy chains (55 kDa) were decorated with NOTA and
subsequently labelled with “Cu as analyzed by Coomassie staining and phosphor imaging (Figure
2.1. D and 1E). No other bands were observed, confirming the high radiochemical purity of **Cu-
NOTA-panitumumab. Purified **Cu-NOTA-panitumumab was >95% stable in human serum over

48 h.
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Figure 2.1. “Cu-NOTA-panitumumab (A); SEC purification histogram of **Cu-NOTA-panitumumab (B); Radio-TLC
quality control of purified **Cu-NOTA-panitumumab (C); SDS-PAGE of panitumumab, NOTA-panitumumab, and *Cu-

NOTA-panitumumab (Comassie staining (D) and (E) phosphor image of *Cu-NOTA-panitumumab.

2.3.2. In vitro cell uptake experiments

Non-small cell lung cancer H1299 cells were incubated with *Cu-NOTA-panitumumab at
different time points, and cell uptake was monitored by measuring the amount of radioactivity
present in the cell lysates (Figure 2.2. A). The results indicated that *Cu-NOTA panitumumab was
increasingly bound and taken up by H1299-luc+ cells in a time-dependent manner, reaching
29.1£2.9% radioactivity/mg protein (n=3) at 90 min. Blocking studies with panitumumab
confirmed EGFR-mediated uptake of radioligand **Cu-NOTA panitumumab in a concentration-
dependent manner. Radioligand uptake was significantly reduced in the presence of 20 nM, 40 nM

and 200 nM panitumumab (Figure 2.2. B).
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Figure 2.2. Cellular uptake of *Cu-NOTA-panitumumab in EGFR+ H1299-luc+ cells (A) and competitive inhibition studies
of with panitumumab after 60 minutes of incubation with *Cu-NOTA-panitumumab and different concentrations of
panitumumab (B). ** and *** shows significant difference from control with no panitumumab pretreatment. P<0.01. P<

0.001, respectively, as indicated by One-way ANOVA test (n=3).

2.3.3. PET imaging experiments

The subcutaneously injected tumors reached volumes of ~250 mm? after 28 days of H1299-luc+
cell injections. Figure 2.3. shows PET data at 2 h, 24 h and 48 h after administration of **Cu-NOTA

panitumumab in this animal model.
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Figure 2.3.Representative PET images as maximum intensity (MIP) projections in H1299-luc+ subcutaneous tumor bearing

NSG mice at 2h, 24h and 48 h after injection of *Cu-NOTA-Panitumumab.

PET images show the delayed blood pool clearance (visible over the heart region) typical for a
larger compound such as the antibody panitumumab and the slower uptake into the target tumor

tissue.

Figure 2.4. (top) presents PET images of **Cu-NOTA-panitumumab in the presence and absence
of 1 mg cold pantitumumab. The diagrams in Figure 2.4. (bottom) summarize the mean
standardized uptake values (SUV yean) determined from regions of interest over the tumor area and
the contralateral muscle. They revealed values of 1.92 + 0.10 (n=5) after 2 h p.i., 4.70+£0.42 (n=5)
for 24 h p.a. and 5.37 £0.40 after 48 h p.i., respectively. Pretreatment of mice with 1 mg

panitumumab 48 h before radiotracer injection significantly reduced binding of **Cu-NOTA-
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panitumumab in H1299-luc+ tumors: SUV,ean24h of 1.94+0.22 (n=4, t test p<0.001)
corresponding to 59% inhibition of radiotracer uptake in the tumor tissue. At 48 h p.i., the blocking
effect was slightly more pronounced, reaching 69% (bottom left). In contrast, the detected muscle
uptake was low with SUV eqn 0.35 £ 0.05 at 2 h p.i., 0.56 £0.04 at 24 h p.i. and 0.66 £+ 0.04 (all
n=5) at 48 h p.i.. As shown in Figure 2.4. (bottom right), there was no significant change in muscle

tissue uptake in the presence of 1 mg panitumumab.
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Figure 2.4. Top: Representative PET images as maximum intensity projections (MIP) of a H1299-luc+ subcutaneous
tumour-bearing NSG mouse at 24 and 48 h after injection of “Cu-NOTA-panitumumab. Bottom: SUVmean values for

radiotracer uptake into the tumour (left) and muscle tissue (right) and effects of administration of 1 mg panitumumab.
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Data are shown as mean+SEM. *** considered significantly different between tumor uptake of $*Cu-NOTA-

panitumumab in the presence and absence of panitumumab p<0.001.

The metastatic tumor model was generated by intravenous injection of H1299-luc+ cells into the
tail vein of NSG mice. Six weeks after tumor cell injection, ['*F]FLT-PET scans were performed
to analyze and confirm the presence of H1299-luc+ tumors. Figure 2.5. (top) displays PET images
of two mice measured with ['®F]FLT at 2 h p.i. and subsequent **Cu-NOTA-panitumumab at 24
and 48 h p.i.. ['"®F]JFLT PET images revealed the presence of multiple tumor lesions in lung and
liver tissue. Immuno-PET with $*Cu-NOTA-panitumumab visualized the tumor lesions in more
detail in these mice. In these metastatic H1299-luc+ tumor mice, all visible tumor lesions were
analyzed for their uptake of *Cu-NOTA-panitumumab and mean SUV e.n values were calculated

(Figure 2.5, bottom diagrams).

SUV ypean values in tumors reached 5.55 £ 0.34 after 24 h p.i. and 6.28 =+ 0.46 after 48 h p.i. (both
n=23 lesions from 6 mice). Pre-injection of 1 mg panitumumab (48 h before radiotracer injection)
revealed SUV ean values of 2.53 + 0.10 after 24 h p.i. and 2.31 + 0.15 after 48 h p.i. (both n=15

lesions from 4 mice) corresponding to a blocking effect of 54 and 63%, respectively (Figure 2.5).
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Figure 2.5. Top: Representative PET images as maximum intensity projections (MIP) at 2 h p.i. of ['"*F]FLT and 24 h and
48 h p.i. of **Cu-NOTA-panitumumab in the absence (left) and presence (right) of 1 mg panitumumab in orthotopic
metastatic H1299-luc+ tumour-bearing NSG mice. *** considered significantly different between tumor uptake of *Cu-

NOTA-panitumumab in the presence and absence of panitumumab p<0.001.

2.3.4. Ex vivo biodistribution assessments

Biodistribution experiments using %*Cu-NOTA-panitumumab were carried out in both the
subcutaneous and the metastatic H1299-luc+ tumor models to verify and confirm PET imaging
experiments, especially regarding the metastatic tumor model as well as for absolute quantification
of the tumor uptake data. Table 2.1 summarizes all biodistribution data in both models in the
presence and absence of 1 mg panitumumab and compares them to non-tumor-bearing control

NSG mice.
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Table 2.1.Biodistribution of **Cu-NOTA-panitumumab in control (non-tumor bearing mice), metastatic and subcutaneous

(S.C.) H1299-luc+ tumor-bearing male NSG mice at 48 h p.i. with or without administration of panitumumab. Data are

shown as means + SEM from n=1-5 experiments.

Metastatic Metastatic Subcutaneous Subcutaneous
Control H1299-luc+ H1299-luc+ H1299-luc+ H1299-luc+
non-tumor +1 mg +1 mg
bearing mice panitumumab panitumumab

n number 4 4 5 4 5
Organ
Blood 14.83 £ 2.33 7.27 £ 2.55* 12.86 + 1.57* 4.02 £ 0.15** 6.82 + 0.63**
Heart 5.26 £ 0.88 4.08+0.73 4.74 + 0.45 2.19+0.11 2.99 +0.23
Lung 6.87 + 1.36 7.20+1.49 8.35+0.80 3.64+0.14 448 +£0.49
Liver 10.32 £ 0.99 11.23 £ 0.98"s 10.41 £ 0.45"s 16.60 + 0.64 16.26 £ 0.79
kidney (right) 4.77 £ 0.99 493 +0.43 4.39+1.15 3.74 £ 0.09 3.60 +0.24
kidney (left) 4.83+1.15 4.610.29 4,94 +0.12 3.98+£0.22 3.59+0.22
spleen 4.83+0.40 4.30 £ 0.97 4.37 £0.48 444 +0.28 5.13+0.88
stomach 1.34+£0.34 145+ 0.27 1.64 +0.16 1.39 £ 0.05 1.22 £ 0.04
duodenum 3.54 +0.84 2.85+0.26 3.33+£0.08 2.40 £ 0.08 2.20+0.18
small intestine 2.62+0.34 2.70 £0.18 2.89+0.14 2.38 £ 0.09 2.11+£0.14
large intestine 2.46 £ 0.45 3.16 £ 0.62 298+0.13 2.57 £0.05 1.92 £ 0.08
pancreas 1.97 £ 0.58 1.74 £ 0.17 2.76+0.34 1.13+£0.07 1.25+0.08
bone 1.86 £ 0.38 0.99+0.17 1.10+£0.12 0.68 £ 0.08 0.86 + 0.23
muscle 0.92 £ 0.31 0.62+0.13 0.79+0.14 0.42+£0.04 0.60 + 0.06
brain 0.60+£0.17 0.39+0.09 0.68 £ 0.10 0.26 £ 0.02 0.37 £ 0.06
fat 1.27 £ 0.29 0.86+£0.12 1.91+£0.32 0.42 +£0.03 0.59 + 0.02
lung tumours 4.95 + 9.41 (n=3) 3.20 (n=1)
liver tumours 29.44 + 8.14* 8.35+1.30*
S.C. tumour 11.01 £ 0.72*** 3.67 £0.33**
lung tumours T/M' 20.58 + 13.35 5.74 (n=1)
lung tumours T/B? 2.42 +0.99 (n=3) 0.42 (n=1)
liver tumours T/M 53.22 + 35.18* 10.04 + 7.46*
liver tumours T/B 5.97 £ 3.84 0.66 £ 0.18

S.C. Tumor T/M
S.C. Tumor T/B

"tumor to muscle ratio

2 tumor to blood ratio

26.33 + 3.90***

2.75+0.41

6.31 £ 0.71***

0.54 £0.02

*p <0.05 **p < 0.01, ***p < 0.001n.s. - not significant between with and without preinjection of panitumumab.
gni Y )
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Interestingly, blood pool uptake of **Cu-NOTA-panitumumab was significantly higher in the
presence of 1 mg panitumumab, indicating longer blood pool retention and delayed blood
clearance of the radiolabelled EGFR targeting antibody. In the metastatic model, visible and
dissectible tumor lesions were removed from lung and liver tissue and analyzed separately as lung

and liver tumors, as shown in Table 1.

Three of the four tumor bearing mice in this model developed lung lesions, but only 1 out of 5
mice from the blocking group had a dissectible lung tumor. The overall results indicated a similar
biodistribution of **Cu-NOTA-panitumumab in both models, which was in line with the PET
imaging results. The only noticeable difference was detected for liver tissue, as the metastatic
model showed higher liver uptake, which could be blocked by the administration of panitumumab
(1 mg). However, this blocking effect was not detected in the subcutaneous model, suggesting that
the observed effect is specific to the metastatic model, including smaller and larger liver lesions.
Blocking of the subcutaneous tumors reached a 67% blocking effect at 48 h p.i. (controls
11.01 £ 0.72 (n=4) versus blocked 3.67 = 0.33 (n=5) % ID/g). Blocking of liver tumors in the
metastatic model resulted in a 72% blocking effect (controls 29.44 + 8.14 (n=4) versus blocked
8.35 £ 1.30 (n=5) % ID/g), respectively. The n=1 blocked lung tumor resulted in a 79% blocking
effect. Taken together, blocking with 1 mg panitumumab proved the specificity of **Cu-NOTA-

panitumumab uptake in metastatic and subcutaneous EGFR-expressing H1299-luc+ tumor lesions.

Figure 2.6 presents tumor-to-muscle (T/M) and tumor-to-blood (T/B) ratios for the uptake of **Cu-
NOTA-panitumumab in both tumor models as determined from the ex vivo biodistributions. The
blocking effect of 1 mg panitumumab per mouse administered 48 h before the radiotracer injection

was significant (p<0.05) for T/M and T/B ratios in the subcutaneous and liver tumors in the
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metastatic models. Only one mouse in the blocking group had a visible and dissectible lung lesion

displaying a remarkably lower uptake.
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Figure 2.6. Tumor-to-muscle (T/M) and tumor-to-blood (T/B) ratios for uptake of **Cu-NOTA-panitumumab in H1299-

luc+ tumor-bearing mice in the absence (control) or presence (blocking with 1 mg panitumumab) after 48h p.i. and

determined from ex vivo biodistribution experiments. Left: subcutaneous tumor model; Right: metastatic tumor model.

Data are shown as mean + SEM from n animals (n numbers are shown in the diagrams).* p<0.05, *** p<0.001 as tested

with unpaired student’s t-test between control uptake and mice preinjected with 1mg panitumumab.
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2.4. Discussion

In the presented work, metastatic and subcutaneous EGFR+ NSCLC mouse models were
developed and analyzed with immunoPET and biodistribution studies using **Cu-labelled EGFR-
targeting antibody **Cu-NOTA-panitumumab. Radioligand **Cu-NOTA-panitumumab uptake and
retention were analyzed in NSCLC HI1299-luc+ cells and tumors with and without
pharmacological doses of panitumumab to demonstrate EGFR specificity. **Cu-NOTA-
panitumumab provided PET images with high target-to-background ratios for detecting
subcutaneous and metastatic tumors in both EGFR+ models. The results confirm that the EGFR-
targeting antibody panitumumab is suitable for decorating nanoparticles such as Poly(ethylene
oxide)-b-poly(a-benzyl-carboxylate-e-caprolactone)  (PEO-PBCL)  (146) to  deliver

chemotherapeutic drugs also to metastatic EGFR expressing lesions.

Orthotopic NSCLC animal models reported in the literature were mainly developed by injecting
NSCLC cancer cells into lung lubes or implanting tumors directly into lung tissue (150-155).
Disadvantages of these models include that the cancer cells do not penetrate deeper into the lung
tissue, only develop at the local injection site, and may only affect the immediate surrounding

arcas.

In contrast, the development of NSCLC models via direct intravenous injection leads to a more
profound invasion of cancer cells, more comparable to that of metastatic lung cancer development
in patients (156). The used mouse strain and cancer cells impact the development and growth of
NSCLC tumor models through intravenous injection. The importance of cell lines and mouse
strains for the development of orthotopic tumor models was extensively discussed by Jarry et al.

(156), which helped us to successfully develop the metastatic tumor model using NSG mice and
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EGFR+ H1299-luc+ cells. The absence of functional natural killer cells in NSG mice plays a

crucial role in successful development of a metastatic lung cancer model (38).

Different immuno-PET radioligands have been used to detect NSCLC tumors by targeting various
biomarkers, including CDS, activated T cells, PD1 and EGFR (157). Clinically used EGFR-
binding monoclonal antibody panitumumab was previously radiolabeled with 3°Zr and used for
diagnostic PET in EGFR-expressing tumors and monitoring therapeutic effects (64,158,159). **Cu
was also used to prepare EGFR-targeting immuno-PET radioligands, including %*Cu-DOTA-
panitumab for PET imaging of head-and-neck cancer (160) and a ®*Cu-labelled panitumumab

F(ab’), for PET imaging of pancreatic cancer (161) and monitoring response to radiotherapy (162).

We prepared **Cu-NOTA-panitumumab as a novel immuno-PET radioligand to systematically
evaluate metastatic versus subcutaneous EGFR-expressing NSCLC models as a pre-requisite for
the development of panitumumab-based radiotheranostics and panitumumab-decorated
nanoparticles such as PEO-PBCL (146) for enhanced specific delivery of chemotherapeutic drugs

to metastatic EGFR expressing lesions.

64Cu-NOTA-panitumumab was able to detect EGFR+ tumors in both the subcutaneous and
metastatic cancer models. Overall tumor uptake was ~20% (PET) and ~60% (biodistribution)
higher in the metastatic lesions versus subcutaneous tumors. This observation can be explained by
the dominant location of metastatic lesions in the liver, leading to a higher blood supply of liver
metastases through better blood circulation in the liver. The determined tumor-to-muscle ratios

from the PET and biodistribution studies further support that observation.

This observation also suggests that the tested metastatic liver model is suitable for evaluating

EGFR-targeting radiolabeled immunoconjugates as immuno-PET and radiotheranostic
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radiopharmaceuticals for imaging and therapy of cancer and for developing EGFR-targeting drug-

loaded nanoparticles for directed and controlled drug delivery.

The specificity of ®*Cu-NOTA-panitumumab tumor uptake was confirmed by blocking
experiments with panitumumab. In the PET experiments, blocking reached ~70 % in the
subcutaneous and ~65% in the metastatic H1299-luc+ model at 48h p.i.. Ex vivo biodistribution
experiments confirmed similar blocking effects, indicating a 30-35% tumor uptake of **Cu-NOTA-
panitumumab by the enhanced permeability and retention (EPR) effect. The EPR effect is a crucial
contributor to the overall tumor uptake using radiolabeled immunoconjugates in solid tumors,
including radiotheranostics and antibody-decorated nanoparticles for targeted therapy and drug

delivery (163).

Radioligand ['®F] FLT proved to be a valuable tool for detecting the presence of metastases in the
intravenously injected NSCLC cells in mice. ['®F] FLT-PET was able to detect lesions in lung and
liver tissue; however, **Cu-NOTA-panitumumab enabled more precise detection of lesions due to
the EGFR-specific targeting capacity of the immuno-PET radioligand compared to radioligand
['8F] FLT measuring cell proliferation. ['*F] FLT-PET is suitable for detecting proliferating
metastatic H1299-luc+ lesions. In contrast, immuno-PET with ®*Cu-NOTA-panitumumab allows
for a more detailed analysis of EGFR expression in tumors as crucial biochemical information for
targeted imaging and therapy of EGFR-expressing tumors like NSCLC using radiotheranostics

and nanoparticles.
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2.5. Conclusion

Our work describes a metastatic NSCLC mouse model generated by intravenous injection of
EGFR+ H1299-luc+ cells in NSG mice. Immuno-PET radioligand ®*Cu-NOTA-panitumumab was
used to analyze EFGR-expressing tumors in mouse subcutaneous and metastatic NSCLC tumor
models. **Cu-NOTA-panitumumab was specifically accumulated and retained in EGFR+ NSCLC

tumors, as confirmed by panitumumab blocking studies.

Ex vivo biodistribution experiments confirmed immuno-PET imaging data and the suitability of
immuno-PET with %Cu-NOTA-panitumumab to detect metastatic NSCLC lesions in the liver and
lung tissue. EGFR-specific antibody panitumumab is a suitable targeting vector for developing
radiotheranostics and EGFR-targeting nanoparticles for directed and controlled drug delivery for

targeted imaging and therapy of NSCLC.
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Chapter 3

SPECT/CT imaging of EGFR-positive head and neck squamous cell
carcinoma patient derived xenografts with 2**Pb-PSC-panitumumab
in NRG mice — potential application in a radiotheranostic approach

with 22Pb-PSC-panitumumab

A version of this chapter has been submitted for publication
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3.1. Introduction

Targeted radionuclide therapy (TRT) is a widely used cancer treatment option that employs
radiopharmaceuticals to target and deliver ionizing radiation to kill cancer cells (1-3). TRTs have
been used for cancer therapy demonstrating increased overall survival as exemplified in patients
with thyroid cancer, prostate cancer, and neuroendocrine tumors (4). As a frontline type of current
cancer therapy, TRT delivers a therapeutic dose of radiation to cancer cells using radioactive drugs
(radiopharmaceuticals) labelled with alpha(a)- or beta(p-)-emitting radioisotopes (3,5). TRT with
a emitters (a-TRT) offers several advantages compared to - emitters, mainly due to the delivery
of high-energy a-particles (5-9 MeV) to the tumor with a short pathlength (50-100 um) and high
linear energy transfer (LET) (80 keV/um), causing less toxicity to neighboring healthy tissues (6).
However, radiopharmaceuticals for a-TRT cannot directly be used for imaging applications in vivo
to assess their biodistribution and target binding and retention profile as crucial criteria for patient
selection and dose calculation in the clinical setting (7). The development and application of
radiopharmaceuticals combining targeted imaging and therapy, also called radiotheranostics,
represents a rapidly evolving field in oncologic nuclear medicine (8,9). Ideal radiotheranostics use
different radioisotopes for imaging and therapy of the same chemical element to ensure similar
pharmacokinetics, metabolism and biodistribution patterns (1,8). Typical examples of ideal
radionuclide pairs in radiotheranostics include **Cu/*’Cu, 8Y/20Y, 1241/131T, 132Tb/161Th, 133La/!* La
and 2°Pb/2'?Pb (10-13). In addition, physical half-life, availability, and production costs also

require special consideration in the design and development of radiotheranostics (14).

The 2%Pb/*'?Pb radionuclide pair has recently gained much attention for developing

radiotheranostics for TRT (11,12). 2**Pb emits y-photons through electron capture, allowing
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detection with single-photon emission computed tomography (SPECT) for diagnostic imaging,
whereas 2!?Pb decays by emitting B-particles and o-particles suitable for delivering therapeutic

doses of radiation to cancer cells (12,13).

Targeting vectors in radiotheranostics for TRT encompass small molecules, peptides, antibodies,
and nanoparticles (4). Among the targeting vector landscape, monoclonal antibodies (mAb)

display exceptional target specificity, making mAb excellent candidates for TRT.

However, their relatively high molecular weight (~150 kDa) results in a long biological half-life
(slow distribution and elimination profile), which must be matched with a compatible physical
half-life of the radionuclide (15). Several radiolabeled mAb are on the frontline of
radioimmunotherapy (RIT), demonstrating promising results in the clinic for targeting cancer
biomarkers epidermal growth factor receptor (EGFR), prostate-specific membrane antigen

(PSMA), and human epidermal growth factor receptor 2 (HER2) (16,17).

Panitumumab is an FDA-approved human monoclonal antibody specific to EGFR used as a single
drug or in combination with other drugs to treat certain types of colorectal cancer (CRC), especially
for the treatment of metastatic colorectal carcinoma with disease progression. Panitumumab binds
to the extracellular domain of the EGFR, preventing EGFR dimerization and, thus, halting ligand-
induced receptor autophosphorylation and intracellular signaling pathway activation (18). EGFR
is overexpressed in many solid tumor cancers, including colorectal cancer (CRC), head and neck
squamous cell carcinoma (HNSCC), non-small cell lung cancer (NSCLC) and breast cancer
(19,20). Several studies demonstrated the relationship between EGFR overexpression and survival
rate in these cancers: as EGFR expression increased, survival decreased (21), making EGFR a

promising target for TRT of solid tumors.
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Herein we describe the radiolabeling of panitumumab with 2**Pb using novel bifunctional
chelating agent 2,2'-(4-(2-amino-2-oxoethyl)-10-(2-((4-isothiocyanatobenzyl)amino)-2-
oxoethyl)-1,4,7,10 tetraazacyclododecane-1,7-diyl) diacetic acid (PSC-NCS) (11). Immuno-
SPECT radioligand 2%Pb-PSC-panitumumab was evaluated using SPECT and biodistribution
studies in NRG mice bearing subcutaneous (s.c.) HNSCC patient-derived xenografts (PDX). Our
work using 2**Pb-PSC-panitumumab provides critical data for developing and testing >'?Pb-PSC-

panitumumab for future TRT applications using 2*?!2Pb-PSC-panitumumab radiotheranostics.
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3.2. Materials and Methods

3.2.1. Materials

Methoxy poly(ethylene oxide) (mPEO, 5 kDa) was purchased from Sigma (St. Louis, MO, USA)
other used solvents such as Tetrahydrofuran (THF), all other chemicals were also purchased from
Sigma (St. Louis, MO, USA) otherwise indicated. Maleimide polyethylene oxide (mal-PEO, 5
KDa) was obtained from JenKem Technology Inc. (Allen, USA). a-carbon modified-¢-
caprolactone monomers (a-benzyl carboxylate-e-caprolactone, BCL), that was synthesized based
on previously reported methods (22), were obtained from Alberta Research Chemicals Inc.
(Edmonton, Canada). Moreover, Stannous octoate was purchased from MP Biomedicals Inc.
(Tuttlingen, Germany) and purified by vacuum distillation. Also, S-2-(4-Aminobenzyl)-1,4,7,10-
tetraazacyclododecane tetraacetic acid (NH2-Bn-DOTA) was purchased from Macrocyclics, USA.
Panitumumab (Vectibix® 20mg/mL ) was generously gifted by Edmonton’s cross cancer institute

pharmacy.

3.2.2. Production of 2*Pb

203pb was produced using a recently published procedure (11). Briefly, 2°>T1 metal (99.9% isotopic
enrichment) targets were irradiated at 23.3 MeV on a TR-24 cyclotron at currents up to 60 pA to
produce 2*°Pb via the 2*TI(p,3n)***Pb nuclear reaction. Following a cool-down period of >12
hours, targets were removed and irradiated 205T1 dissolved in 4 M HNO3. A NEPTIS Mosaic-LC
synthesis unit performed automated separation using Eichrom Pb resin, and >**Pb was eluted using
8 M HCl or 1 M NH4OAc. Purified ?**Pb yields of up to 12 GBq were attained (15.8 GBq at EOB).
The [>**Pb]PbCl, and [>*Pb]Pb(OAc). products contained no detectable radionuclides impurities
besides 2°'Pb (<0.1%), and <0.4 ppm stable Pb. 2Tl metal was recovered with a 92% batch yield.
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3.2.3. Preparation of 2*3Pb-PSC-panitumumab radioimmunoconjugate

All glassware was rinsed with ultra-pure HCI (Fisherbrand, A508-P500). Trace metal-based ultra-
pure chemicals for buffer preparations were purchased from Sigma Aldrich. All buffer solutions

were treated with biotechnology-grade Chelex 100 (Bio-Rad, 143-2832).

3.2.4. PSC functionalization of panitumumab and radiolabeling with [2Pb]Pb(OAc)2

2,2'-(4-(2-amino-2-oxoethyl)-10-(2-((4-isothiocyanatobenzyl)amino)-2-oxoethyl)-1,4,7,10-tetra-
azacyclododecane-1,7-diyl) diacetic acid (PSC-NCS) chelator (200 pg) was dissolved in 50 puL of
0.1M NaHCO3 (pH = 9.0) and added to 400 pL panitumumab (Vectibex ® 20 mg/mL). The pH

was adjusted to 8.0 and left on a thermoshaker set at 800 rpm and 30 °C for 2.5 hours.

The samples were purified via size exclusion chromatography (Bio-Rad 10DG desalting column,
USA), which was pre-equilibrated and eluted with 0.025 M NaOAc buffer (pH=5.5). The antibody
concentration of each fraction was measured using nanodrop (Thermo Scientific, NanoDrop OneC
), and the fraction with the highest concentration was submitted for matrix-assisted laser
desorption/ionization (MALDI) to assess the number of PCS chelators per antibody (~5 chelators
per antibody). [2*Pb]Pb(OAc): (150-200 MBq) was added to PSC-panitumumab (200 pg), and

the reaction was kept at room temperature for 5-10 minutes at pH=>5.

Radio-thin layer chromatography (radio-TLC) analysis (AR-2000, Eckert and Ziegler) was used
to determine 2**Pb incorporation efficiency by spotting samples on silica plates and using 20 mM
EDTA and 0.2 M NaOAc as the mobile phase; in this system, the Rf for [2**Pb]Pb(OAc), will be

1.0 and for 2%*Pb-PSC-panitumumab will be zero (13). 2°Pb-PSC-panitumumab was purified on
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an Econo-Pac 10DG desalting column pre-equilibrated with 0.025 M sodium acetate, pH 5.5 used

as the eluant.

Elution fractions (300 pL) were collected from the column, and the radioactivity was measured
using an Atomlab 400 dose calibrator (Biodex, Shirley, NY, USA). Laemmli buffer (Bio-Rad,
USA) was added to 2*Pb-PSC-panitumumab, and the samples (15 uL) were incubated at 95 °C
for 5 minutes. Then, the samples were loaded on SDS-PAGE (Bio-Rad, Mini-PROTEAN®
TGX™ Precast Protein Gels) and ran at 120 V. The gel was imprinted on film and evaluated by

autoradiography on a BAS-5000 phosphor imager (Fujifilm).

3.2.5. Synthesization of poly(ethylene glycol)-block-poly(a-benzyl carboxylate-¢-
caprolactone) and maleimide-Poly(ethylene glycol)-block-poly(a-benzyl carboxylate-¢-
caprolactone) polymers

Poly(ethylene glycol) poly(a-benzyl carboxylate-e-caprolactone) (PEO-PBCL) and maleimide-
Poly(ethylene  glycol)-block-poly(a-benzyl carboxylate-g-caprolactone) (mal-PEO-PBCL)

polymers were prepared based on the previously reported method (22).

In summary, either mPEO or mal-PEO and BCL were weighted in an ampule with the mol/mol
ratio of 1:30 respectively. Following that, three drops of stannous octoate were added, and the
ampule was sealed by flame after being connected to the vacuum line. The sealed ampule
underwent a 4-hour heating process in a either 120°C or 140 °C oven for synthesization of mal-
PEO-PBCL or PEO-PBCL respectively. The ampule contents were dissolved in dichloromethane
and added to hexane to purify the polymers. A portion of the synthesized polymers were dissolved

in deuterated chloroform and subjected to '"H NMR analysis for characterization. The polymers
59



underwent evaluation using a 600-MHz Bruker spectrometer (Bruker Instruments, Inc., Billerica,
MA, USA). On the '"H NMR spectrum the peak intensity of PEO (-CH2CH20-, § 3.65 ppm) to

that of BCL (-OCH2-, & 4.1 ppm) were compared (22,23)

3.2.6. Preparing surface functionalized polymeric NPs using a mixture of PEO-PBCL and
Mal-PEO-PBCL

PEO-PBCL block copolymers self-assemble into nanostructures by a co-solvent evaporation
method using acetone as the organic co-solvent (24,25). In the present work, we prepared NPs
using a mixture of PEO-PBCL and mal-PEO-PBCL polymers. Briefly, 10 mg of mixture of
polymers were weighted in a manner that the final prepared NPs contain 30% maleimide on their
surfaces. After weighing polymers with 1:1.32 w/w ratio of PEO-PBCL to mal-PEO-PBCL
respectively. Polymers were dissolved in acetone at a concentration of 40 mg/mL and added
dropwise to 5 mL aqueous media under stirring (25). Then, the sample was left overnight for the
acetone to evaporate. The prepared NPs were analyzed using dynamic light scattering (DLS) Zeta-

Sizer Nano (Malvern Instruments Ltd., Malvern, UK) set at 25 °C with a scattering angle of 173°.

3.2.7. Modification of surface functionalized PEOQ-PBCL NPs with panitumumab

The modification of PEO-PBCL NPs with panitumumab was done based on previously reported
method (26). In summary, to 1.4 mg of panitumumab, 0.025mg 2-immunothiolane was added and
incubated for 1 hour with surface functionalized NPs prepared as described above at room
temperature while being stirred. The unreacted 2-immunothiolane was removed by dialyzing the

sample against PBS for couple of hours. Then, the thiolated panitumumab was added to prepared
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polymeric NPs with the 1:100 mol/mol ratio respectively and left overnight on stirrer. The
following day B-mercaptoethanol was added to the sample with 1:1 mol/mol ratio to maleimide-
PEO-PBCL for neutralizing the unreacted maleimide. The excess B-mercaptoethanol was then

removed with dialysis for an hour against PBS.

The wunattached panitumumabs were removed via a Sepharose CL-6B® size-exclusion
chromatography column by eluting the column with PBS pH 7.4. The eluted fractions were
characterized by (DLS) as mentioned above and absorption spectroscopy at 280 nm using a

nanodrop (Thermo Scientific, NanoDrop OneC).

3.2.8. Radiolabeling panitumumab modified PEO-PBCL with with [2Pb]Pb(OAc):

The radiolabeling process of panitumumab modified PEO-PBCL NPs was performed based on
previously reported method (24). Briefly, to 20 pg of S-2-(4-Aminobenzyl)-1,4,7,10-
tetraazacyclododecane tetraacetic acid (DOTA-Bn-NH2) dissolved in 2 pL of NHsOAc
(0.025mM, pH 5.5), [?**Pb]Pb(OAc), was added and left for 15 minutes at room temperature. The
chelation of 203Pb was monitored by reverse phase radio-TLC with using MeOH/1 M NH40OAc
(9:1) as mobile phase with the 2**Pb labeled chelator having an Rf = 0.3. Then, this mixture was
cooled to 0 °C by placing in ice bath and set to pH of 1 by adding ~100 pL of 1 N HCI (tracemetal
grade). Followed by addition of 10 uL of 2M sodium nitrate aqueous solution. After 5 minutes, the
panitumumab decorated PEO-PBCL NPs were added to the solution with simultaneous increase
in pH to ~8.5 by adding 1M NaOH. The reaction was left for 30 minutes on ice and the efficiency
was monitored with reverse phase radio-TLC. The 2®*Pb labeled panitumumab modified PEO-

PBCL NPs (***Pb-DOTA-panitumumab-NPs) were purified using size exclusion chromatography
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(PD midiTrap® G-25, GE healthcare) eluting with PBS and collecting 300 pl fractions. The
activity and purity of each fraction was measured using an Atomlab 400 dose calibrator and recerse

phase radio-TLC.

3.2.9. Cell uptake studies

EGFR-expressing neck and neck cancer FaDu cells were cultured in a 5% COz incubator at 37 °C
in Gibco DMEM media supplemented with 10% fetal bovine serum (Gibco, USA) and 1%
penicillin/streptomycin with media renewal 2-3 times per week. For cell uptake studies, the cells
were seeded in 6-well plates and left in the incubator overnight. The media was removed, and 500
pL of Krebs-Ringer buffer solution (27) was added to each well, followed by the addition of 0.2
MBq of ?**Pb-PSC-panitumumab, and the plate was kept in the incubator at 37 °C at 5% CO». Cell
uptake was terminated at 1, 5, 15, 30, 45, 60, and 90 min by adding ice-cold Krebs buffer and
rinsing the wells twice to wash away unbound radioimmunoconjugates before lysing the cells with
RIPA buffer. The cell lysates were transferred to scintillation vials and measured for radioactivity
using a y-counter (Wizard2® 2480 Automatic Gamma Counter, Perkin-Elmer, Canada). According
to the manufacturer's recommendations, protein levels were quantified using a Pierce™ BCA
protein assay kit. For blocking studies, the FaDu cells were co-treated with different amounts of
unlabeled panitumumab (0.5-10 pg) and 0.2 MBq of ?**Pb-PSC-panitumumab. Cell uptake levels
were normalized to percent of the total amount of radioactivity per milligram of protein (%
radioactivity/mg protein) and plotted as a function of time. All experiments were performed in

triplicates.

62



3.2.10. Immunoreactivity

The immunoreactivity of 2°*Pb-PSC-panitumumab was assessed by a cell binding assay with
EGFR-expressing FaDu cells using the Lindmo et al. method (28). FaDu cell concentrations of
0.25,0.5, 1, 2, 3, 4, and 5 x10° were prepared in 500 pL of PBS and 1% bovine serum albumin
(Sigma, USA). Then, 20,000 cpm of 203Pb-PSC-panitumumab was added to each cell
concentration. The samples were placed on a rocker for one hour at room temperature. After
triplicate PBS washes, the samples were transferred to 1.5mL LoBind® tubes (Eppendorf, USA),
and by using a y-counter (Wizard2® 2480 Automatic Gamma Counter, Perkin-Elmer, Canada), the

counts of each sample were determined.

The radioactivity data obtained was corrected in the background and compared to counts from the
total activity added to control samples in the experiments. The immunoreactive fraction was
calculated by performing a linear regression analysis on a double-inverse plot of (total/bound)

activity versus normalized cell concentration.

3.2.11. Xenograft models

A primary tumor specimen (#391) was surgically obtained from a patient with HNSCC under a
protocol approved by the Research Ethics Board at the University Health Network (Protocol No.
12-5639). This tumor was dissected into small fragments (~ 1 mm?) and engrafted subcutaneously
(s.c.) on the right flank of NOD Rag2 yc (NRG) immunodeficient mice. These patient-derived
tumor xenografts (PDX) were serially propagated in NRG mice following an animal care protocol

(No. 1542.28) approved by the Animal Care Committee at the University Health Network and
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following Canadian Council on Animal Care guidelines. The PDX used in this study was between

the 3rd to 5th passage from the initial engraftment of the HNSCC tumor in NRG mice.

3.2.12. SPECT/CT imaging

NRG mice were anesthetized using 2% isoflurane in Oz, and microSPECT/CT images were
acquired in a supine position at 48 h and 120 h on a NanoScan® SPECT/CT/PET system (Mediso).
Either 2%*Pb-PSC-panitumumab or 2*Pb-DOTA-panitumumab-NPs (~10 MBq; 140 pL) were
injected into the tail vein of NRG mice engrafted with subcutaneous HNSCC PDX. Mice were
divided into two study groups: A group of mice (n=3), was only injected with 2**Pb-PSC-
panitumumab, and the other group (n=3) was injected with 1 mg of panitumumab 1 hour before
administration of 2**Pb-PSC-panitumumab to block EGFR. SPECT/CT images were acquired 48

and 120 hours post-injection (p.i.) of the radioligand. Images were acquired in a 256 x 256 matrix.

A Mediso APT62 collimator (WB-HS standard) was affixed to each of the four detector Nal (TI)
detector heads. Images were reconstructed by Monte Carlo methods with three subsets of data
undergoing 48 iterations using the Mediso Nucline NanoScan acquisition and reconstruction
software (version 3.00.020.0000). Before SPECT imaging, CT images were acquired with 50 kVp
X-rays, 980 pA and a 300 msec exposure time. CT scans were reconstructed using the medium
voxel and slice thickness settings, resulting in an isotropic voxel size of 250 pm. SPECT and CT
were co-registered by the Mediso Nucline acquisition/reconstruction software. All animal studies
were conducted under a protocol (AUP 2843.14) approved by the Animal Care Committee at the

University Health Network following the Canadian Council on Animal Care guidelines.
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3.2.13. Biodistribution studies

Mice were euthanized five days (120 h) after the injection of 2**Pb-PSC-panitumumab, and tissues
and organs were collected, weighed, and radioactivity was counted in a y-counter. The uptake was
calculated as injected dose percentage per gram of each tissue (ID%/g). Two groups were studied
for biodistribution experiments: 1) Mice (n=5) injected with 2**Pb-PSC-panitumumab, and 2) Mice
(n=3) were injected with 1 mg of panitumumab one hour before the injection of 2**Pb-PSC-

panitumumab to block EGFR.

3.2.14. Statistical analysis

All data are expressed as means = SEM. Graphs were constructed using GraphPad Prism 4.0
(GraphPad Software). Where applicable, statistical differences were tested by unpaired Student's

t-test and were considered significant for p <0.05.
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3.3. Results

3.3.1. Radiochemistry

MALDI analysis confirmed the conjugation of 4-5 PSC chelators per antibody by reacting the
isothiocyanate group in PSC-NCS with lysine residues in panitumumab (Figure 3.1. A). PSC-
conjugated panitumumab was used for radiolabeling with [2*Pb]Pb(OAc),, and the radiolabelling
efficiency was measured with radio-TLC, indicating 99.2+0.7% incorporation of 2**Pb** (Figure
3.1. B and 1C) which is comparable to results obtained by Nelson et al. (164). SDS-PAGE analysis
further confirmed incorporation of 2%*Pb to panitumumab. Reductive SDS-PAGE conditions
resulted in the formation of panitumumab light and heavy chains, which were visible at 25 and 50
kDa, respectively, indicating that both antibody portions were modified with the PSC chelator and

labelled with 2Pb (Figure 3.1. D).

A) 5, B :

N~ NHp HKOH
N
Y ISP
N [ N
I . P Y
e j
HO™ S0 o :\[\
HO” o [23Pb]Pb(OAc),
SCN i NaOAc buffer (pH 5.5)
N N rt., 10 min
[—NH H H _——
[293Pb]Pb(OAC),
NaOAc buffer (pH 5.5) 4-5
rt., 10 min
Panitumumab PSC-panitumumab
C) Start  Front D)
30000 L T B
o
Hk 25000
o = |
[N\/ /\N/WNHZ 20000 7
f.“”’ﬂ o P 50 kDa
L K/\N é 15000 E ‘ |
HN" Yo 1
olo 10000 i
i 3 ‘ 25 kDa
NN Lot I ) |
o3
; 1
203 . 0 50 100
Pb-PCS-panitumumab Position (mm)

66



Figure 3.1. Synthesis and radiolabeling of PSC-conjugated panitumumab with 2*Pb (A and B) and measurement of 23Pb?*

incorporation efficiency and radiochemical purity of purified 2*Pb-PSC-panitumumab by radio-TLC (C) and SDS-PAGE

).

203pb-labeling and purification of radioimmunoconjugate **Pb-PSC-panitumumab provided
g |y Jjug Y p

isolated radiochemical yields of 41.5 + 8 % (n = 5) at a molar activity of 1.2 + 0.35 GBg/mg. The

radiochemical purity of the isolated radioimmunoconjugates was greater than 99%, as analyzed by

radio-TLC. Purified radioimmunoconjugates were >95% stable in human AB-type serum over 48

h.

3.3.2. Cellular uptake of 2Pb-PSC-panitumumab

EGFR-expressing FaDu cells were incubated with 2*Pb-PSC-panitumumab, and cell uptake was
measured at different time points. 2*Pb-PSC-panitumumab uptake in FaDu cells increased until it
reached a plateau at 60 min (Figure 3.2. A). EGFR specificity of cellular uptake was confirmed
with blocking studies using different amounts of panitumumab (0.5 pg — 10 pg), demonstrating
70%, 85%, and 95% blocking at 0.5 pg, 1 pg, 5 ug and 10 pg, respectively (Figure 3.2. B). The
immunoreactive fraction of 2**Pb-PSC-panitumumab was found to be ~30%, which is lower than
the reported 68% for ¥Zr-labelled panitumumab measured in MDA-MB-468 cells (165) (Figure

3.2.0).
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Figure 3.2. Cellular uptake of 2®Pb-PSC-panitumumab uptake in EGFR+ FaDu cells (A) and studies of 2*Pb-PSC-
panitumumab binding competed with increasing amounts of panitumumab (B). Representative double inverse plot from

Lindmo assay performed in FaDu cells with 2Pb-PSC-panitumumab (C).

3.3.3. In vivo imaging (microSPECT/CT)

MicroSPECT/CT images were acquired to visualize the biodistribution of 2%Pb-PSC-
panitumumab in NRG mice bearing subcutaneous EGFR+HNSCC PDX tumors. EGFR specificity

was tested with in vivo blocking studies by administering 1 mg of panitumumab before 2> Pb-PSC-
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panitumumab injection to block EGFR (n=3). SPECT images were taken at two-time points of 48
and 120 hours p.i. of 2**Pb-PSC-panitumumab to monitor changes in tumor uptake and distribution
of 2%*Pb-PSC-panitumumab over time. The tumors were clearly visible in SPECT/CT images at

both time points without noticeable radioactivity in other organs and tissues.

Under EGFR blocking conditions, SPECT/CT images after 48 h and 120 h indicated lower tumor
uptake and somewhat increased radioactivity in the heart and blood pool. The remaining
radioactivity observed in the tumor under blocking conditions at 48 and 120 h is presumably due
to the EPR effect, as typically found in immunoPET and immune-SPECT experiments with solid
tumors (166) (Figure 3.3).

203ph-PSC-panitumumab 203pph-PSC-panitumumab +
panitumumab (1 mg)

heart

Figure 3.3. Representative SPECT/CT images of NRG mice engrafted with EGFR+ HNCC PDX at 48 and 120 h p.i. under

control and blocking conditions. Tumors are highlighted with an arrow.
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3.3.4. Biodistribution studies

NRG mice bearing EGFR+ PDX HNCC tumors were euthanized at 120 h p.i. either after 2**Pb-
PSC-panitumumab (n=5) or 1 mg of panitumumab pre-injection with 2**Pb-PSC-panitumumab
(n=5). The results (Table 3.1) indicated that baseline tumor uptake at 120 h p.i. was significantly
higher (2607 ID%/g) than in all other organs reaching tumor-to-blood (T/B) and tumor-to-muscle
(T/M) radios of 4.2 and 37.3, respectively. Tumor uptake could be significantly reduced (6.2+1.0
ID%/g (p<0.05)) in mice pretreated with an excess panitumumab (1 mg) one hour before

radiotracer administration.

In mice pretreated with panitumumab, tumor uptake was comparable to that of the blood at 120
min p.i. as represented by a T/B ratio of 0.94 at 120 h p.i. The remaining radioactivity in the tumor

under EGFR-blocking conditions can be attributed to the EPR effect.

Table 3.1. Biodistribution of 2*3Pb-PSC-panitumumab at 120 h p.i.

PERCENT INJECTED DOSE PER GRAM (MEAN+SEM)

203pph-PSC panitumumab
203pph-PSC panitumumab

Tissue + panitumumab (1 mg)
(n=5)
(n=5)
Blood 6.2+1.2 6.6+2.4
Heart 1.840.6 1.740.6
Lung 2.5+0.8 3.2+1.7
Liver 2.5+0.8 2.1+0.3
Kidney 1.840.4 2.1+0.7
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Spleen 3.1+0.5 3.242.2

Pancreas 0.7140.2 0.510.2
Stomach 0.740.2 0.6+0.3
Intestine 0.540.1 0.510.3
Muscle 0.7140.3 0.710.3
Bone 1.1+0.3 0.9+0.4
Skin 1.3+0.5 1.4+0.4
Brain 0.14+0.0 0.240.1
Tumor 26.1+1.2 6.2+1.0
T/B ratio 4.2 0.94
T/M ratio 373 8.8

3.3.5. Polymer characterization

'H NMR results confirmed that polymerization of BCL was successful for both reactions.
However, some maleimide had fallen off the polymers during the reaction and it was revealed that
~70% of the maleimides remained on the synthesized mal-PEO- PBCL polymers. Also, the degree
of polymerization of the BCL block for PEO-PBCL polymers and mal-PEO-PBCL were 29 and

24 respectively.
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3.3.6. Characterization of panitumumab modified PEO-PBCL NPs

The size distribution results reported by DLS, for PEO-PBCL NPs showed one peak at 42.04 nm
diameter with 100% intensity and PDI of 0.181 and for panitumumab modified NPs, one peak at
59.78 nm with 98.5% intensity and PDI of 0.335 was reported (Figure 3.4). Also, the count rates

and antibody amount of collected fraction from the size exclusion chromatography column,

indicated that 80% of the added panitumumab has been attached to NPs (Figure 3.5).
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Figure 3.4. Size distribution measured by DLS for A) PEO-PBCL NPs and B) panitumumab modified NPs
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Figure 3.5. A) Count rate measured for each collected fraction from Sepharose® column by dynamic light scattering and
B) Panitumumab concentration in each collected fraction from Sepharose® column by measuring their absorption at

280nm

3.3.7. 283Pb labeling panitumumab modified PEO-PBCL NPs

The reverse-phase TLC results indicated that by attaching the 2**Pb-DOTA to panitumumab
modified PEO-PBCL NPs, ~60% of the initially added ***Pb will be attached to the panitumumab
on the NPs surface. Also, after purification of the 2*Pb-DOTA-panitumumab-NPs by size
exclusion chromatogaraphy column, ~27% of the initially added ***Pb activity was retrieved as

pure 2%*Pb-DOTA-panitumumab-NPs.

3.3.8. In vivo imaging (microSPECT/CT) of 2**Pb-DOTA-panitumumab-NP

We used MicroSPECT/CT images to visualize the biodistribution of ?*>Pb-DOTA-panitumumab-
NP in NRG mice with EGFR+ HNSCC PDX tumors and have a mean of comparison with 2%*Pb-
PSC-panitumumab. To test EGFR specificity, in vivo blocking studies were performed. Prior to
injection, a dose of 1 mg of panitumumab was given to block EGFR (n=3). The uptake and
distribution of 2> Pb-PSC-panitumumab in tumors were monitored by taking SPECT images at two
time points, 48 and 120 hours p.i. As shown in Figure 3.6 no radioactivity was observed at any of

the time points within either of the study groups.
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203ph-DOTA-panitumumab-NP 203pp-DOTA-panitumumab-NP
Panitumumab (1mg)

Figure 3.6. Representative SPECT/CT images of NRG mice engrafted with EGFR+ HNCC PDX at 48 and 120 h p.i. under

control and blocking conditions. Tumors are highlighted with an arrow
3.4. Discussion

EGFR+ HNCC accounts for almost 90% of HNCC cases diagnosed in the clinic (167). This
understanding offers EGFR as a suitable receptor to target head and neck cancer cells when
developing radiotheranostics for HNCC. Creating a radiotheranostic pair using radionuclides of
the same chemical element that targets EGFR provides a probe for imaging and treatment with
similar pharmacokinetics, leading to similar biodistribution in EGFR+ tumors (147,168). As in the
presented work, the uptake and biodistribution of 2*Pb-PSC-panitumumab was studied in vitro on
EGFR+ HNCC FaDu cells as well as in mice bearing patient-derived xenografts which were taken

from patients with EGFR+ HNCC.
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Immuno-SPECT probe 2**Pb-PSC-panitumumab displayed EGFR-mediated uptake in vitro and in
vivo with high tumor retention, enabling the detection of tumors at 48 h and 120 h p.i.. Previous
reports in the literature for radiolabeling panitumumab with SPECT-detectable radioisotopes were
labelling with "'In (169) and '7’Lu(67); also, the Fab fragment of panitumumab was labelled with
77Lu (170) and *™Tc (171); however, no previous studies describing labelling panitumumab with
203pb were reported. Antibody-based compounds such as trastuzumab (Herceptin) via DOTA
(172), ¢8C3 via TCMC (149), and peptides such as a-melanocyte-stimulating hormone (173), and
low molecular weight PSMA ligands (174) were labelled with 2**Pb using DOTA coordination
chemistry. Also, the conditions required for labelling panitumumab with '"In using
diethylenetriamine-pentaacetic acid (DTPA) and/or %Zr using p-isothiocyanatobenzyl-
desferrioxamine B included heating to 37 °C, and depending on the chelator administered, different
reaction times of up to 4 h were required (175,176). Moreover, high temperatures (60-75°C ) were
reported for the radiolabeling of peptides with 2°*Pb to achieve high incorporation efficiency with
shorter incubation times (177,178). However, in the presented work, the PSC-NCS chelator
labelling process did not require any elevated temperatures, and *°*Pb*>" incorporation proceeded
with high efficiency (>99%) at short reaction times of 5-10 min at room temperature. The observed
high labelling efficiency >99 aligns with previously reported data using PSC-NCS as a lead-
specific bifunctional chelating agent for rapid coordination chemistry with **Pb** under mild

conditions (164).

Figure 3.1. D indicates that both light and heavy chains of panitumumab are labelled with 2*Pb,
confirming the bioconjugation of lysine residues through thiourea formation with the PSC-NCS
chelator being present in both light and heavy chains of panitumumab (179). Modifying both heavy

and light chains of panitumumab can also explain the only moderate immunoreactivity of ~30%
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(Figure 3.2. C). However, 2®*Pb-PSC-panitumumab still provided clear SPECT images for
detecting EGFR+ HNSCC PDX tumors. The specific binding to EGFR was confirmed by blocking
studies by pre-administering an excess of panitumumab. Also, 2**Pb-PSC-panitumumab provided
several time points for SPECT/CT imaging by remaining in the tumor up to 120h post-injection in
tumor-bearing mice. Our findings indicate that 2°*Pb-PSC-panitumumab is a suitable SPECT probe

with desirable biodistribution for EGFR+ HNCC.

203pb-PSC-panitumumab was taken up by FaDu cells, and the uptake could be reduced under
blocking conditions in a concentration-dependent manner using panitumumab. SPECT/CT images
acquired from tumor-bearing mice after the injection of 2**Pb-PSC-panitumumab allowed clear
delineation of the tumor tissue, confirming high tumor uptake and retention of the radioligand in

the EGFR+ HNSCC PDX model.

Our work aligns with reported PET and SPECT data in mice using *Zr-, '”’Lu- and ''In-labelled
panitumumab immunoconjugates (175-177), confirming that radioligand 2**Pb-PSC-
panitumumab is a suitable immuno-SPECT probe for detecting EGFR+ tumors. The long physical
half-life of ?*Pb (t12 = 51.9 h) allows SPECT imaging protocols for several days at a high image

quality.

The biodistribution data (%ID/g) in tissues and organs confirmed the SPECT/CT data in mice
injected with 2Pb-PSC-panitumumab. The highest radioactivity was measured in tumors
(26.07+1.15) after 120 p.i. of 2**Pb-PSC-panitumumab, which is comparable to the radioactivity
accumulation and retention in reported for LS-174T, SHAW and SKOV-3 xenografts using !!'In-
CHX-A”-DTPA-panitumumab (175,180) and MDA-MB-468 xenografts using °Zr-labelled

panitumumab (176). The observed biodistribution pattern was also similar to a study using Y-
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CHX-A”-DTPA-panitumumab in EGFR+ human colorectal, prostate, and epidermoid tumor
xenografts (178). Radioactivity uptake in EGFR+ HNSCC PDX could be reduced by 75% by pre-
dosing mice with panitumumab (1 mg), confirming EGFR-mediated uptake of radioligand >**Pb-
PSC-panitumumab. As panitumumab is a human antibody against human EGFR it does not bind
to mouse EGFR; therefore, administering an excess of panitumumab before injecting 2**Pb-PSC-
panitumumab will only block EGFR on the tumor. The remaining radioactivity amount (6.24+0.97
%ID/g) can be attributed to the EPR effect commonly observed during SPECT and PET imaging

in solid tumors using radiolabeled immunoconjugates (181).

Our work with 2*Pb-PSC-panitumumab as a novel immuno-SPECT probe highlights the
opportunity for developing 2*?'2Pb-PSC-panitumumab as ideal radiotheranostics for combined
SPECT imaging and targeted alpha therapy of EGFR-expressing cancers. 2032!2ph
radiotheranostics represent an attractive alternative to currently used 22> Ac-based radiotheranostics
for targeted alpha therapy. The availability of >!?Pb through the emerging ***Ra/?!’Pb generator
technology and the ideal radionuclide matching pair characteristics of radiometals >**Pb and *!*Pb
ensure identical coordination chemistry and identical biodistributions profiles of 2°¥21°Pb
radiotheranostics. This represents a significant advantage to currently used 22°Ac-based

radiotheranostics for targeted alpha therapy relying on chemically different imaging surrogates,

such as **La and **Ce (182).

However, the radiolabeled NPs did not remain in the mice body and could not detect the EGFR+
tumors in mice. This could be due to the fact that NPs were taken up by the reticuloendothelial

systems (RES) (183) and washed away before the 48 hours SPECT/CT imaging time point.
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Additionally, the chelator labeled with radioactivity could have been eliminated from the
developed system and therefore removed by renal system of the animals. The chance of the
radiolabeled panitumumab detaching from the NPs is low, as the results from the 2**Pb-PSC-

panitumumab indicated accumulation and stay in the tumor for 120 hours.

As this method of labeling had shown successful detection of EGFR+ tumors in vivo by PEO-
PBCL NPs modified with peptides against EGFR (146), we were not expecting for the 2*Pb-

NOTA-panitumumab-NPs to be unstable in vivo.
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3.5. Conclusion

In this study, panitumumab was successfully modified with PSC-NCS as a novel Pb-specific
bifunctional chelating agent. PSC-decorated human antibody panitumumab was rapidly and
reproducibly radiolabeled with 2**Pb(OAc), in good radiochemical yields under mild reaction
conditions compatible with the structural and functional integrity of an antibody. Novel
immunoSPECT probe 2**Pb-PSC-panitumumab showed EGFR-mediated uptake in FaDu cells and
high uptake and retention in an EGFR+ HNSCC PDX model. EGFR-mediated uptake was
confirmed by SPECT/CT and biodistribution studies using blocking experiments with
panitumumab. Our work introduces 2**Pb-PSC-panitumumab as a novel immuno-SPECT probe
for imaging EGFR+ tumors and an opportunity to develop 2°¥2'?Pb-PSC-panitumumab
radiotheranostics for combined SPECT imaging and targeted alpha therapy of EGFR-expressing
cancers. Panitumumab modified NPs did not show the expected biodistribution. Future studies
should focus on modifying the chemical reactions and strategies used for the modification of NP

surface with panitumumab.
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Chapter 4

Glycan remodeling of panitumumab for developing radiolabeled
targeted PEO-PBCL nanoparticles and its evaluation on metastatic

non-small cell lung cancer
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4.1. Introduction

Nanomedicines may offer improved solubility, stability, reduced side effects, as well as enhanced
drug activity for the delivered medicine in cancer therapy (184). Nano-theranostics are
nanotechnology-based systems that can not only provide the benefits of nanomedicine, but also
act as imaging probes for diagnostic purposes. Nano-theranostics may be used to track the fate of
nanomedicine in a living organism and identify cancerous lesions that can benefit from
nanomedicine-based treatments. Nano-theranostics can also be used to optimize the timing and/or
placement of anti-cancer treatment delivery based on the principles of precision medicine

(185,186).

For decades, nanoparticles (NPs) were believed to achieve preferential accumulation in solid
tumors by a mechanism known as the enhanced permeability and retention (EPR) effect (187). In
recent years, active transport of NPs by tumor-associated endothelial cells which is mediated by
the protein corona coating of NPs has been suggested as another major driver of NP tumor

accumulation rather than passive EPR effect (187-189).

Cancer cell specific active targeting of NPs through their surface modification with ligands for
receptors overexpressed by tumor cells or tumor vasculature has been reported extensively.
Different ligands, including whole antibodies, antibodies fragments, peptides, aptamers, and
carbohydrates have been used for this purpose (188). Among the available ligands, antibodies
represent the highest specificity and binding affinity due to their two antigen-binding sites per
molecule, making them a suitable candidate for NPs' surface modification (190). The challenge of

using antibodies as ligands is their large size, extended half-life and control over their orientation
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on the NP surface so that their interaction with the receptor of interest is not negatively affected

following NP insertion (191).

A well-established method used to attach antibodies to NPs through covalent bonds, involves the
thiolation of the lysine residue in the antibody’s structure followed by the reaction of the thiolated
antibody with maleimide poly (ethylene oxide) (PEO) modified NPs or NP components that are
post inserted into NPs later. The main disadvantage of this approach is that it can lead to
uncontrolled chemical modification of antibodies as the lysine residue can be in the variable and/or
Fc region of the antibody. There are other methods for reaction of antibodies to NPs such as

attachment through the amide bonds, adaptor molecules and physical adsorption (77).

If the antibodies are randomly orientated on the surface of the NPs, the antigen-binding site for the
antibody may not be accessible for interaction with their receptor (192,193). Besides, the exposure
of the Fc region to the biological milieu on the NP surface, may also mark the antibody-modified
NPs for capture by the mononuclear phagocytic cells. To overcome this challenge, modifications
such as adding a cysteine tail, to specific parts of antibodies away from their variable region
responsible for receptor interaction, have been pursued in the literature (193). Addition of cysteine
to the antibodies, can however, lead to the formation of disulphate bonds between the added
cysteines and/or native cysteines on the antibody (192). Another option is the genetic modification
of the antibody leading to the insertion of specific functional groups to the Fc region of the
antibody. This approach, although effective, is very time consuming and would need sophisticated

gene transfection technologies (192,194).

Alternatively, modification of the glycan groups represents another option that has been explored

to introduce functionality to the Fc region of the antibodies for further chemical reactions (195).N-
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glycans are located on asparagine-297 of the heavy chain (Fc) in immunoglobulin G (IgG)
antibodies (196) which play a role in Fc-mediated functions such as cell-mediated cytotoxicity or
complement-dependent cytotoxicity (197). These IgG antibodies have been reportedly modified
by enzymes to develop antibody-drug conjugates (ADC) such as anti-CD 22 conjugated to
doxorubicin (196), trastuzumab conjugated to SYNtansine (195) and trastuzumab conjugated to
monomethyl auristatin E (198). During this synthesis approach, a portion of the glycan group is
removed by an endoglycosidase enzyme. When using a glycosyltransferase enzyme, a functional
group is added to the antibody which can further be involved in different chemical reactions

(198,199).

Possible functional groups that can be added to antibodies through enzymatic modification,
includes azides, alkynes, and ketones. Among these, azides are the most favorable ones as they are
rarely available in biological settings and can be added to different substrates by various chemical
reactions such as copper(l)-catalyzed/alkynecyclo addition “click chemistry” (196). The use of
click chemistry is of particular interest in this case as this type of reaction does not require harsh
chemical conditions and can take place with high yields in aqueous solutions. In addition, the

reactant and product will not react with other functional biomolecules (87).

The cycloaddition of azides to alkynes is a well-known example of click chemistry (200). Initially,
this reaction used Cu (I) as a catalyzer which, however, showed toxicity towards cells. Therefore,
cyclooctenes replaced the alkynes in a copper-free reaction with azides (201). Not all cyclooctenes
show similar conjugation efficiency with azides. Though bicyclononyne (BCN) resulted in a

higher conjugation efficiency in comparison to dibenzoannulated cyclooctyne (202).
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The long-term goal of the this research is to develop nano-theranostics useful for diagnostic
localization and drug delivery in metastatic tumor lesions. In the present study, we have developed
positron emission tomography (PET) traceable polymeric NPs through insertion of **Cu-NOTA-
modified PEG-phospholipids into poly (ethylene oxide)-b-poly (a-benzyl carboxylate-e-
caprolactone) (PEO-PBCL) NPs. These NPs were modified on their surface with an antibody for
binding to epidermal growth factor receptors (EGFR) on EGFR expressing cancer cells. A control
over the orientation of the anti-EGFR antibody on the NP surface was achieved via the glycan-
remodeling of panitumumab, a clinically used humanized monoclonal anti EGFR antibody (203).
The goal was to evaluate the potential of these novel nano-theranostics for PET imaging of a

preclinical EGFR positive non-small cell lung cancer (NSCLC) model.
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4.2. Materials and methods

4.2.1. Materials

Endo S (IgGZERO®) IdeS (FabRICATOR®) enzymes were obtained from Genovis Inc., USA.
Beta-1,4-galactosyltransferase 1 enzyme, manganese (II) chloride (MnCly), methoxy-poly
(ethylene oxide) (5KDa), and Sepharose® CL-6B were purchased from Millipore Sigma, USA.
Panitumumab (Vectibix®) was a generous gift by Cross Cancer Institute pharmacy in Edmonton,
Canada. UDP-N-azidoacetylgalactosamine was bought from Jena Biosciences, Germany. o-
Benzyl carboxylate-e-caprolactone (BCL) was prepared by Alberta Research Chemicals Inc.,
Canada based on previously published methods (144). Stannous octoate was purchased from MP
Biomedicals Inc. Germany. DSPE-PEG-endo-BCN was obtained from Broad Pharm, USA.
CF®488A-BCN dye was purchased from Biotium, USA, and Cyanine5 azide dye was obtained
from Lumiprobe, USA. Chelex 100 Resin, Laemmili buffer, and SDS-PAGE Mini-PROTEAN
TGX® Precast Protein Gels were purchased from Bio-Rad, USA. Aquastain protein staining
reagent from Bulldog Bio, USA was used. NO2A-Azide was obtained from Macrocyclics, USA.
Cell culture media DMEM, fetal bovine serum (FBS), and penicillin—streptomycin-L-glutamine
were purchased from GIBCO, Life Technologies Inc. *CuCl, was produced based on a previously
reported method (148) at Medical Isotope and Cyclotron Facility (MICF) at the University of

Alberta South Campus, Canada.

4.2.2. Cell lines and animals

H1299-luc+ cells were purchased from American Type Culture Collection (ATCC) (Manassas, VA,

U.S.A.). H1299 cells were grown in a 5% CO: incubator at 37°C using DMEM/F12 media
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containing 10% fetal bovine serum and 1% penicillin/streptomycin, with media changed 2-3 times

weekly.

Female 6-10 weeks old NIH-III nude mice were obtained from Charles Rivers (Saint-Constant,
QC, Canada). All animal experiments followed the Canadian Council on Animal Care (CCAC)
guidelines and were approved by the Cross Cancer Institute local animal care committee (animal

protocol AC 21256).

4.2.3. Glycan remodeling of panitumumab with azide

Figure 4.1 shows the scheme for different steps used to prepare azide modified antibody in addition
to its insertion in the NPs. In the first step, to a 4 mg aliquot of panitumumab, 800U of Endo S
enzyme was added. The reaction pH was set to 7.4 using Tris-buffered saline (TBS) and left on a
thermoshaker for 30 minutes at 37°C at 700 rpm. The sample was purified using 100KDa
centrifugal spin filters (Amicon®, Millipore Sigma, USA), and a sample was sent for matrix-
assisted laser desorption/ionization (MALDI) to assess modifications on panitumumab. To
understand which antibody segment had been modified, IdeS enzyme was added to panitumumab
and modified panitumumab with the concentration of 1 U per 1 ug of protein, and the pH was set
to 7.4. The samples were placed on a thermoshaker set to 30°C at 700 rpm for 30 min. After that,
Laemmli buffer with a volume/volume ratio of 3:1 was added, and the reaction mixture was heated
at 95°C for 10 min. From each sample, 25 pg of antibody was loaded into each pocket of the SDS-

PAGE gel and ran at 110 V. Then, the gels were stained for further assessment.

The deglycosylated antibody mixture was then buffer exchanged to TBS supplemented with

150nM MnCl, via Amicon® 100 KDa cutoff centrifugal spin filters. UDP-N-
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azidoacetylgalactosamine with a mol/mol ratio of 40:1 to panitumumab and 5 U of Beta-1,4-
galactosyltransferase 1 was added per one mg of panitumumab. The pH of the reaction was set to
7.4. The reaction mixture was placed again on a thermoshaker set to 25°C and 700 rpm overnight.
After that, the antibody reaction mixture was washed with TBS using Amicon® 100 KDa cutoff

centrifugal spin filters three times and set aside for use in the next steps.

4.2.4. Fluorescence labelling of azide-functionalized panitumumab

To attach CF®488A- BCN to azide-modified panitumumab (azide-panitumumab), a 5:1 mol/mol
ratio of the dye to purified azide-panitumumab was added and left on a thermoshaker set to 25°C
and 700 rpm overnight. The sample was purified via Amicon® 100KDa cutoff centrifugal spin
filters. To assess the reaction's efficiency, an aliquot was submitted for MALDI. The degree of
labeling (DOL) was also assessed using UV spectroscopy (UV2600i, Shimadzu, Japan). The

following equations were used to calculate DOL. :

Absorbance at 495nm/e of dye
Absorbance at 280nm (CFxAbsorbance at 495nm)/s of 1gG

DOL=

Absorbance of dye at 280nm

C tion Factor (CF) for dye =
orrection Factor (CF) for dye absorbance of dye at 495nm

e of dye:70,000 and € of 1gG:210,000

4.2.5. Preparation of PEO-PBCL NPs

Poly(ethylene oxide)-block-poly(a-benzyl carboxylate-e-caprolactone) (PEO-PBCL) was

prepared using the previously reported method (144). Briefly, mPEO and BCL were weighted in
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an ampule with a mol/mol ratio of 1:30. Then, three drops of stannous octoate were added and
while the ampule was connected to the vacuum line, the ampule was sealed using a flame. The
sealed ampule was placed in an oven at 140°C and for 4 hours. The polymer was purified by
dissolving the ampule contents in dichloromethane and adding it to hexane to precipitate the
synthesized polymer. An aliquot of the synthesized polymer was dissolved in deuterated
chloroform and analyzed with 'H nuclear magnetic resonance (‘H NMR) for characterization using
a 600-MHz Bruker spectrometer (Bruker Instruments, Inc., Billerica, MA, USA). On the 'H NMR
spectrum the peak intensity of PEO (-CH2CH2O-, 6 3.65 ppm) was compared to that of BCL (-

OCH2-, 6 4.1 ppm) to assess the degree of polymerization of PBCL (144,204).

PEO-PBCL NPs were prepared by the co-solvent evaporation method as previously reported (144).
Briefly, 10 mg of PEO-PBCL polymer was dissolved in 250 pL of acetone and added dropwise to
5 mL of double distilled water being stirred using a magnet bar. The sample was left overnight for
acetone evaporation. The prepared NPs were characterized using dynamic light scattering (DLS)

(Zetasizer Ultra, Malvern Panalytical, UK).

4.2.6. Modification of PEO-PBCL NPs with panitumumab

PEO-PBCL NPs were conjugated with panitumumab (pan modified PEO-PBCL NPs) via the post-
insertion method as previously reported by Saqr et al. (97). Initially, a mol/mol ratio of 3:1 polymer
to DSPE-PEG5000-BCN was weighted. The DSPE-PEG5000-BCN was dissolved in acetone in a
1 mg/mL concentration and added to TBS with a volume/volume ratio of 1:6 while being shaken.
After acetone evaporation, azide functionalized panitumumab was added to DSPE-PEG5000-BCN

in a mol/mol ratio of 1:3 and left on a thermoshaker for 4 hours at 700 rpm at room temperature.
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Afterward, this solution was added to PEO-PBCL NPs and left overnight on a thermoshaker set to
500 rpm and room temperature. The sample was then purified using a Sepharose CL-6B® size-
exclusion chromatography column by eluting the column with Phosphate-buffered saline (PBS)
pH 7.4 and collecting 15 fractions of 2 mL. The fractions were characterized using DLS and BCA
assay to determine NP size distribution and the number of panitumumab antibody units per NP,

respectively.

4.2.7. Fluorescence labeling of plain and panitumumab-modified PEO-PBCL NPs with

Cyanine 5 azide

The PEO-PBCL NPs were fluorescently labeled via the post-insertion method (97). Briefly, a 1:10
mol/mol ratio of DSPE-PEG5000-BCN to PEO-PBCL polymer was weighted and dissolved in
acetone with 1 mg/mL concentration and added to TBS at a volume/volume ratio of 1:6 while
being shaken. After acetone evaporation, the cyanine 5 azide with a 1:1 mol/mol ratio was added
to DSPE-PEG5000-BCN and left on a thermoshaker set to 700 rpm at room temperature for 4 h.
Then, PEO-PBCL NPs were added to this sample and left overnight on the thermoshaker shaker
set to 500 rpm at room temperature. To purify the Cy5 labled PEO-PBCL NPs (Cy5-PEO-PBCL
NPs), size exclusion chromatography column (PD midiTrap® G-25, GE healthcare) eluted with
PBS (pH 7.4). From the column eluents, 15 fractions of 0.3 mL were collected and kept for further

analysis.

To prepare fluorescence labeled panitumumab conjugated PEO-PBCL NP (pan modified cy5-
PEO-PBCL NPs), initially panitumumab decorated PEO-PBCL NPs were prepared as detailed in

Modification of PEO-PBCL NPs with panitumumab section and similar steps and concentrations
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as described above for the labeling of PEO-PBCL NPs with cyanin 5 azide were used. The
concentration (mol/L) of Cyanine 5 azide in each sample was determined by measuring the
absorbance of each sample at 646 nm wavelength using a spectrophotometer (UV26001, Shimadzu,

Japan) and using the following formula the concentration (mol/L) of each sample was calculated.
A=¢eLc

A: absorbance &: molar extinction coefficient (for Cyanine 5 azide is 250,000 L™ cm-"mol)

L: path length c: concentration (mol/L)

4.2.8. Radiolabeling of plain and panitumumab-conjugated PEO-PBCL NPs with %Cu

For ®*Cu radiolabeling of the plain PEO-PBCL NPs (**Cu-PEO-PBCL NPs) or panitumumab-
conjugated PEO-PBCL NPs (pan modified **Cu-PEO-PBCL NPs), similar steps were followed as
described above under Labeling PEO-PBCL polymeric nanoparticles with Cyanine 5 azide.
Briefly, to a mol/mol ratio of 1:10 DSPE-PEG5000-BCN to PEO-PBCL polymers was weighed
and dissolved in acetone, then added to TBS. After acetone evaporation, NOTA-azide chelator
was added with a 1:5 mol/mol ratio of chelator to DESPE-PEG5000-BCN. This solution was left
for 4 h on a thermoshaker at 700 rpm and at room temperature. Then PEO-PBCL NPs were added
to this solution and left overnight on the thermoshaker shaker set to 500 rpm at room temperature.
The NPs were then purified from free chelators and concentrated to 50 mg/mL using 300 KDa

cutoff centrifugal spin filters (Microcon®, Millipore Sigma, USA).

The Pan modified PEO-PBCL NPs, were prepared following the steps described under

Modification of PEO-PBCL NPs with panitumumab. Following the same procedure as with PEO-
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PBCL NPs, a 1:10 mol/mol ratio of DSPE-PEG5000-BCN to PEO-PBCL polymer was weighed
and dissolved in acetone and added to TBS. Following acetone evaporation, the NOTA-azide
chelator was mixed in at a 1:5 mol/mol ratio with DESPE-PEG5000-BCN. The solution sat on a
thermoshaker at room temperature for 4 h at 700 rpm. The solution was then mixed with pan
modified PEO-PBCL NPs and kept overnight on the thermoshaker shaker set at 500 rpm and room
temperature. The pan modified PEO-PBCL NPs were purified from free chelators and concentrated

to 50 mg/mL using centrifugal spin filters (Microcon®, Millipore Sigma, USA).

Table 4.1. Summarized description of the developed NPs

Polymeric NP'! Composition (mol/mol)
Pan modified PEO- PEO-PBCL;;:Panitumumab-PEG-DSPS
PBCL NP
(30:1)
Cy5-PEO-PBCL NP PEO-PBCL2: Cy5-PEG-DSPE
(10:1)
Pan modified Cy5-PEO- PEO-PBCLy;:Panitumumab-PEG-DSPS: Cy5-PEG-DSPE
PBCL NP
(30:1:10)
%Cu-PEO-PBCL NPs PEO-PBCL2: *Cu-PEG-DSPE
(10:1)
Pan modified **Cu - PEO-PBCL;:Panitumumab-PEG-DSPS: %Cu-PEG-DSPE

PEO-PBCL NPs
(30:1:10)

1. The % Cu mentioned the table is the representative of the %Cu entrapped in NO2A chelator complex.
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The pH of [**Cu]CuClz (0.5 mL in 0.1 N HCI) was adjusted to 5.5 using 15-20 pL of chelex-treated
2 M sodium acetate buffer (NaOAc) (pH 10). Then ~450 pL of %*Cu was transferred to a 200 pL
aliquot of 50 mg/mL NO2A-PEO-PBCL NPs (prepared as described above). The reaction mixture
was then placed on a thermoshaker set at 700 rpm and 37°C for 1 h. The efficiency of **Cu
incorporation was determined via radioactive thin-layer chromatography (radio-TLC) analysis.
For assessing the chelation of *Cu into the chelators, to an 8 pL aliquot of the reaction mixture
2 uL of 10 mM EDTA was added and left for 5 min. Analysis was done with normal phase radio-

TLC using citrate buffer as mobile phase.

To monitor the percentage of “*Cu-NO2A not attached to NPs, reverse phase radio-TLC was used

with MeOH / 1 M NH4OAc with a 9:1volume/volume ratio as mobile phase.

64Cu-PEO-PBCL NPs were finally purified by size exclusion chromatography (P25 column)
eluting with PBS and collecting 300 pL fractions. The activity of each fraction was measured using
an AtomlabTM 400 dose calibrator (Biodex Medical Systems, New York, NY, USA) followed by

normal and reverse phase radio-TLC to determine the fractions' radio purity.
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Figure 4.1. Overall view of the methods used for developing 64Cu labeled panitumumab modified PEO-PBCL NPs via

glycan remodeling approach

4.2.9. cell uptake studies

In vitro cell uptake studies were performed using H1299 NSCLC cells (CRL-5803 from American
Type Culture Collection (ATCC), Manassas, MD, U.S.A.). H1299 cells were initially seeded into
each well of a 12-well plate and incubated overnight. The next day, the media with 10% FBS was

replaced with an FBS-free media.

To measure the cell uptake of fluorescent labeled NPs, 0.2 ug/mL of Pan modified Cy5-PEO-PBCL
NPs or Cy5-PEO-PBCL NPs were added to each well and the plate was kept in a 5% CO; incubator

at 37 °C for 3 h. Cellular uptake was stopped with 0.5 mL of ice-cold PBS, and the cells were
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washed twice with PBS and lysed in 0.4 mL radioimmunoprecipitation assay buffer (RIPA buffer).
Fluorescence in 100 pL of cell lysates was determined using a Synergy H1 multimode microplate
reader (BioTekInstruments Inc., Winooski, VT, U.S.A.) with 640 nm as excitation and 670 nm as
emission wavelengths. Data were calculated as percent of measured fluorescence intensity of cells

over the fluorescence intensity of each sample.

For blocking experiments, H1299 seeded plates were prepared as mentioned previously and cells
were pre-treated with 250 pg of panitumumab per well for 2 h before adding fluorescence-labeled
NPs. After that, 0.2 pg/mL of cyanin Pan modified Cy5-PEO-PBCL NPs was added to each well
and the plate was kept in a 5% CO; incubator at 37 °C for 3 h. Cells were lysed and their

fluorescence intensity was measured as described before.

To measure the cell uptake of %*Cu labeled NPs, 0.2 MBq of Pan modified **Cu-PEO-PBCL NPs
or **Cu-PEO-PBCL NPs were added to each well and the plate was kept in a 5% CO2 incubator
at 37 °C for 3 h. After incubation, similar steps as measuring cell uptake for fluorescent labeled
NPs were followed. Briefly, the cells were washed with ice cold PBS and RIPA buffer was added

to lyse the cells and the radioactivity of each cell lysate was measured using a gamma counter.

The blocking studies was performed similar to fluorescent labeled NPs. In brief, cells were
pretreated with 250 pg panitumumab 2 hours before addition of radiolabeled NPs followed by
addition of 0.2MBq of Pan modified %*Cu-PEO-PBCL NPs or %*Cu-PEO-PBCL NPs and
incubation for 3 hours. Cells were then washed with PBS, lysed with RIPA buffer and radioactivity

measured using a gamma counter.
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4.2.10. In Vivo experiments with radiolabeled NPs

The subcutaneous NSCLC xenograft mouse model was generated by injecting ~3x10% H1299-luc+
cells in 100 pL of 50% Matrigel / 50% PBS into the left shoulder of female NIH III nude mice.
Tumors were used for PET experiments after about 3-4 weeks, when the tumor size reached

approximately > 5 x 5 mm.

4.2.11. PET imaging experiments

H1299 luc" tumor-bearing NIH III nude mice were anesthetized with isoflurane (100% O-), and
their body temperatures were kept constant at 37°C. Mice were injected intravenously with either
7-11 MBq Pan modified ®Cu-PEO-PBCL NPs or %Cu-PEO-PBCL NPs in 100-150 pL
PBS / saline through a tail vein catheter. Radioactivity present in the injection solution (0.5 mL
syringe) was determined using a dose calibrator (Atomlab™ 500; Biodex Medical Systems, New
York, NY, USA). For blocking experiments, mice were injected intravenously with 1 mg
panitumumab 24 h before injection of the Pan modified **Cu-PEO-PBCL NPs. Mice were
positioned and immobilized in a prone position into the center of the field of view of an INVEON®
PET/CT scanner (Siemens Preclinical Solutions, Knoxville, TN, USA). A transmission scan for
attenuation correction was not acquired. Static PET scans were measured for 20 min at 24 h or
48 h post-injection. PET data were reconstructed using maximum a posteriori (MAP)
reconstruction modes. No correction for partial volume effects was performed. Image files were
further processed using Rover v.2.0.51 software e (ABX GmbH, Radeberg, Germany). Masks
defining 3-dimensional regions of interest (ROI) were set and defined by 50% radioactivity
thresholding. Mean standardized uptake values [SUVmean = (activity/mL tissue) / (injected

activity / body weight)] (mL/kg), were calculated for each ROI. Diagrams were generated using
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GraphPad Prism 5.0 (GraphPad Software, San Diego, CA). All SUV PET data are presented as
means = SEM from n experiments. Statistical differences were tested by unpaired Student’s t-test

and considered significant for p < 0.05.

4.2.12. Ex vivo biodistribution experiments

For biodistribution experiments the same mice that have undergone PET live imaging were used.
Directly after their PET scan, mice were euthanized by cervical dislocation after 24 or 48 h post-
injection. Organs and tissue of interest including blood, lung, liver, spleen, muscle, and H1299 luc”
tumors were collected and weighed. Radioactivity in all tissues was measured as Bq using a
HIDEX automated gamma counter (Hidex Oy, Turku, Finland), and results were calculated as
percentage of injected dose per gram of tissue (% ID/g). Experiments were performed from n=3-

4 mice for each time point. Data are shown as mean + standard error of measure (SEM).

4.2.13. Statistical analysis

The data from n experiments are expressed as means = SD for all in vitro, in vivo, and ex vivo
measurements. GraphPad Prism 8 software (GraphPad Software, San Diego, CA) was used to
construct the graphs and statistically analyze the results. Statistical differences were assessed using

an unpaired Student's t-test, one way ANOVA and were considered significant if p < 0.05 (*).
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4.3. Results

4.3.1. Characterization of azide functionalized panitumumab

Figure 4.1 illustrated different steps involved in the preparation of azide functionalized
panitumumab by glycan remodeling. Success of glycan group remodeling of panitumumab was
analyzed using MALDI and SDS-PAGE electrophoreses. As shown in Figure 4.2. A, the value of
mass-to-charge (m/z) was decreased by 2,376 when panitumumab was modified by Endo S.
representing the removal of N-linked glycan from panitumumab(205), Moreover, the location of
the modification on panitumumab was assessed via electrophoresis. The stained SDS-PAGE
indicated a similar molecular weight for the F(ab’), segment of panitumumab and deglycosylated
panitumumab. However, the Fc segment of deglycosylated panitumumab had a lower molecular
weight in comparison to panitumumab (Figure 4.2. B) indicating that the Fc section of

panitumumab has been modified and the F(ab’), has remained intact.
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Figure 4.2. A) A representative low-resolution MALDI spectrum for deglycosylated panitumumab (I) and original
panitumumab (II). B) stained SDS-PAGE representing F(ab’)2 and Fc segments for deglycosylated panitumumab (I) and
original panitumumab (II).

After remodeling of the glycan group of panitumumab to azide, MALDI analysis and
electrophoresis were done. As shown in Figure 4.3. A., the m/z ratio value decreased from 146,515
for panitumumab to 144,139 for the panitumumab without glycan group. For azide modified
panitumumab, this value increased to 145,971. The stained SDS-PAGE showed a mass difference
between panitumumab and the azide modified panitumumab for the Fc segment of the antibody.

However, the molecular weight of Fab for all groups was similar (Figure 4.3. B).
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Figure 4.3. A) A representative low-resolution MALDI representative for deglycosylated (I), azide-modified (II), and
original panitumumab (III) B) stained SDS-PAGE representing F(ab’)2 and Fc for deglycosylated (I), azide-modified (II),

and original panitumumab (III).

4.3.2. Characterization of CF®488A labeled panitumumab

The efficiency of CF®488A-BCN attachment to azide-panitumumab was determined by MALDI
and measurement of the absorbance of the sample at 280 and 495nm wavelengths. Using the DOL
equation mentioned in Fluorescence labeling of azide- functionalized panitumumab, the efficiency
of CF®488A-BCN attachment to azide-panitumumab was calculated 51.90+4.01%. Also, the
MALDI result indicated an increase in m/z value from 144,948 to 145,979 for glycosyl-modified

panitumumab and CF®488A labeled panitumumab, respectively (Figure 4.4).
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Figure 4.4. Low-resolution MALDI for panitumumab, deglycosylated panitumumab, and CF®488A labeled

panitumumab.

4.3.3. Characterization of plain and panitumumab-conjugated PEO-PBCL NPs

The number average molecular weight (Mn) for the synthesized PEO-PBCL block copolymer and
the degree of polymerization for the PBCL block were 11,700 g/mol and 22, respectively. The NPs
were prepared using this polymer without or with insertion of the fluorescence tag, the radioisotope

%4Cu and/or panitumumab conjugated-PEG-DSPE as shown in Figure 4.1.

Upon antibody insertion, the NPs were purified using size-exclusion chromatography column to
separate them from free antibodies. The characterization of the collected fractions (Figure 4.5)
indicated that the PEO-PBCL NPs and the Pan modified PEO-PBCL NPs elute through the column

as fractions 5-10 based on the count rate measured and the quality analysis given by DLS. For all
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remaining fractions, other than the low count rate in comparison to fractions 5-10, the quality
report indicated a high noise-to-signal ratio, weak scattering signal and a large population or

number fluctuations.

The size (d.nm) and polydispersity index (PDI) for PEO-PBCL NPs and pan modified PEO-PBCL
NPs are reported in Table 4.2. The modification of NPs with panitumumab led to slight increase
in NPs size and PDI. The change in NPs size when panitumumab was added to PEO-PBCL NPs
was not significant (p>0.05, t-test); however, the PDI value increased significantly (p<0.05, t-test).
Also, the zeta potential of the prepared NPs remained near neutral with out significant changes

(p>0.05, t-test).

Table 4.2. Characterization of nonradioactive labeled polymeric NPs

Polymeric NP! Size(d.nm)+SD PDI+SD Zeta potential+SD
PEO-PBCL NP 49.284+2.03nm 0.14+0.00 -2.26+1.13
Pan modified NPs 52.542.75 nm 0.18+0.02 -3.48+1.94

1.The composition of the polymeric NPs is mentioned in Table 1.

As shown in Figure 4.5, an increase in count rates was seen from fraction 12-14 when the pan
modified PEO-PBCL NPs were eluted through the size exclusion chromatography column which
is contributed to free panitumumab being eluted from the column since this increase was not
observed when eluting the PEO-PBCL NPs through the column. The BCA assay indicated an

average mol/mol ratio of 1:136 of panitumumab to polymer present in the samples.
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Figure 4.5. The count rate measured using DLS of eluted fraction from size-exclusion chromatography for A) PEO-PBCL

NPs and B) panitumumab-modified PEO-PBCL NPs

4.3.4. Cyanine 5 labeling efficiency of plain and panitumumab-modified NPs
The fluorescence labeling efficiency of plain and pan modified PEO-PBCL NPs was measured
using absorbance at 646 nm. For PEO-PBCL NPs, 29 +1% of the added Cyanine 5 was

incorporated into NPs, similar to 29+1% incorporation into pan modified PEO-PBCL NPs.

4.3.5. %4Cu labeling efficiency of plain and panitumumab modified NPs

The radiolabeling efficiency of PEO-PBCL NPs and pan modified PEO-PBCL NPs with ®Cu was
determined with normal and reverse phase radio-TLC. As shown in Figure 4.6, the amount of free
%4Cu in the radiolabeled samples was less than 20%. Also, the R¢value for the *Cu-NO2A complex
in reverse phase ratio-TLC was 0.39. The reverse phase radio-TLC indicated that less than 35% of
the radiolabeled sample was free **Cu-NO2A complex. Also, the normal and reverse phase radio-

TLC showed that the size exclusion chromatography column purified the radiolabeled samples

from free **Cu and **Cu-NO2A (Figure 4.6).
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Figure 4.6. Representative radio-TLC scans of A) Cu-PEO-PBCL NPs reverse phase TLC B) **Cu-PEO-PBCL NPs with
normal phase TLC C) Pan modified **Cu-PEO-PBCL NPs with reverse phase TLC D) Pan modified **Cu-PEO-PBCL
NPs with normal phase TLC E) Eluted fraction from size exclusion chromatography column with reverse phase TLC F)

Eluted fraction from size exclusion chromatography column with normal phase TLC.
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4.3.6. In vitro cell uptake

H1299 cells were incubated with Cy5-PEO-PBCL NPs for 3 hours and cell uptake was determined
by measuring the amount of fluorescence in the cell lysates. The results indicated that pan modified
Cy5-PEO-PBCL NPs have significantly higher uptake by H1299 cells compared to Cy5-PEO-
PBCL NPs (p<0.05, One-way ANOVA) (Figure 4.7). Also, the cell uptake for the group of cells
that received panitumumab in advance of treatment with Pan modified Cy5-PEO-PBCL NPs, was
significantly lower in comparison to those that only received Pan modified Cy5-PEO-PBCL NPs
(p<0.05, One way ANOVA) and comparable to that of Cy5-PEO-PBCL (P>0.05, One way
ANOVA). The cell uptake results for NPs labeled with ®*Cu was in line with the Cy5 labeled NPs.
As shown in Figure 4.7.B, the pan modified **Cu-PEO-PBCL NPs, were significantly up taken by
H1299 cells in comparison to $*Cu-PEO-PBCL NPs (P<0.05, One way ANOVA). Moreover, the
NPs uptake of the cells which received panitumumab in advance of receiving Pan modified *Cu-
PEO-PBCL NPs, was significantly lower than the cells which only received pan modified *Cu-

PEO-PBCL NPs (P<0.05, One way ANOVA).
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Figure 4.7. Uptake of plain and panitumumab- modified PEO-PBCL NPs by H1299 cells with or without panitumumab
pretreatment for A) fluorescently labeled NPs and B) radioactively labeled NPs (* represents P<0.05, One way ANOVA

n=3)

4.3.7. In vivo PET imaging

Representative images are shown after 24 and 48 h post-injection (p.i) of either **Cu-PEO-PBCL
NPs or Pan modified **Cu-PEO-PBCL NPs (Figure 4.8). Radioactivity uptake into subcutaneous
H1299 tumors is clearly visible. Below, the diagrams in Figure 4.8 summarize quantified mean
standardized uptake values (SUV eqn) which were determined from regions of interest over the
tumor area and over the contralateral muscle tissue. Radioactivity uptake into tumor tissue revealed
SUVmean values of 0.87 + 0.08 (n=3) after 24 h p.i. and 0.63 + 0.01 (n=3) for 48 h p.i. indicating
a slight washout. Corresponding muscle tissue uptake resulted in SUV ean 0£0.23 £ 0.01 after 24 h
and 0.18 + 0.03 after 48 h (both n=3), respectively. Panitumumab conjugation to the PEO-PBCL
NPs did not change the tumor uptake after 24 h, however, after 48 h an increase of ~16% tumor

uptake was detected: SUV ean 0.73 £ 0.02 (n=3; p < 0.05).
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Figure 4.8. Top: Representative PET images as maximum intensity projections (MIP) of a H1299-luc tumor-bearing
NIHIII mouse at 24 and 48 h after injection of 64Cu labeled PEO-PBCL NPs and 64Cu labeled panitumumab-modified

PEO-PBCL NPs. Bottom: SUVmean values for radiotracer uptake into tumor (left) and muscle tissue (right).

Next, blocking experiments were performed to prove if a specific antibody-mediated tumor uptake
was detectable. Figure 4.9 summarizes representative PET images of mice at 48 h p.i. Pan modified
4Cu-PEO-PBCL NPs in the presence or absence of panitumumab (1 mg per mouse). The diagrams
below present the SUV,ean values for these experiments: 0.72 +0.05 in the absence and
0.61 £ 0.09 in the presence of 1 mg panitumumab (both n=4) indicative of a 15% reduction, which

was, however, not significant.
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Figure 4.9. Top: Representative PET images as maximum intensity projections (MIP) of a H1299-luc tumor-bearing
NIHIII mouse at 48 h after injection of 64Cu labeled panitumumab-modified PEO-PBCL NPs and its blocking group.

Bottom: SUVmean values for radiotracer uptake into tumor (left) and muscle tissue (right).

4.3.8. Ex vivo biodistribution experiments

Biodistribution experiments using **Cu-PEO-PBCL NPs and Pan modified **Cu-PEO-PBCL NPs
were carried out in the same mice as used for the PET imaging experiments. Figure 4.10 compares

the biodistribution of **Cu-PEO-PBCL NPs with the one of Pan modified **Cu-PEO-PBCL NPs
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in blood, lung, liver, spleen, muscle and H1299 tumor tissue at 24 and 48h p.i.. No significant

differences were detected between **Cu-PEO-PBCL NPs and Pan modified **Cu-PEO-PBCL NPs
at both time points.

24h p.i.
Subcufaneous H1299 tumors

= *Ccu-PEO-PBCL NPs
= Pan modified *‘Cu- PEO-PBCL NPs

-
1

ml | ﬂﬂ [l

blood lung liver spleen muscle H1299 tumor
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Figure 4.10. Biodistribution of “Cu-NOTA-PEO-PBCL NPs and **Cu-NOTA-panitumumab-PEQO-PBCL NPs in

subcutaneous H1299-luc+ tumor-bearing NIH-III mice at 24 h p.i (n=3) and 48 h p.i. (n=3).

However, when calculating the tumor-to-muscle (T/M) and tumor-to-blood ratios (T/B) a slight
tendency of increased tumor uptake was determined but it was not significant (Figure 4.11) : + 9%

for T/M and + 19% for T/B with Pan modified **Cu-PEO-PBCL NPs, respectively.

108



Tumor-to-Muscle Ratio
48h p.i.

subcutaneous H1299 tumors

@ %cu-PEO-PBCL NPs
B Pan modified %4Cu- PEO-PBCL NPs

7.0

6.51

6.0

5.59

T/M ratios

5.01

4.5

M

Tumor-to-Blood Ratio
48h p.i.
subcutaneous H1299 tumors

m@ 54Cu-PEO-PBCL NPs
B Pan modified ¥Cu- PEO-PBCL NPs

1.09

0.81

0.64

T/B ratios

0.44

0.2

0.0

Figure 4.11. Tumor-to-muscle (T/M) and tumor-to-blood ratios (T/B) for 64Cu-NOTA-PEO-PBCL NPs and 64Cu-

NOTA-panitumumab-PEO-PBCL NPs in subcutaneous H1299-luc+ tumor-bearing NIH-III mice at 48h p.i.

Next, ex vivo biodistribution was also analyzed under blocking conditions in the presence and
absence of 1 mg panitumumab at 48h p.i.. (Figure 4.12). Again, no significant differences were

detected in the selected organs.
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Figure 4.12. Biodistribution of Cu-NOTA-panitumumab-PEO-PBCL NPs in the presence and absence of 1 mg
panitumumab in subcutaneous H1299-luc* tumor-bearing NIH-III mice (n=4).

In this case, the calculation of T/M and T/B did not result in any difference and therefore no

blocking effect was detected (Figure 4.13).
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Figure 4.13. Tumor-to-muscle (T/M) and tumor-to-blood ratios (T/B) for %*Cu-NOTA-panitumumab-PEO-PBCL and

blocking group in subcutaneous H1299-luc+ tumor-bearing NIH-III mice at 48h p.i.
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4.4. Discussion

Nano-theranostics systems, which combine diagnosis and therapy in a single nanocarrier, have
gained attention for their precise detection and treatment capabilities (206). The developed
nanotheranostic in this work was composed of the PEO-PBCL nanocarrier for improved drug
delivery and ®*Cu radioisotope as the detecting probe. To improve the EGFR+ cancer cell targeting
capability of the developed nanotherosntic, active targeting property was added to PEO-PBCL
NPs. This feature was added to the nanotheronostic by introducing panitumumab with control over
its orientation on the surface of PEO-PBCL NPs (Figure 4.1). The control over panitumumab’s
orientation on the NPs was obtained by modification of the glycan group presented on the Fc
section of panitumumab. Initially, Endo S enzyme hydrolyzed the b-1,4 linkage between the first
two N-acetyl glucosamine (205) resulting in a decrease in the molecular weight of panitumumab;
moreover, since each heavy chain of Fc portion has a glycan group (207) therefore, the difference
in molecular weight observed in MALDI was an even number (Figure 4.2). Also, the IdeS enzyme
specifically cleaved panitumumab in its hinge region (208), leading to the two bands one for
F(ab'), and one for Fc seen on SDS-PAGE, the molecular weight observed for F(ab")> was in line
with the reported average molecular weight of 110KDa for IgG F(ab’), (209) (Figure 4.2). Since
changes were only seen in the molecular weight of the Fc portion, it was confirmed that Endo S
only modified the Fc portion of panitumumab. The transfer of N-azidoacetylgalactosamine to
deglycosylated panitumumab was only observed using MALDI, as adding N-
azidoacetylgalactosamine to both modified glycans of panitumumab would increase
deglycosylated panitumumab's Mw maximum by 490 Da which could not be followed via SDS-

PAGE. This was due to the small change in the molecular weight of the Fc and the presence of Fc
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with different molecular weights within a small Mw range due to the enzymes' efficiency in

producing the azide-panitumumab (Figure 4.3).

The attachment of CF®488A-BCN to azide-panitumumab happened through copper-free click
chemistry (210) and confirmed that the azide-panitumumab is capable of reacting with the BCN
functional group (Figure 4.4). These understandings and observations indicate that BCN-PEG-
DSPE attaches to the Fc portion of azide-panitumumab and therefore during the post-insertion
process to PEO-PBCL, panitumumab is not introduced in random orientation to the surface of

NPs.

The hydrophobic nature of PEO-PBCL NPs allows the insertion of PEG-DSPE, enabling the
phospholipid fragment to reach the core. Yet, the introduction of PEG-DSPE will not influence the
thermodynamic stability of PEO-PBCL NPs (97) leading to the insertion of panitumumab and
NO2A chelator to PEO-PBCL NPs (Figure 4.6). The introduction of panitumumab as the active
targeting agent on the surface of PEO-PBCL NPs led to increased uptake of NP in comparison to
PEO-PBCL NPs in vitro as a result of receptor-mediated endocytosis facilitating NPs uptake
(190,211) (Figure 4.7). An increase in cell uptake were also reported when anti-EGFR antibodies
were used to decorate other NPs delivery systems such as cetuximab decorated albumin NPs (212)
targeting A549 lung cancer cell line, cetuximab modified hybrid lipid-polymer NPs targeting L.oVo
colorectal cancer cells (213) and panitumumab decorated polycaprolactone NPs targeting HCT116
colorectal cancer cells (214). Also, NPs modified with EGFR targeting peptides showed an
increase in cell uptake by cancer cells over expressing EGFR such as the work done by Du et al.

(215) and Pavia et al. (146) when for both studies GE11 peptide was used to decorate their NPs to
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target U20S and HCT 116 cancer cell lines respectively. However, the ex vivo biodistribution

results did not show significant difference for tumor uptake between the injected groups.

The PET imaging in live animals showed a significant but small increase in tumor uptake between
mice injected with **Cu-PEO-PBCL NPs and Pan modified **Cu-PEO-PBCL NPs at 48 h only
(Figure 4.8); however, the biodistribution data is more accurate as it determines the absolute
quantitative data for the radioactivity uptake into the tumors (216). PET data analysis can result in
about 20% errors since its analysis is based on defining ROI by hand, thresholding of radioactivity

uptake and partial volume effects (217).

The similar tumor distribution of **Cu-PEO-PBCL NPs and Pan modified **Cu-PEO-PBCL NPs
seen in ex vivo biodistribution data of dissected organs (Figure 4.10) is perhaps a result of passive
targeting. The surface modification of the NPs has no effect on passive targeting and tumor
kinetics, but triggers internalization by EGFR expressing cells only after extravasation of the NPs
into tumors. Therefore, although homing of panitumumab modified NPs in the subcutaneous tumor
was not different from that of plain NPs, the effect of panitumumab may be observed in the

therapeutic activity of the loaded drug as a result of better uptake of NPs by cancer cells

overexpressing EGFR (218).

Furthermore, reports in literature indicated when complete monoclonal antibody structure is used
as a targeting agent increased liver and spleen uptake is expected. This would lead to faster
clearance of antibody modified NPs in comparison to non modified NPs. Rapid clearance of
antibody modified NPs was attributed to the random orientation of the antibody on the surface of
NPs, which triggered Fc-mediated uptake by the mononuclear phagocytic cells and accumulation

of NPs in the liver and spleen (219,220). However, due to the control over the panitumumab
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orientation on Pan modified **Cu-PEO-PBCL NPs higher liver and spleen uptake in comparison

to **Cu-PEO-PBCL NPs was not seen in our biodistribution data.

In general, NPs are accumulated in organs with leaky endothelial wall such as liver, spleen, bone
marrow and tumor (221) which was in line with the biodistribution seen in this study. However, in
a similar work done by Paiva et al. (146), PEO-PBCL NPs were decorated with EGFR targeting
peptide (GE11) and radiolabeled with ®*Cu, a higher %ID/g for spleen and blood and a lower
%ID/g for liver was reported in comparison to our labeled NPs, which could be as a result of using
peptide as targeting agent or attribution of radiolabeling method used in the present study. In the
presented method the surface of NPs were modified with chelators and in Paiva et al. work the
targeting agent was radiolabelled. Both studies used PEO-PBCL polymers with similar degree of
polymerizations. Therefore, the observed differences are not attributed to PEO-PBCL NPs and
may be an artifact of the presence of chelating agent on the surface of PEO-PBCL NPs triggering

uptake by mononuclear phagocytic cells and liver/spleen distribution.

4.5. Conclusion

The presented work introduces a novel method for developing antibody modified NPs with control
on the orientation of antibody on the surface of NPs, so that the Fc portion of the antibody is not
exposed and/or antibody variable region is intact. The developed method discussed here for
radiolabelling PEO-PBCL NPs, was capable of producing stable radiolabeled NPs in mice bearing
NCSL tumors. Future studies should focus on the optimization of radiolabeled antibody modified

NPs for enhanced in vivo performance and biodistribution.
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Chapter 5

Development of methods for long-term storage of poly(ethylene
glycol)-poly(a-benzyl carboxylate-g-caprolactone) nanoparticles: the
effect of cryoprotectant and storage conditions on nanoparticle

aggregation
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5.1. Introduction

Nanoparticles (NPs) are increasingly attracting attention for use as drug/gene delivery vectors in
the pharmaceutical industry (222). This advancement is owed to the capacity of NPs as vehicles
that can improve the bioavailability of hydrophobic compounds through their effective
solubilization, control drug release kinetics and/or preferentially deliver drugs to their site of action
in the biological system (223,224). These characteristics may eventually lead to a decrease in

drugs’ side effects and an increase in drugs’ effectiveness (222).

For biological use, NPs are commonly prepared in aqueous media. Nanoparticles are
thermodynamically unstable and prone to aggregate formation when stored for long periods (225).
In the pharmaceutical industry, low-quality products are not acceptable and a factor determining
the quality of the product is stability and reasonable shelf life at feasible storage conditions.
Nanoparticles are required to retain their initial physicochemical properties and quality in terms of
chemical structure integrity, average diameter, polydispersity, morphology and drug encapsulation
as well as release properties throughout their shelf life (226). A rise in temperature, in a lot of
instances, can jeopardize the stability of NPs with regards to one or a few of the above properties.
For this reason, NP products are usually stored in cold temperatures or in a frozen state. This has
been the case for COVID-19 mRNA vaccines that -80 storage were required (222). The
requirement for such a storage condition imposes limitations in the distribution and storage of NPs
in remote areas and locations that do not have access to devices with controlled freezing
temperatures. An alternative solution is the removal of water from the prepared NPs and NP
reconstitution at the time of use, which can not only facilitate the distribution and use of these

products, but also extend the shelf life of the NP formulations.
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In order to remove water from the formulations, freeze-drying also known as lyophilization is a
popular method leading to an increase in the shelf life of nano formulations at room temperature
(RT) (224,226). This method is comprised of three main steps, freezing, primary and secondary
evaporation (227). Briefly, after the sample is frozen, sublimation of frozen water accrues during
the primary evaporation followed by desorption of the remaining water during the secondary
evaporation (224,226-228). All three freeze-drying steps cause stress on NP formulations (228).
Among these steps, the freezing step causes the most stress and can lead to challenges such as
aggregation of particles and growth in NP size (229,230). Freeze-drying of NPs is considered
successful when the physicochemical properties of the NP, such as particle size, polydispersity and
drug encapsulation, are preserved following reconstitution, and the dried product shows rapid

reconstitution (231,232).

To overcome the stresses caused by freezing and/or freeze-drying, cryoprotectants are required
(231). Different compounds such as sugars, e.g., sucrose, mannose, trehalose, (233), poly(ethylene
glycol) (PEG) (225), and polyvinylpyrrolidone (234) have been reported to function as
cryoprotectants. In general, the higher the concentration of cryoprotectant, and the faster the

freezing rate, a better NP re-dispersion is obtained (228).

Each NP formulation requires its unique conditions for lyophilization since this process is
dependent on the nature of the particles and their chemical structure (225). Most reports in the
literature have focused on the lyophilization of liposomes and solid lipid NPs. Reports on freeze-

drying of polymeric NPs are limited (229).

The focus of the present study was to investigate proper conditions for long term storage of poly

(ethylene oxide)-block-poly (a-benzyl carboxylate-g-caprolactone) (PEO-PBCL) NPs through
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lyophilization or freeze-thaw methods. In this context, the effect of different cryoprotectants, their
concentration, freezing and storage conditions on the physicochemical properties of reconstituted
or thawed PEO-PBCL NPs was assessed to determine the most optimum storage conditions for

these formulations.

PEO-PBCL is a biocompatible and biodegradable block copolymer that has been used to improve
the water solubility of poorly soluble drugs as well as preferential delivery of anticancer agents to
solid tumors (145,235,236). Accordingly, the effect of storage conditions on the physicochemical
properties of drug loaded PEO-PBCL NPs is of interest. We investigated the effect of storage
conditions on the properties of PEO-PBCL NP formulation of two model investigational drugs
namely A83B4C63 and A4, which can potentially be used as chemo and radio-sensitizers in cancer
therapy. A83B4C63 is a novel poorly water-soluble compound that inhibits a DNA repair enzyme
known as polynucleotide kinase-phosphatase (PNKP). A4 is a novel inhibitor of another DNA
repair enzyme known as ERCC1-XPF heterodimer. Development of PEO-PBCL formulations of

A83B4C63 and A4 have been reported by our team previously (145,237)
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5.2. Materials and Methods

5.2.1. Materials

Poly (ethylene glycol) (PEG) average molecular weight of 1450, 3350, and 8000 g/mol (CAS
No.:25322-68-3), methoxy PEG with average molecular weight of 2000 and 5000 g/mol (CAS
Number:9004-74-4) sucrose, and all solvents were purchased from Sigma (St. Louis, USA.). &-
Caprolactone was obtained from Lancaster Synthesis (Lancashire, England). a-Benzyl
carboxylate-g-caprolactone (BCL) monomer was prepared by Alberta Research Chemicals Inc.
(Edmonton, Canada) based on previously reported methods (144). Stannous octoate was purchased
from MPBiomedicals Inc. (Tuttlingen, Germany). A83B4C63 and A4 were synthesized by the
laboratory of Dr F. West based on protocols reported in previous publications (237,238) . Sucrose,

sorbitol, lactose, and mannitol were purchased from Merck, Germany.

5.2.2. Polymer synthesis

Block copolymers were synthesized based on previously reported studies through ring opening
polymerization (144,237,239). Briefly, depending on the desired degree of polymerization (DP)
for the PBCL block, methoxy PEG (5000 g/mol) and BCL were weighed and transferred to an
ampule. This was followed by the addition of stannous octoate as catalyst. Afterward, the ampule
was connected to a vacuum line and sealed. The ampule was placed in a 140°C oven for 4 hours.
BCL to PEO molar ratios of 10, 15, and 30 were used. To purify the synthesized polymer from
unreacted starting materials and catalyzer, the ampule contents were dissolved in dichloromethane
and added to hexane to precipitate the synthesized polymer. The polymer was left under vacuum

for hexane to evaporate. The synthesized polymers were characterized for the DP of PBCL using
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a 600-MHz Bruker NMR spectrometer (Bruker Instruments, Inc., Billerica, MA, USA). Polymers
were dissolved in deuterated chloroform for '"H NMR analysis. The peak intensity of PEO (-
CH2CH20-, & 3.65 ppm) to that of PBCL (-OCH2-, & 4.1 ppm) in the 1H NMR spectra, were
compared to calculate the average molecular weight of PBCL block assuming a 5000 Da molecular

weight for the PEO block (144,204).

5.2.3. Nanoparticle preparation

PEO-PBCL NPs were prepared based on previous works (143,144). In brief, 10 mg of the polymer
was weighed and dissolved in 0.25 mL acetone and added dropwise to 5 mL double distilled water
(DDH:0) while stirring with a magnet bar on a stirrer leaving the sample overnight for the acetone
to evaporate. After acetone evaporation, the NP size and polydispersity were measured using
dynamic light scattering (DLS) (either MALVERN Nano-ZS90 ZETA-SIZER, Malvern
Instruments Ltd, Malvern, UK or Zetasizer Ultra, Malvern Instruments Ltd, Malvern, UK were
used). All samples were measured at 2 mg/mL polymer concentration at 25°C with a 173° angle

scattering unless mentioned otherwise.

For developing A83B4C63 loaded PEO-PBCL NPs a previously developed method was used
(145,237). Briefly, 1 mg of A83B4C63 and 10 mg of PEO-PBCL polymer were weighed and
dissolved in 0.25 mL acetone and added dropwise to 5 mL of DDH>O under stirring. Then the
sample was left overnight for the acetone to evaporate. After acetone evaporation, the sample was
centrifuged at 10,000 x g for 10 minutes to spin down the un-encapsulated A83B4C63. To
determine encapsulation efficiency, a 20 uL sample of the purified A83B4C63 loaded NPs was
taken and 80 pL dimethyl sulfoxide (DMSO) was added, followed by the UV absorbance measured

at 400 nm wavelength using a plate reader (BioTekInstruments Inc.).
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PEO-PBCL NPs encapsulating A4 were developed based on previous work (240). In general, 0.5
mg of A4 and 10 mg of PEO-PBCL were weighed and dissolved in 0.25 mL acetone followed by
dropwise addition to 5 mL DDH>O under stirring and leaving the sample overnight for acetone to
evaporate. To purify the sample from un-encapsulated A4, the prepared sample was centrifuged at
10,000 x g for 10 minutes. To calculate the encapsulation efficiency, to a 20 uL sample from the
purified sample 80 pL. DMSO was added, and UV absorption was measured via a plate reader set

to 470 nm wavelength.

The encapsulation efficiency was calculated using the following equation:

the amount of encapsulated dru
EE %= f encap 9 X100

the total amount of drug

5.2.4. Freeze-drying method

5.2.4.1. Selection of the best sugar as cytoprotectant

NP solutions were placed in Eppendorf tubes (Eppendorf, USA) and rapidly frozen in a mixture
of dried ice and acetone. The freeze-drying process was carried out by VirTis Lyo-Centre
lyophilizer, USA. The freeze-dried sample was reconstituted with 1 mL of double distilled water
with manual shaking. The resulting colloidal dispersion were then used for particle size analysis

by DLS (MALVERN Nano-ZS90 ZETA-SIZER (Malvern Instruments Ltd, Malvern, UK).

Different sugars (sucrose, mannitol, trehalose, lactose, and sorbitol) were first evaluated to find
the appropriate cytoprotectant for the storage of PEO-PBCL NPs dried using freeze-drying
method. The concentration of sugars was Smg/mL and it was added to PEO-PBCL NPs ina 1:10

w/w ratio respectively.
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5.2.4.2. Assessing the effect of PEG as cytoprotectant

PEO-PBCL NPs (2 mg) were divided into 1 mL aliquots and transferred to 2 mL Eppendorf tubes
(Eppendorf, USA). Appropriate volumes of PEG or methoxy PEG from stock solution were added
to each aliquot. The samples with or without cryoprotectants were completely frozen at -80
freezer. Frozen samples were transferred to the freeze-dryer chamber (Labconco, USA) with the
collector set to -85°C and vacuum set to 0 mbar for 48 hours. Freeze-dried samples were
reconstituted in 1 mL of DDH>O with moderate shaking. No sonication was used to reconstitute
the samples. Nanoparticle average diameter and PDI were measured via DLS (either MALVERN
Nano-ZS90 ZETA-SIZER, or Zetasizer Ultra, Malvern Instruments Ltd, Malvern, UK were used

as indicated under each experimental condition).

5.2.5. Freeze-Thaw method

The PEO-PBCLy NPs (2 mg/mL) were divided into 1 mL samples and frozen by either snap-
freezing via liquid nitrogen or placed in a -20 or -80 °C freezer. After samples were completely
frozen for 4-5 hours, they were transferred to a heat block (VWR digital heat block, VWR, USA)
set to 25 °C until thawed. Nanoparticles’ size and PDI were measured by DLS (Zetasizer Ultra,

Malvern Instruments Ltd, Malvern, UK).

To assess the role of cryoprotectants, 1 mL of PEO-PBCL NPs (2mg/mL) with or without
cryoprotectants were subjected to freezing at -80 °C freezer and thawed on a heat block (VWR
digital heat block, VWR, USA) set to 25 °C. Nanoparticles’ size and PDI were measured using
DLS (either MALVERN Nano-ZS90 ZETA-SIZER, or Zetasizer Ultra ,Malvern Instruments Ltd,

Malvern, UK were used). Cryprotectants tried included PEGs with molecular weights of 1450,
123



3350, and 8000 g/mol and methoxy PEG with molecular weights of 2000 and 5000 g/mol, prepared
as a stock solution of 20 mg/mL. The w/w ratio of PEG to the PEO-PBCL polymer of 0.25:1, 0.5:1,

1:1, 2:1 and 4:1 were used. The w/w ratio of sucrose to the PEO-PBCL polymer was 13.25:1.

Response measurement

The Z average diameters before and after the freeze-thawing and freeze-drying processes of
samples without or with different concentrations of the cryoprotectant were measured by DLS
(either MALVERN Nano-ZS90 ZETA-SIZER, or Zetasizer Ultra, Malvern Instruments Ltd,

Malvern, UK). The response for each sample was calculated as follows:

Response = Sf/Si

Si and Sf are the sizes immediately after the addition of the cryoprotectant (before the freeze-
thawing or freeze-drying process) and the size after the freeze-thawing or freeze-drying
treatment, respectively. The size ratio was used as a response (dependent variable) for the

optimization study

5.2.6. Transmission electron microscopy (TEM)

The morphology of PEO-PBCL9 and PEO-PBCL22 NPs with or without methoxy-PEG5000 before
and after freeze-drying was determined by TEM, Morgagni TEM (Field Emission Inc., USA). In
brief, a drop of NP solution with a polymer concentration of 2 mg/mL was spotted on a copper-
coated grid. The grid was kept horizontal for 1 min. allowing the particles to settle. Afterward, the

excess sample was removed from the grid. The grid was negatively stained with 2%
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phosphotungstic acid and the excess was removed after 2 minutes. Then the grid was placed into

the TEM for visualization.

5.2.7. Differential Scanning Calorimetry (DSC)

The melting temperatures for PEO-PBCL block copolymers and PEO-PBCL2> NPs after freeze-
drying with and without PEG were assessed by DSC, (-1576 TA instrument, USA). The samples
were weighed (1-5 mg) and sealed in Tzero aluminum pans. The heating rate was 10 °C/min
starting from 25 to 120 °C under a nitrogen atmosphere. An empty Tzero pan was set as the

reference.

5.2.8. Statistical analysis

The experimental design and regression analysis were carried out by either SPSS 22 or Prism 8.0
as mentioned in each case in the text. The significance of independent variables and their
interactions were tested by t test, one-way and two-way analysis of variance (ANOVA). P value of
0.05 was used to determine the statistical significance. Various statistical indices such as t value, p
value, F value, correlation coefficient (R), determination coefficient (R?), and adjusted
determination coefficient (adj R?), were used to assess the statistical significance of the quadratic
models. Composite desirability values were used for comparison of different fabrication

conditions.
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5.3. Results

5.3.1. Characterization of synthesized polymers

Comparison of the peak intensity of PEO (-CH>CH>O-, 6 3.65 ppm) to that of PBCL (-OCHa-, &
4.1 ppm) showed the preparation of PEO-PBCL polymers with a DP of 9, 14 or 22 for the PBCL
block from the polymerization procedures where PEO: PBCL molar ratios of 1:10 to 1:30 were

applied. The DP of polymers is shown as a subscript for polymers under study from here on in the

paper.

5.3.2. Selection of the best sugar as cryoprotectant for the freeze-drying of PEO-PBCL14
NPs

In a preliminary study, different sugars were tested to find the appropriate cryoprotectant for the
storage of PEO-PBCL NPs. Table 5.1 shows the results for 6 different sugars under study. The
concentration of NPs and sugars was chosen according to previous literature and pilot studies
(229,241). Table 5.2 shows the results of different sugars on the size of NPs before and after freeze-
drying and reconstitution. As evident from the ratio of average diameter of NPs after to before
freeze-drying and reconstitution, addition of sucrose as cryoprotectant lead to the least increase in
size or minimum NP aggregation. Therefore, sucrose was chosen as the sugar cryoprotectant for

studies in the next steps.

In the next step, the effect of sucrose concentration on the average diameter of NPs before and
after Freeze-drying and reconstitution was assessed. Three different concentrations of PEO-PBCL

and sucrose were studied to monitor the effect of polymer and sucrose concentration on NPs size
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after freeze-drying (Table 5.2). Table 5.3 summarizes the results of this study which was performed
using a central composite design. In general, the data showed that a sucrose concentration of >
26.5 mg/mL was needed for PEO-PBCL NPs at 2-3 mg/mL to show ~ 2-fold aggregation upon
freeze drying and reconstitution. A concentration of 3 mg/mL of sucrose was not adequate to

prevent the aggregation of PEO-PBCL NPs upon freeze-drying and reconstitution.

Table 5.1. Z average diameter of NPs before (Si) and after the freeze-drying process and the ratio of Sf/Si of different sugar

as lyoprotectant for PEO-PBCL14.

Name of sugar Si (nm) Sf (nm) Ratio
N= N=2 St/Si
Sucrose 46.3+1.8 81.36+2.1 1.8
Mannitol 47.3+2.2 92.24+3.4 2
Trehalose 48.5+2.3 654.5+5.4 13.5
Lactose 46.7+1.9 117.2+6.3 2.5
sorbitol 46.1£1.9 178.8+7.1 3.9

Table 5.2. The two factors and the corresponding three-level settings for lyophilization of diblock copolymer NPs:

X1(sucrose concentration); X2 (copolymer concentration).

Level X1 X2
(mg/mL) (mg/mL)
-1 3 1
0 26.5 2
+1 50 3
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Table 5.3. Experimental conditions for central composite design and Z average diameter of micelles before (Si) and after

freeze-drying process and the ratio of Sf/Si (as a response) of different concentration of sucrose for PEO-PBCL14.

Trial X1 X2 Si(nm) Sf (nm) Response (Sf/Si)
N=3 N=3
1 + + 23.57+1.3 86.03%1.9 3.62
2 + - 23.08+1.1 49.51+1.7 2.15
3 - + 20.13+£1.4 9005+5.2 447.34
4 - - 19.85+1.2 1585+4.4 49.95
5 + 0 22.68+1.3 44.74+1.5 1.97
6 - 0 18.49+1.1 3511+4.5 189.89
7 0 + 20.2241.2  42.07+1.2 2.08
8 0 - 20.72+1.2 44.77+1.1 2.16
9 0 0 19.86+1.3 57.39+1.6 2.86
10 0 0 20.32+1.2 50.50+1.4 2.49
11 0 0 20.24+1.3 55.86+1.4 2.76

5.3.3. Freeze-drying of PEO-PBCLy NPs using PEG as cryoprotectant

Free PEG was used as the cryoprotectant after PEO-PBCLy NP preparation. The effect of the
molecular weight of PEG and its ratio (w/w) to that of PEO-PBCL on the average diameter and
polydispersity index of freeze-dried and reconstituted NPs was compared to NPs with the addition

of PEG before freeze drying. As shown in Figure 5.1. A, after the addition of PEG to the PEO-
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PBCL9 NPs before freeze-drying, the size of the NPs increased from 36.93+0.14 nm to ~40nm
(p<0.05, Two-way ANOVA). However, the PDI did not significantly change with different ratios
of PEG (p>0.05, Two-way ANOVA) other than the 4:1 w/w ratio of PEG to polymer (p<0.05, Two-

way ANOVA) (Figure 5.1. B) (Figure S2.)
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Figure 5.1. A) PEO-PBCLy NPs' size and B) PDI after the addition of different molecular weight PEGs at different

concentrations before freeze-drying. All samples were measured at RT. (* represents p<0.05, Two-way ANOVA, n=3)

Nanoparticles’ average diameter and PDI increased after freeze-drying for all samples including
those that contained PEGs of different MWts at various ratios (Figure 5.2). Among different PEG
MWts, PEG 3350 and 8000 g/mol seemed to be more efficient cryoprotectants compared to PEG
1450 g/mole. A similar trend was observed for the PDI of the PEO-PBCLy NPs. Original DLS
size populations are shown in Figure S3. The least degree of increase in the average diameter of
reconstituted NPs was observed when PEG 3350 and 8000 g/mol, particularly at w/w ratios of 2
and 4 were added to PEO-PBCLy (Figure 5.2. A). The comparison of the average diameter of NPs
between these two groups was not significant (p>0.05, Two-way ANOVA). Similar to the average
diameter, the PDI of NPs was the lowest for PEG 3350 and 8000 g/mol as cryoprotectant at a w/w
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ratio of 4. The PDI of PEO-PBCLy NPs showed a decreasing trend as the weight ratio of PEG as
cryoprotectant was increased. This PEG: PEO-PBCL weight ratio-dependent decreasing trend in

PDI was observed for all PEGs under study (Figure 5.2. B) (Figure S3).
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Figure 5.2. A) PEO-PBCLy NPs' average diameter and B) PDI after freeze-drying and reconstitution in DDH2O using
different molecular weight PEGs at different concentrations as cryoprotectant; C) ) PEO-PBCLy NPs' average diameter
and D) PDI after freeze-drying and reconstitution in DDH20 using different molecular weight mPEG at different

concentrations as cryoprotectantt (* represents p<(0.05, Two-way ANOVA, n=3)

Table 5.4. The effect of freeze drying and cryoprotectant on the average diameter of PEO-PBCLy NPs. The initial size of

NPs before freeze drying in the absence of cryoprotectant (Si) was 36.93+0.14 and 40.85+ 3.64 nm for the NPs that were
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freeze-dried with PEG and methoxy PEG respectively. The average diameter without cryoprotectant ranged between 135-

146 nm.

PEO-PBCL sample w/w Nanoparticle size(Sf)(d.nm)+SD (n=3) Response (Sf/Si)
additive ratio

PEG 1450 139.7+16.52 3.78
PEG 3350 0.25:1 114.3+4.99 3.10
PEG 8000 113.8+3.30 3.08
Methoxy PEG 2000 127.5+15 3.12
Methoxy PEG 5000 116+4.66 2.85
PEG 1450 0.5:1 111.6+3.19 3.02
PEG 3350 96.8+2.86 2.62
PEG 8000 100.1+2.83 2.71
Methoxy PEG 2000 108.5+6.27 2.66
Methoxy PEG 5000 100.6+4.75 2.46
PEG 1450 1:1 95.7+4.42 2.59
PEG 3350 79.5+2.02 2.15
PEG 8000 80.4+2.38 2.18
Methoxy PEG 2000 90.04+6.23 2.20
Methoxy PEG 5000 81.68+4.68 2.00
PEG 1450 2:1 86.4+4.54 2.34
PEG 3350 64.7+4 .48 1.75
PEG 8000 62.0+2.07 1.68
Methoxy PEG 2000 69.72+4.85 1.71
Methoxy PEG 5000 65.29+10.76 1.60
PEG 1450 4:1 66.7+4.58 1.81
PEG 3350 55.3+3.35 1.50
PEG 8000 55.1+6.44 1.49
Methoxy PEG 2000 53.91+5.37 1.32
Methoxy PEG 5000 55.73+12.58 1.36
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To study the effect of the end group of PEG on its cryoprotectant properties, methoxy PEG with 2
molecular weights of 2000 and 5000 g/mol was used as a cryoprotectant during freeze-drying
PEO-PBCL9 NPs. Similar to what has been observed for the OH-terminated PEGs, the addition of
methoxy-terminated PEGs was not able to make the average diameter and PDI of reconstituted
PEO-PBCL NPs similar to that before freeze drying (Figure 5.2. C and D). In other words,
irrespective of the MWt and ratio of methoxy PEG added as a cryoprotectant, PEO-PBCLo NPs
showed an increase in average diameter and PDI following freeze-drying and reconstitution.
However, the degree of this increase was less compared to the PEO-PBCL9 NPs for which no
cryoprotectant was used. Among different ratios, the NPs’ size was the lowest for PEG: PEO-
PBCLy w/w ratio of > 2, irrespective of the MWt of PEG. The PDI of NPs seems to decrease
significantly as the w/w ratio of PEG to PBCL is increased > 0.25 irrespective of PEG MWt
although the dose-dependent decrease in PDI seemed steeper for PEG 5000 compared to 2000
g/mol (Figure S4.) Overall, the best results in terms of inhibition of NP aggregation appeared to

be achieved by PEG 3350 and methoxy PEG 5000 at 4:1 w/w ratio (Figure S3 and S4).

5.3.4. Freeze-drying of PEO-PBCL2: NPs using PEG or sucrose as cryo protectant

Based on the data obtained on PEO-PBCLy NPs, we have selected methoxy PEG 2000, methoxy
PEG 5000 and PEG 3350 at w/w ratios of 1:2 and 1:4 to PEO-PBCL; also, based on Table 5.3.
sucrose with the w/w ratio of 13.25:1 to PEO-PBCL polymer as cryoprotectants for PEO-PBCL22
NPs. As shown in Figure 5.3, adding sucrose led to a 4 to 5- fold increase in the average PEO-
PBCL>, NP diameter. The fold increase in size when PEGs were used as cryoprotectants was 2 to

3-fold on average (Table 5.5) Also, the visual observation of the samples were in line with the

132



results reported by DLS. The samples without cryoprotectant sedimented after being left intact

after 2-3 minutes (Figure 5.3 B and D).

In general, the increase in NPs’ size after freeze-drying compared to before freeze-drying was
lower when a PEG: PEO-PBCL ratio of 4:1 was used and also when the MWt of PEG was raised.
For comparison, the increase in NPs’ size after freeze-drying compared to before freeze-drying
without any cryoprotectant was 23.09. At the 4:1 ratio of PEG 3350 g/mol and methoxy PEG 5000
g/mol to PEO-PBCL, there was no significant difference in the measured PDI value for NPs before
and after freeze-drying, pointing to the success of these two materials as cryoprotectants compared
to other cryoprotectants under study in the freeze-drying process (p>0.05, One-way ANOVA)

(Figure S5 and S6).
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Figure 5.3. A & C) Nanoparticles’ size and PDI after reconstitution of freeze dried NPs using different cryoprotectants in
1 mL of DDH20 compared to NP size and PDI before freeze drying. B & D) visual appearance of reconstituted PEO-
PBCL NPs with different cryoprotectants. The w/w ratio of PEG: and sucrose to PEO-PBCL2: was 2:1 and 13.25:1,
respectively in Figures A and B (* represent p<0.05, One-way ANOVA, n=3). The w/w ratio of PEG: and sucrose to PEO-
PBCL 22 was 4:1 and 13.25:1, respectively, in Figures C and D. (* represent p<0.05, One-way ANOVA, n=3). Red arrow

indicates the precipitation of PEO-PBCL NPs.

Table 5.5. The effect of freeze-drying and cryoprotectant on the average diameter of PEO-PBCL22 NPs. The initial size of

NPs before freeze drying in the absence of cryoprotectant (Si) was 54.5+ 3.67 nm.

PEO-PBCL sample w/w ratio Nanoparticle Response (S1/Si)
additive size (Sf)
(d.nm)+SD
(n=3)
Methoxy PEG 2000 173.8+12.72 3.14
Methoxy PEG 5000 2:1 126+9.683 2.27
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PEG 3350 124.5+4.933 2.25
sucrose 13.25: 1 287.9+68.66 5.19
no cryoprotectant NA 1280+549.5 23.09
Methoxy PEG 2000 155.3+10.93 2.85
Methoxy PEG 5000 4:1 105.3+11.05 1.93
PEG 3350 105.8+8.05 1.94
sucrose 13.25:1 229.9+51.13 4.22
no cryoprotectant NA 1455+1016 26.70

5.3.5. The effect of freeze-thaw method on the size and polydispersity of PEO-PBCL NPs

without cryoprotectant

The effect of freezing conditions on the size of PEO-PBCLy NPs thawed to RT without any
cryoprotectant is shown in Figure 5.4. The NP average diameter at RT was 37.3+0.46 nm and the
NP population PDI was 0.16+0.01. After freeze-thaw the NPs’ size significantly increased to
57.143.88 nm, 60.2+1.14 nm, and 68.6+5.65 nm for NPs that were frozen using liquid nitrogen, -
80, and -20 freezer, respectively (p<0.05, One-way ANOVA, compared to NP size before freeze-
thaw). Accordingly, the PDI of NPs significantly increased from 0.16+0.01 at RT to 0.20+0.01,
0.1940.01, and 0.28+0.02 for NPs that were frozen using liquid nitrogen, -80 °C, and -20 °C
freezer, respectively (p<0.05, One-way ANOVA, compared to PDI of NPs before freeze-thaw).
Moreover, the NPs’ average diameter and PDI was significantly higher for NPs that were frozen
at -20 °C compared to the ones frozen either in liquid nitrogen or the -80 °C freezer (p<0.05, One-
way ANOVA). However, these values did not significantly change between NPs that were frozen
in liquid nitrogen and the -80 °C freezer (p>0.05, One-way ANOVA) (Figure S7.)
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Figure 5.4. PEO-PBCL9 NPs' size and PDI after freeze-thaw at different freezing conditions (* represents p<0.05, One-

way ANOVA, n=3)

5.3.6. Freeze-thawing of PEO-PBCL NPs using PEG or sucrose as cryoprotectant

In this experiment, PEGs of different MWt and end groups as well as sucrose were used as
cryoprotectant. The w/w ratio of PEG was 2:1 to PEO-PBCL while sucrose concentration was
13.25:1 to PEO-PBCL. The NPs were then frozen at -80 °C and thawed at RT to evaluate the effect
of PEG on NP average diameter and PDI by freeze and thaw procedure. As illustrated in Figure
5.5, for PEO-PBCLy, the NPs’ average diameter significantly increased when no cryoprotectant
was added (p<0.05, One-way ANOVA). The NPs’ average size difference was not significant
between the NPs that had PEG as cryoprotectant and NPs before freezing (p>0.05, One-way
ANOVA). Nanoparticles’ average diameter when sucrose was used as a cryoprotectant was
significantly higher than those before freeze-thawing but lower than the NPs without any
cryoprotectant (p<0.05, One-way ANOVA). The PDI values for NPs that were not freeze-thawed

and the NPs that were frozen with either sucrose or methoxy PEG 2000 g/mol were significantly
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different (p<0.05, One-way ANOVA). However, the difference among PDI values for other groups

was not significant (p>0.05, One-way ANOVA) (Figure S9.)
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Figure 5.5. PEO-PBCLy NPs' average diameter and PDI before and after freeze-thawing without or with using different
PEGs or sucrose as cryoprotectant. The (w/w) ratio of PEGs and sucrose to PEO-PBCL9 were 2:1 and 13.25:1,

respectively. (* represent p<0.05, One-way ANOVA, n=3)

Table 5.6. The effect of freeze-thaw and cryoprotectant on the average diameter of PEO-PBCLy NPs. The initial size of NPs

before freeze drying in the absence of cryoprotectant (Si) was 40.85+ 3.64 nm.

PEO-PBCLy sample Nanoparticle size (Sf) Response (Sf/Si)
additive
(d.nm)+SD (n=3)

Methoxy PEG 2000 43.61£3.6 1.07
Methoxy PEG 5000 43.91+3.44 1.07
PEG 3350 43.58+3.71 1.06
sucrose 48.91+4.54 1.20
no cryoprotectant 73.72£9.89 1.80
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When PEO-PBCL22 NPs were subjected to the freeze-thaw procedure, the average size and
polydispersity of NPs significantly enhanced when no cryoprotectant was used. In contrast, the NP
size and PDI remained the same before and after freeze-thaw when a cryoprotectant was used (p>
0.05, One-way ANOVA). This effect was independent of the type and concentration of

cryoprotectants under study (Figure 5.6) (Figure S10).
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Figure 5.6. PEO-PBCL2: NPs' A) average diameter and B) PDI before and after freeze-thawing without or with using
cryoprotectant. The (w/w) ratio of PEGs and sucrose to PEO-PBCI22 were 2:1,4:1 and 13.25:1, respectively. (* represent

p<0.05, One-way ANOVA)

Table 5.7. The effect of freeze thawing and cryoprotectant on the average diameter of PEO-PBCL2> NPs. The initial size of

NPs before freeze drying in the absence of cryoprotectant (Si) was 54.5+ 3.67 nm.

PEO-PBCL sample w/w ratio Nanoparticle size (Sf) (d.nm)+SD Response (Sf/Si)
additive (n=3)
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Methoxy PEG 2000 55.68+3.14
before freeze-thaw 51 1.02
Methoxy PEG 2000 59.58+4.74
after freeze-thaw 1.09
Methoxy PEG 5000 58.05+3.34
before freeze-thaw 1.07
Methoxy PEG 5000 62.09+2.97
after freeze-thaw 1.14
PEG 3350 before 55.87+2.54
freeze-thaw 1.03
PEG 3350 after 62.17£2.65
freeze-thaw 1.14
Methoxy PEG 2000 57.66+4.58
before freeze-thaw a1 1.06
Methoxy PEG 2000 59.26+2.72
after freeze-thaw 1.09
Methoxy PEG 5000 58.59+3.92
before freeze-thaw 1.08
Methoxy PEG 5000 61.44+2.74
after freeze-thaw 1.13
PEG 3350 before 58.23+2.96
freeze-thaw 1.07
PEG 3350 after freeze- 60.39+3.58
thaw 1.11
sucrose before freeze- 57.01+3.59
thaw 1.05
13.25:1
sucrose after freeze- 57.24+3.96
thaw 1.05
no cryoprotectant NA 353.7+126.1 6.49
5.3.7. TEM

Figure 5.7 shows the TEM images of PEO-PBCL NPs of two different PBCL MWts before and
after freeze-drying, with and without PEG. The NP sizes from TEM images seem to be in line with
what was measured previously with DLS. Also, when PEO-PBCL NPs were freeze-dried without
PEG, aggregation of PEO-PBCL NPs was seen. However, these aggregations were not seen when

PEG was added as a cryoprotectant.
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Figure 5.7. TEM images of PEO-PBCL NPs before and after freeze-drying that were reconstituted samples in 1mL of

double distilled water.

5.3.8. Freeze-drying A83B4C63-loaded PEO-PBCL22 NPs

PEO-PBCL NPs are suitable candidates for delivering hydrophobic compounds due to their
hydrophobic core. We studied, the impact of freeze-drying on the drug-loaded PEO-PBCL NPs
while the cryoprotectant methoxy PEG (MW=5000 g/mol) with the w/w ratio of 4:1 of PEG:
PEO-PBCL2; was used. Initially, the encapsulation efficiency of A83B4C63 into the PEO-PBCL
NPs was 88.2+1.4%, and the NPs’ size and PDI were 51.87+87 nm and 0.09+0.01, respectively

(Figure 5.8).

After freeze-drying and reconstitution in 1 mL DDH»O, the NPs’ size and PDI for the group with
methoxy PEG as cryoprotectant were 95.09+14.55 nm and 0.24+0.02, respectively. The

encapsulation efficiency % after freeze-drying was 78.3+7.0%. The NPs’ size and PDI following
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centrifugation were 78.4+6.45 nm and 0.15+0.01 respectively, significantly lower than the values

measured before centrifugation (p<0.05, One-way ANOVA) (Figure 5.8. A) (Figure S11.).

The visual examination of the samples matched the findings from DLS. The cryoprotectant-free

samples sedimented after 2-3 minutes (figure 5.8. B).

5.3.9. Freeze-drying of A4-loaded PEO-PBCL22 NPs

Another hydrophobic compound (A4) was encapsulated in PEO-PBCL; NPs. The A4
encapsulation efficiency % into PEO-PBCL NPs before freeze-drying was 79.02+14.77%. The
NPs’ size and PDI were 44.47+0.61 nm and 0.17+0.01, respectively. As shown in Figure 5.8. C,
the NPs’ size and PDI significantly increased in the group of NPs that had methoxy PEG
(MW=5000 g/mol) as cryoprotectant to 102.90+12.16 nm and 0.31+0.04, respectively (p<0.05,

One-way ANOVA).

After centrifugation of the reconstituted NPs, the encapsulation efficiency of A4 after freeze-
drying was 77.91+£12.43%. The encapsulation efficiency did not change significantly (p>0.05,
One-way ANOVA). However, the NPs’ size and PDI significantly decreased after centrifugation
to 76.11+4.18 nm and 0.21+0.01 compared to 102.90+12.16 nm and 0.31+0.04 respectively

(Figure S12.).

The results from DLS were consistent with the visual examination of the samples. The

cryoprotectant-free samples sedimented after 2-3 minutes (Figure 5.8. D).
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Figure 5.8. Nanoparticles’ size and PDI after freeze-drying and redispersing PEO-PBCL22 NPs loaded with A83B4C63 in
1 mL of DDH:O. The w/w ratio of methoxy PEG (5000 MWt): PEO-PBCL2: was 4:1 (*=p<0.05, One-way ANOVA, n=3).
B) Visual appearance of reconstituted PEG-PBCL nanoparticles with and without cryoprotectant. C) Nanoparticles’ size
and PDI after freeze-drying and redispersing PEO-PBCL2: NPs loaded with A4 in 1 mL of DDH20. The w/w ratio of

methoxy PEG (5000 MWt): PEO-PBCL2: was 4:1 (*=p<0.05, One-way ANOVA, n=3). D) Visual appearance of
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reconstituted PEG-PBCL nanoparticles with and without cryoprotectant. Red arrow indicates the precipitation of PEO-

PBCL NPs.

Table 5.8. The effect of freeze-drying on the average diameter of PEO-PBCL22 NPs loaded with A83B4C63 and A4. The
initial size of NPs before freeze drying in the absence of cryoprotectant (Si) was 54.5+ 3.67 nm, 51.87+0.87nm and

44.47+0.61nm for empty, A83B4C63 and A4 loaded NPs respectively.

PEO-PBCL sample Drug NP size (Sf) Response (Sf/Si)

content
(d.nm)+SD (n=3)

Methoxy PEG 5000 A83B4C63 | 78.41+6.45 1.51

(after centrifuge)

Methoxy PEG 5000 95.09+14.55 1.83
(before centrifuge)

no cryoprotectant 1212+4526.3 23.37
Methoxy PEG 5000 A4 76.11+4.18 1.71

(after centrifuge)

Methoxy PEG 5000 102.9+12.16 231

(before centrifuge)

no cryoprotectant 1851+487 41.62

Methoxy PEG 5000 NA 105.3+£11.05 1.93

no cryoprotectant 1455+1016 26.70
5.3.10. DSC

To assess the effect of freeze-drying and PEG addition as cryoprotectant on the thermal behavior
of PEO-PBCL, DSC was performed. The DSC results as shown in Figure 12. indicated only one
peak around 50°C for PEO-PBCL polymer and PEO-PBCL NPs without PEG. This peak is
perhaps related to the melting point of PEO. PBCL did not show a separate peak, but its presence

in the block copolymer structure seems to have affect the melting temperature of PEO.
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Methoxy PEG 5000 Da has shown a crystallization (~41 °C) and a melting peak (~ 62.98 °C). In
PEO-PBCL plus PEG 5000 Da as cryoprotectant these two peaks were also observed, but the

melting peak of PEO from PEO-PBCL NPs was not seen. (Figure 5.9).

41.66°C
37.80°C
PEO-PBCLNPs with methoxy-PEG 5000
53.77°C
52.01°C |
| '62.98°C
60.70°C
20 40 60 80 100 120
Exo Up Temperature (°C)

Figure 5.9. DSC thermograms for methoxy-PEG 5000, freeze-dried PEO-PBCL22 NPs with or without PEG with the ratio

of 4:1 and PEO-PBCL:: polymers.
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5.4. Discussion

Freeze-drying is a desired method to improve the shelf life of pharmaceutical products including
NPs. Usually cryo- or lyoprotectants need to be used before NP freeze-drying to prevent NP
aggregation during the process. The optimum type and concentration of cryo- or lyoprotectants
should be identified for each NP structure (242,243). Here, we investigated the impact of different
cryo/lyo protectants on PEO-PBCL NPs stored using freeze-drying or freeze-thaw method in order
to identify the best storage condition for these NPs. The initial evaluation focused on the impact
of freezing conditions on the NPs , which imposes the most stress on the NPs (229,230). The size
and PDI of PEO-PBCL NPs showed an increase during freeze-thaw, irrespective of the freezing
method, due to an increase in NPs’ concentration in parts of the sample that are still in liquid state
as the water media starts to form ice during freezing (231,244). However, the ratio of size increase
was not similar in all employed freezing conditions. As a lower freezing temperature was used (i.e.
freezing using liquid nitrogen or -80°C freezer), the increase in size (or aggregation of NPs) was
less in comparison to freezing at -20°C freezer. This observation could be a result of forming a
higher quantity and finer ice crystals at -80 °C compared to -20 °C (245). Snap freeing using liquid
nitrogen can also assist in this process, although we did not see any difference between the use of
liquid nitrogen or storage at -80 °C freezer in the current study. Therefore, freezing NPs using the

-80 °C freezer was considered the best approach, as it is more accessible than liquid nitrogen.

The PEO-PBCL NPs were protected from freeze-drying stress using either saccharide or polymers.
The NPs' size growth was inhibited by incorporating cryoprotectants perhaps through formation

of spatial obstacles that prevent NP aggregation (229).
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After freeze-drying the PEO-PBCL NPs, the reconstitution of the particles without lyoprotectants
led to the formation of suspensions showing precipitation. This was not the case for any of the
samples that had lyoprotectants, irrespective of the type and concentration. This observation was
in line with other reported NPs when freeze-dried without cryoprotectants (246,247). This

observation highlights the impact of lyoprotectants in freeze-drying PEO-PBCL NPs.

As previously reported, sucrose protects the NPs by replacing the water molecules between the
building blocks of the particles and forming hydrogen bonds with the PEG blocks which keep
them stable during the drying process (224). However, PEG polymer showed better protection than
sucrose for PEO-PBCL NPs against the freeze-drying stresses. As described in the literature, the
polymeric NPs’ hydrophobic cores tend toward each other, and when a core is exposed, NPs
aggregate. However, adding PEG to the samples not only creates steric hindrances but also coats
the NPs and prevents the cores from exposure (248,249). On the other hand, it has been reported
that the addition of polymers such as poly vinyl alcohol (PVA) can stabilize and keep the NPs
distant while going through the drying step of freeze-drying either by forming a matrix or coating

the surface of the NPs (224,250).

TEM images also showed that the NPs’ integrity was preserved when freeze-dried using PEG.

Methoxy-PEG 5000 showed a crystallization and a melting peak (Table S12). This was d in line
with previous reports (251,252). PEO-PBCL NPs and PEO-PBCL polymer that were prepared
using ROP of PBCL on methoxy PEO 5000 Da, showed only one melting peak at around 52-53
°C indicating the interference of PBCL with the crystallization of PEO. PBCL is an amorphous

polymer (due to atactic structure of PBCL) that is not expected to show crystallization and melting.
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Addition of PEG 5000 Da as cryo-protectant, however led to the disappearance of PEO-PBCL
melting peak pointing to the possible interference of PEG 5000Da in the interaction of PEO from
different NPs keeping the PEO-PBCLs NPs distant from each other in the solid state. We found
that the stability of drug encapsulated PEO-PBCL NPs during freeze-drying process, depends on
the encapsulated drug. Reconstitution of freeze-dried A83B4C63 loaded PEO-PBCL NPs led to a
decrease in drug loading in NPs, but this did not occur for A4 loaded NPs. This could be due to
the leakage of A83B4C63 and/or precipitation of A83B4C63 NPs. In terms of NP size, after
reconstitution of freeze-dried A83B4C63 NPs using methoxy PEG 5000 g/mol as cryoprotectant
1.83-fold increase in NP size was observed. This increase for A4 loaded NPs was 2.31-fold. The
fold increase in NP size was 0.95 and 1.20 for A83B4C63 and A4 loaded NPs compared to

unloaded NPs using the same freeze-drying condition and cryoprotectant, respectively.

Overall, taking all data together, the best storage condition and cryoprotectant was found to be
Freezing at -80 C and thawing the NPs using PEG 3350 Da, methoxy PEG 2000, 5000 Da or

sucrose as cryoprotectant.

5.5. Conclusion

The freeze-drying process of PEO-PBCL NPs necessitates a cryo/lyoprotectant, regardless of the
polymerization degree. The freeze-drying results of PEO-PBCL NP exhibited an increase in both
the size and PDI of PEO-PBCL NPs. However, the use of cryo/lyoprotectants reduced the NPs
aggregation. Among tested cry/lyoprotectants, sucrose, PEG of 3350 and methoxy-PEG 5000

g/mol exhibited superior control over NP size growth. Our studies suggest that the use of freeze-

147



thaw method using sucrose, PEG of 3350 and methoxy-PEG 2000 or 5000 g/mol can preserve the
original particle size and size distribution of NPs to better extent compared to freeze-drying

method.
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5.6. Supplementary Data

Figure S1. The visual appearance of PEO-PBCL micelles A) micelles made with PEO-PBCLy and B) PEO-PBCL2:
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Figure 52. Size distribution of PEO-PBCL,; micelles after addition of different Mw of PEG at room temperature
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Figure 54. Size distribution of PEO-FPBCL, micelles after freeze-drying with different ratios and Mw of methoxy-PEG
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Chapter 6

General discussion and conclusions
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6.1. General Discussion and conclusions

Cancer is of the leading causes of diseases related deaths for many years. Although there has been

many efforts to manage and treat cancer cases, mortality rates still remain high (138,139).

The importance of early diagnosis of cancer cannot be overstated in cancer management as starting
treatment immediately can significantly improve survival rates in cancer patients (253,254). A way
to shorten the time between cancer diagnosis and treatment is to integrate both steps into a single
process by developing theranostics. Combining the latest developments in areas of cancer
detection and therapy can provide a powerful tool to manage cancer and lead to treatment
optimization for individual patients (255). The long-term objective of this research is to develop a
cancer theranostic that can detect and home on EGFR+ tumors and deliver radio of
chemotherapeutics on these target cells efficiently. In this thesis, we assessed the activity of an
anti-EGFR antibody modified with two different radionuclide as PET and SPECT imaging probes
for the detection of two different EGFR positive tumors (Chapters 2-3). We also developed
traceable nano-particle for future development to nano-theranostics in cancer (Chapter 4). Finally
different methods and additives for long term storage of polymeric NPs under study was evaluated

(Chapter 5).

Due to the discrepancies observed between subcutaneous tumor models and clinical outcomes, it
is crucial to establish an animal model that mimics cancer progression in patients specially an
animals model that represents the metastasis stage of the cancers (256,257). Therefore, in chapter
2 of this thesis, we investigated the development of an EGFR+ metastatic non-small cell lung
cancer model using the minimum techniques required. The results indicated detectable tumor

metastasis on the liver and lungs which in lung cancer patients, liver is also an organ with high
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metastasis rate (258). Moreover, it was shown that ®*Cu labeled panitumumab could be up taken
and retained on EGFR+ H1299 cells in vitro and in mice bearing subcutaneous H1299 tumors.
Also, ®*Cu labeled panitumumab could not only detect metastatic tumors but also had a higher
tumor biodistribution in comparison to the subcutaneous mice model which could be a result of
high blood supply to the liver. Moreover, our results indicated that **Cu labeled panitumumab
enhanced the detection of the tumors via PET images in comparison to 'F[FLT](259). The
difference observed is due the fact that detection of cancer via 'SF[FLT] is dependent to cell

proliferation. This understanding highlighted the importance of active targeting.

In addition, it's important to mention that **Cu has a paired radioisotope which is °’Cu an p-emitter
with therapeutical values (260). It has been shown that these paired radioisotopes have similar
biodistribution in vivo (261). Therefore, a theranostic with the base of panitumumab for EGFR+
non-small cell lung cancer that has the capability of detecting metastasis can be develop by a

simple substitution of **Cu, with ¢’Cu.

In chapter 3, the potential of **Pb labeled panitumumab for detecting EGFR+ head and neck
cancer in vitro and in mice bearing patient derived xenografts tumors was investigated. The
EGFR+ head and neck cell line showed the uptake of 2°*Pb labeled panitumumab. In addition, due
to the longer half-life of lead, the opportunity to scan the animals at longer time points was
provided. Moreover, understandings from this study and the previous chapter indicated that
radiolabeled panitumumab can detect EGFR regardless of the cancer origin. Also, the 2**Pb labeled
panitumumab, which was not reported in the literature before, indicated its potential to not only
detect but also remain in the tumor even after 120 hours post injection of radiolabeled sample

through acquired SPECT images and biodistribution studies.
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Moreover, similar to %*Cu, ?**Pb has a pair radioisotope, 2!?Pb an a-emitter with anticancer effects
(262). Therefore, a theranostic against EGFR" head and neck cancer can be developed by using

203pb/212Ph radioisotopes.

We have also developed PEO-PBCL NPs modified on their surface with 2%*Pb-modified
panitumumab. Despite homing of these NPs on EGFR positive cell lines in vitro, the NPs did not
shown tumor homing and distribution in the PDX model of head and neck cancer. No effect for
the competition assay with cold panitumumab pretreatment on the biodistribution of NPs was
detected. This observation can be attributed to the instability of radiolabeling in the structure in

vivo or rapid clearance of NPs by mononuclear phagocytic cells.

In chapter 4, we assessed the possibility of developing a nanotheranostic, using the actively
targeted PEO-PBCL NPs. As the targeting potential of panitumumab was previously shown in
chapter 2, it was the agent of choice. The modification of the NPs was done with a control over
the orientation of panitumumab on the surface since the random orientation of the panitumumab
on NPs could increase the chance of being up taken by the immune cells. These NPs were then
labeled with ®*Cu, to elevate them into the nanotheranostic and be detectable with PET. The
acquired PET images and biodistribution studies indicated the radiolabeled NPs were detectable
even after 48 hours post-injection. However, other than the tumor, uptakes in liver, spleen and
lungs were seen when mice were injected with either radiolabeled PEO-PBCL NP or radiolabeled
panitumumab modified PEO-PBCL NP which means the NPs were up taken by the immune cells

present in the mice body.

Also, no significant differences in the biodistribution of radiolabeled PEO-PBCL NP or

radiolabeled panitumumab modified PEO-PBCL NP in mice was seen. This could be as a result of
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EPR effect happening in the tumor of the mice overshadowing the effect of antibody although the
possibility for the cleavage of antibody conjugated-PEG-DSPE from the NP structures in vivo
cannot be ruled out. Rapid clearance of NPs or inadequate number of mAbs on the NPs for

significant interaction with target cells are other potential reasons for this observation

It is possible, both types of NPs were penetrated into the tumor because of the passive targeting
but the radiolabeled panitumumab modified PEO-PBCL NP was internalized more than the
radiolabeled PEO-PBCL NP such as the results seen for the in vitro cell uptake and since
biodistribution and PET imaging cannot distinguish between the internalized and non internalized
NP that’s why no difference was reported. Other possible scenarios are either since we have the
right orientation of the panitumumab on the NPs no additional uptake was seen or that the

panitumumab fell off the developed NP therefore, no difference was reported.

Since most studies focus on freshly prepared PEO-PBCL NPs, it is crucial to investigate their long-
term storage as this will not be a possible to prepare NPs fresh in future preclinical and clinical
studies. In chapter 5, freeze-drying and frozen storage conditions with use of different
cryoprotectants were studied. Initially, it was understood that freezing and freeze-drying PEO-
PBCL NPs requires the addition of cryoprotectants as these storing processes will affect the quality
and size of the NPs. Then, when comparing PEG and sucrose as cryoprotectants for freeze-drying,
PEG showed better NP protection properties in comparison to sucrose which could be due the
difference in the mechanism of protection of each cryoprotectant. However, growth in the NPs
sizes was unavoidable by freeze-drying. The NPs size growth during the freeze-thaw (via freezing

at -80°C and thawing at 25 °C in presence of either PEG or sucrose) was smaller than freeze-drying
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method, indicating that storing PEO-PBCL NPs using cytoprotectants in at -80°C is the better

option.

6.2. Limitations

Our developed non-small cell lung cancer metastasis model did not show brain metastasis, which
has been reported in 25-40% of cases diagnosed with non-small cell lung cancer metastasis (263).
This could be an artifact of study conditions such as duration of study not being enough for lesions
to develop in the brain, or the use of immunodeficient mice. Therefore, it stays unclear if the **Cu

labeled panitumumab could detect the tumors in the brain

One limitation when using human anti- EGFR agent in mice bearing human tumors is that the
human anti-EGFR cannot react with mouse EGFR therefore the biodistribution profile could alter
when the anti-EGFR is used in human (264). Moreover, during the in vivo studies of the developed
PEO-PBCL nanothranostics, the attachment of the panitumumab on the NPs cannot be monitored.
Moreover, through PET and biodistribution studies we cannot detect the NPs internalization and

differential homing of cancer versus noncancerus cells in the tumor microenvironemnt.

6.3. Future directions

Future studies can focus on the development of ®’Cu labeled panitumumab and assessment of its
therapeutic activity in mice bearing metastatic non-small cell lung cancer. **Cu/%’Cu labeled
panitumumab can also be developed as EGFR targeted theranostic for detection and treatment of

non-small cell lung cancer, head and neck cancer or other EGFR positive solid tumors.. Also, the
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therapeutical effects of 2?Pb labeled panitumumab on mice bearing head and neck cancer needs

to be studied for better understating of the 2**Pb/?!?Pb potential as theranostics. .

More in-depth studies are required to understand the stability of the panitumumabs on NPs when
they are injected to animals. Studies such as increasing the time of scanning by using longer lived
radioisotopes could provide a better vision on the distribution of the active targeted and
radiolabeled PEO-PBCL NPs. Additionally, a higher concentration of panitumumab per NPs could
lead to an increase in active targeting, resulting in detectable higher tumor uptake of ®*Cu labeled

panitumumab modified PEO-PBCL NPs at earlier time points than 24 hours.

On the other hand, for storage of PEO-PBCL NPs through freeze-drying and freezing at -80°C,
monitoring the effect of combination of PEG and sucrose as cryoprotectants with different ratios
could be considered. Future studies should determine the long-term stability and shelf life of NPs

under the identified optimum storage conditions.

6.4. Conclusion

The results of this research led to the preparation of panitumumab as immune- PET or SPECT
probes for detection of EGFR targeted lesions in NSCLC and Head and Neck cancer. These
developed immune probes showed the potential to be produced reproducibly and accumulate in
the EGFR+ tumors. As the utilized radionuclides for developing the imaging probes have same
element pair radioisotopes; therefore, the developed immunoprobes can be further developed to
EGFR targeted theranostics without the need to study biodistribution of the therapeutical pairs as
they will be similar to the developed imaging probes in this thesis. The results also led to the

development of PET traceable NPs for further development to nanotheranostics which indicated
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that they are accumulated in the tumors; however, the addition of chelator on the surface of the
NPs affected the uptake of NPs by the immune system. The results also identified freezing of PEO-
PBCL NPs in the presence of PEG 3350 or 5000 Da or sucrose at -80 C as a suitable method for

the storage of PEO-PBCL NPs leading to the least increase in size and aggregation of NPs.
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