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Abstract
The use of nanotechnology has made significant advancements in cancer diagnosis and
treatment. Polymeric micelles are a relatively new generation of nanocarriers mostly
intended for the delivery of hydrophobic drugs. In this thesis, our objective was to develop
an optimized polymeric micellar platform based on functionalized poly(ethylene oxide)-
block-poly(e-caprolactone) (PEO-b-PCL) block copolymers for tumor targeted drug and/or
siRNA delivery. Accordingly, modification of the core and shell structure in this platform
was pursued to maximize the delivery of incorporated cargo to malignant tissue, while
avoiding its nonspecific distribution to healthy organs. In this context, modification of the
core in PEO-H-PCL micelles with a hydrophobic side-group i.e. benzyl carboxylate (PEO-b-
PBCL), was shown to increase the stability of micelles. The improved stability of micelles
led to enhanced accumulation of nanocarriers into orthotopic breast tumors in mice, which
was evidenced through optical imaging of a near infrared (NIR) cy5.5, tagged micelles.
Modification of the micellar shell with a breast cancer targeting peptide, i.e. P18-4, on the
other hand, resulted in a more rapid homing of the nanocarriers in breast tumors. In the next
step, crosslinking of the alkyne modified core of PEO-b-PCL micelles by diazide
poly(ethylene glycol) by click chemistry, was shown to further enhance micellar stability.
This approach was not able to sustain the release of encapsulated paclitaxel (PTX) or JSI-124
from micelles, however. JSI-124 was then chemically conjugated to the core of PEO-b-PCL
micelles. The developed nanocarrier sustained the release of JSI-124 and maintained its
STAT3 inhibitory activity in B16 melanoma at lower potency. Interestingly, the JSI-124
polymeric micellar conjugate have shown better potency than the free drug in modulation of

immune response in tumor induced immunosuppressed dendritic cells (DCs). We have

il



finally pursued modification of PEO-b-PCL micelles with grafted polyamines to improve the
efficacy of these nanocarriers in tumor targeted siRNA delivery. For this purpose, cholesteryl
groups were conjugated to the core of PEO-b-P(CL-graft-spermine) (PEO-b-P(CL-g-SP)
micelles. The modification improved transfection efficiency of siRNA in breast cancer cells
in vitro, but had no significant effect in their in vivo activity in tumor gene silencing
following intratumoral or intravenous administration of siRNA delivery system.
Modification of the PEO shell with an integrin targeting peptide i.e. RGD4C, led to better
siRNA silencing activity in tumor after systemic administration, however. In conclusion, our
results show that modification of the core and/or shell of polymeric micelles can be used to
fine-tune relevant properties of these nanocarriers leading to their potential use as versatile

pharmaceutical excipients for tumor targeted drug/siRNA delivery.
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1.1 Nanotechnology in Cancer therapy

Nanotechnology encompasses the engineering of materials at the atomic, molecular
and supramolecular scale in order to modify their properties for an intended application.
During the past few decades, advancement in the development and application of
nanotechnology in drug and gene delivery has offered exciting new possibilities in the field
of nano-medicine. The application of nanotechnology can ultimately improve the delivery
and bioavailability of poorly water soluble drugs at the site of drug action. The utility of
nanotechnology in medicine has led to the creation of materials that can interact with the
biological system at sub-cellular levels with high degree of specificity. All these can
potentially translate into maximum therapeutic benefits with limited adverse effects for
existing or emerging therapeutics.”” Nanoscale drug delivery was largely introduced in the
mid-1960s when liposomes were utilized as carriers of proteins and drugs to treat different
diseases. Therefore, liposomes can be regarded as one of the first nanomedicines.” ” Since
then numerous nanoscale drug delivery systems have been investigated.” *'° In the field of
cancer, nanomedicine can play an important part in improving therapy and diagnosis. "'

Today, around 50% of all humans diagnosed with malignant tumors die from this
disease.'? In Canada, cancer is the leading cause of death and is responsible for nearly 30%
of all deaths.”> Nanomedicine is expected to make a strong impact in the field of cancer
diagnosis and therapy. Nanotechnology can be used for:

a) Targeted therapy of anti-cancer drugs at the tumor site while reducing toxicity to
other healthy organs and tissues.

b) Better resolution in diagnostic imaging.

¢) Improving the pharmacokinetics and bioavailability of anti-cancer drugs.
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d) Delivery of two or more drugs or therapeutic modalities.
¢) Development of theranostics in cancer therapy.” '* !°

Additionally, various nanotechnology modalities such as drug conjugates, lipid- and
polymer-based nanocarriers, inorganic nanoparticles and viral nanoparticles have also been
investigated for use in cancer detection and treatment (Figure 1.1).'" ' Among these,
polymer-based carriers like polymeric micelles have been receiving great attention due to the
flexibility of their chemical structure and easy adaptation to engineering strategies. In this
thesis, we have taken advantage of the chemical flexibility of polymeric micelles by

engineering their core/shell structure to develop chemotherapeutic, immunotherapeutic, and

gene silencing strategies to fight cancer.
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Figure 1.1 Schematic illustration of established nanotherapeutic platforms. Different
nanomedicine products such as drug conjugates, lipid-based nanocarriers, polymer-based
nanocarriers, inorganic nanoparticles, and viral nanoparticles are used in clinical cancer care.

(Reprinted from Reference'', Copyright (2014), with permission from Elsevier).



1.2 Polymeric micelles: Advantages and Challenges

Over the last few decades, block copolymers have emerged as an interesting class of
biomaterials due to their versatile applications in pharmaceutical science and drug delivery.
Of particular interest are amphiphilic block copolymers which self-assemble into polymeric
micelles (average diameters of 20 to 100 nm) above the critical micelle concentration
(CMC)."""® In an aqueous environment, polymeric micelles are characterized with a core-
shell architecture, where the hydrophobic core is segregated from the aqueous exterior by a
hydrophilic shell. The widespread application of polymeric micelles in drug delivery is
linked to their unique core-shell architecture, in which the hydrophobic core of micelles
creates a space for the encapsulation of hydrophobic drugs, proteins or DNA through
physical or chemical means. The hydrophilic shell of polymeric micelles, on the other hand,
is a brush-like corona masking the hydrophobic core from the biological milieu. Since the
hydrophilic shell minimizes protein adsorption on micelles and their cellular adhesion,
polymeric micelles have the ability to evade non-specific capture by the mononuclear
phagocyte system (MPS). The size of polymeric micelles is also above the threshold for
filtration by kidneys. Thus, polymeric micelles can potentially sequester several drugs; they

19-21

have demonstrated prolonged circulation, and can act as depot release nano-carriers in

blood and/or passively accumulate in sites with leaky vasculature (e.g., solid tumors and sites
of inflammation) because of the enhanced permeability and retention (EPR) effect.'” '
Polymeric micelles consisting of PEO-b-polypropylene oxide (PPO), PEO-b-poly(ester)s and

PEO-b-poly(amino acid)s have been extensively investigated for drug solubilization,

controlled drug release and drug targeting.'” 2" #* Several excellent reviews have been



published on polymeric micelles based drug/gene delivery systems, and a few micellar drug
delivery systems have moved from bench to clinical trials (Table 1.1).

In spite of their advantages as drug delivery system, challenges still exist which
greatly limit the micelle delivery system for clinical use. The major hurdles include low drug
loading efficiency, poor blood stability after injection, and difficulty in transporting through
cell membranes.”> Clinical use of polymeric micelle formulations greatly depends on
addressing these issues. The chemical flexibility of block copolymers makes it possible to
engineer both the core and shell to achieve maximum therapeutic effect. Efforts for core
engineering have been directed towards increasing drug loading capacity, enhancing micelle
stability, achieving controlled drug release and encapsulating genetic cargos such as gene
and siRNA. The micellar shell, on the other hand, has been engineered towards achieving
active targeting, enhanced cellular uptake, or stimuli responsive drug release. Finally,
simultaneously engineering the core and shell would lead to next generation of
multifunctional polymeric micelles which integrate many functions into one nanocarrier

providing a wide range of solutions to the unmet problems in drug delivery.



Table 1.1 Polymeric micellar delivery systems in clinical trials.

24-33

Trade Name Block Copolymer Drug Clinical Phase Indication
NKO11 PEG-b-p Oi}clgg)’ﬁ -aspartic Doxorubicin Phase 11 Various solid tumors
NK105 PEG-b-poly(a,B-aspartlc Paclitaxel Phase III Metastatic or recurrent Breast
acid) cancer
. Triple negative breast
NKO12 PEG-b-poly(L-glutamic acid) SN-38 Phase II
cancer/small cell lung cancer
NC-6004 PEG-b-poly(L-glutamic acid) Cisplatin Phase III Pancreatic cancer
NC-6004 PEG-b-poly(L-glutamic acid) Cisplatin Phase I/I1 Non-small Cetﬂrﬁlorf cancer/solid
SP1049C Pluronic L61, F127 Doxorubicin Phase II1 Gastric cancer
Genexol-PM PEG-b-poly(D,L-lactide) Paclitaxel Phase ILI1I Various solid tumors
NC-4016 PEG-b-poly(L-glutamic acid) Oxaliplatin Phase I Various solid tumors/lymphoma
NC-6300 PEG-b-poly(aspartate- Epirubicin Phase I Various solid tumors

hydrazone)




1.2.1 Engineering of Micellar Core for Improved Properties in Drug Delivery
1.2.1.1 Enhancing Micelle Stability

Micelle instability upon administration is one of the main obstacles precluding the
use of effective micellar drug carriers. The existence of a hydrophilic PEO brush on
polymeric micelles can introduce steric effects and thus decrease their interaction with
opsonins that lead to early micellar elimination by the MPS. Also, the size of polymeric
micelles is large enough to avoid removal by kidneys. If the micellar structure can stay intact
and retain the drug, the normal biodistribution of the encapsulated drug becomes similar to
that of the carrier.

Under highly diluted conditions in the biological system, the stability of a particular
polymeric micellar structure will be determined by its thermodynamic, as well as its kinetic
stability. The critical micelle concentration (CMC), which is largely dependent on the
hydrophobicity of block copolymers, reflects the micellar thermodynamic stability. Micelles
with low CMC will have a better chance of staying in a micellar form under diluting
conditions of blood circulation. The kinetic stability refers to the rate at which the micelle
disassembles into single chains once the copolymer concentration falls below the CMC. The
kinetic stability is largely influenced by the physical state of the core (i.e. amorphous or
semi-crystalline nature). Both thermodynamic and kinetic stabilities are very important in
determining the in vivo fate of micelles. Upon intravenous injection, micelles are also
subjected to interactions with numerous blood components such as proteins and cells, which

may lead to their early elimination.’* **

Degradation of the polymer backbone can also
significantly influence the thermodynamic stability of the micelles and provides an additional

degree of freedom to control the longevity of block copolymer micelles in the body.*



Several strategies have been investigated to increase micellar stability, including the
modification of the core-forming block to reduce CMC and/or decrease rate of degradation,
enhancement of intramicellar physical interactions through core crystallization, and covalent

crosslinking of the micellar core.””™’

1.2.1.1.1 Reducing CMC

The most common strategy for reducing the CMC of amphiphilic block copolymers is
to increase the hydrophobicity of the block copolymer through attachment of more
hydrophobic moieties. For example, the attachment of various fatty acids to the core of PEO-
b-poly(L-aspartamide) micelles was shown to decrease their CMCs.* Chemical conjugation
of doxorubicin (DOX) into the micelle core also increased the thermodynamic stability of the
PEO-b-poly(aspartic acid) micelles as reflected by a reduced CMC.* Studies on PEO-b-
peptide based micelles demonstrated the effect of more aliphatic and aromatic peptides in
reducing the CMC.*® Pluronic® micelles have been extensively studied as drug and gene
delivery systems.”” *° Problems associated with their use include low thermodynamic
stability (high CMC) and relatively rapid in vivo drug release.”® In order to overcome this
disadvantage, chemically modified Pluronics® have been developed. Lee et al. have
synthesized PCL-Pluronic®-PCL by ring-opening polymerization of g-caprolactone (g-CL)
using the Pluronic® copolymers as the initiator and stannous octoate (Sn(Oct)2) as the
catalyst.’" > The PCL-Pluronic®-PCL copolymers self-assembled into micelles in water at a
lower CMC than Pluronic® alone.

Another strategy is to increase the length of the hydrophobic chain of the block
copolymer. Adams et. al synthesized PEO-b-poly(N-hexyl-aspartamide)-acyl conjugates with
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various acyl chain lengths and found that increasing the acyl chain length results in a
decreased CMC.?" *® Another study demonstrated that an increase in the length of the PCL
block in PEO-b-PCL-b-PEO triblock copolymer micelles led to a decrease in the CMC of the
prepared micelles.”®> However, increasing the hydrophobic chain length beyond a certain

point can result in non-spherical aggregates.™

1.2.1.1.2 Reducing rate of degradation

Rapid degradation of block copolymers in the aqueous environment may prove to be
a major obstacle in the development of effective micellar drug carriers. The thermodynamic
stability of micelles, which is characterized by the CMC of block copolymers, depends on
the hydrophobicity and/or length of the hydrophobic block."” >* In this regard, rapid
degradation of the polymer backbone may lead to a reduction in hydrophobicity and an
increase in CMC for block copolymers over time.*® The degradation rate of micelle forming
block copolymers can, not only affect the physical and biological stability, but it may also
influence drug encapsulation and release characteristics of polymeric micelles.”” °® For PEO-
b-poly(ester) micelles, hydrolytic degradation via hydrolysis of the ester bonds has been
reported to be the major route of degradation.*® *> *7- > > Previous reports have proposed
two-stage degradation mechanisms for PEO-b-poly(ester) micelles with slow interfacial
erosion first occurring at the core-shell interface leading to swelling of the micelles. This is
proposed to be followed by formation of caves and channels which leads to rapid degradation
in the core.* *> *® Carsten et al.,’” on the other hand, proposed random scission as the
mechanism for the degradation of micelles rather than preferential cleavage as described by
the previous studies.

10



Liet al.®°

found that the enzymatic degradation of PEO-b-PCL films was not affected
by the addition of PEO when compared to PCL homopolymer. However, Hu et al.”® found
that the degradation of PCL-b-PEO-b-PCL micelles in aqueous solution was faster compared
to bulk materials such as films with changes in size and morphology during the degradation
period.”! Yang et al.*’ studied the hydrolytic degradation of PEO-b-polylactide (PEO-b-PLA)
micelles in aqueous solution and found that micelles having longer hydrophobic PLA blocks

were more stable in size during degradation. Shen et al.*’

studied the hydrolytic degradation
behavior of monomethoxy PEG-PCL nanoparticles in aqueous solution and found that the
degree of polymerization of the PCL block significantly affects the rate of degradation of
micelles with shorter PCL blocks degrading faster.

Apart from increasing the length of the hydrophobic block, introducing interactions
between the hydrophobic chains can also reduce the rate of degradation. Yang et al.*’ found
that stereocomplexation between poly(L-lactide) and poly(D-lactide) blocks is the reason
why micelles prepared by mixtures of PEO-b-poly(L-lactide) and PEO-b-poly(D-lactide)
were able to keep their micellar integrity for up to six weeks as compared to micelles
prepared from PEO-b-poly(L-lactide) or PEO-b-poly(D-lactide) alone which lost their
structural integrity within two weeks. Controlling the rate of degradation by using stimuli-
responsive core is another way of modifying the stability of the micelles. Han et al.”
synthesized triblock copolymers of PEO-b-PUNB-b-PEO in which the PUNB block is
composed of hydrophobic polyurethane containing o-nitrobenzyl methyl ester groups. The o-
nitrobenzyl methyl esters can be rapidly photocleaved thus accelerating the rate of
degradation of the micelles on exposure to UV light. In further studies, they modified the

core of these triblock copolymers using click chemistry to contain both disulfide and o-
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nitrobenzyl methyl ester groups. This allowed them to control the rate of degradation of the
micelles by using either UV to rapidly photocleave the o-nitrobenzyl methyl esters or a

reducing agent to slowly cleave the disulfide bonds in the core.*®

1.2.1.1.3 Increasing Intramicellar Interactions

To increase the kinetic stability of polymeric micelles, modification of micellar core
with structures capable of intramicellar interactions has been attempted. For instance,
introduction of benzyl groups to PEO-b-PCL increased the rigidity of the micellar core,
possibly through intramicellar n—n interactions.* Recently, the stability of PEO-b-poly(N-
hexyl stearate L-aspartamide) (PEO-b-PHSA) micelles having nine stearic acid side chains
was studied and compared to that of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-5000] (PEO-DSPE) micelles in the presence of serum proteins
by fluorescence resonance energy transfer (FRET).** The PEO-b-PHSA micelles were
remarkably stable in the presence of serum while PEO-DSPE micelles were disrupted within
2 h. Both PEO-H-PHSA and PEO-DSPE micelles could efficiently solubilize Amphotericin B
(AmB) in their aliphatic cores, but only PEO-b-PHSA micelles liberated AmB gradually in
the presence of alpha and beta globulins, while PEO-DSPE micelles demonstrated rapid
release of AmB. Another class of micelles capable of intramicellar interactions are the
diacyllipid-PEO based micelles. The presence of two acyl chains introduces hydrophobic
interactions inside the core thereby decreasing the CMC to the nanomolar or micromolar
range. Various acyl chains such as stearyl or palmityl can be used to modify the stability of
the core which can consist of diacyllipids such as phosphatidyl ethanolamine (PE).%> % Gao
et. al.”* used these PEO-PE based micelles for successfully encapsulating m-porphyrin,
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tamoxifen, and PTX. In the case of PTX, which is a poorly water soluble drug, the
encapsulation efficiency increased as the HLB of the PEG-PE micellar system was lowered.
Another study indicated that PEG-PE micelles maintained their kinetic stability for a
prolonged period of time in the high dilution conditions of the blood after intravenous
administration.”’

To introduce hydrogen-bond interaction in the core-forming block, PEO-b-
poly(ethyl-random-urea carbonate) block copolymers were synthesized by ring-opening
polymerization of functionalized cyclic carbonates derived from 2,2-bis(methylol)propionic
acid (bis-MPA).*' The incorporation of urea functional groups into the block copolymers led
to improved kinetic stability of micelles in the presence of a destabilizing agent.

Micelle formation driven by the electrostatic ionic interaction of oppositely charged
block copolymers can form stable polyion complex (PIC) micelles. Examples includes the
pairs of PEO-b-poly(lysine) (PEO-b-P(Lys)) and PEO-b-poly(a,B-aspartic acid) (PEO-b-
P(a,B-Asp)), PEO-b-poly(methacrylic acid) (PMAa) and poly(N-ethyl-4-vinylpyridinium)

(PEVP), or PEO-b-poly(2-vinylpyridinium) (P2VP) and poly(styrene sulphonate) (PStS).%*"

1.2.1.1.4 Core Crosslinking

Covalent crosslinking of the micellar core can effectively enhance the stability of the
micelles and avoid their dissociation in the extreme dilution conditions of the blood below
CMC."" Crosslinking of the hydrophobic core may be attained by various strategies including
thermal- or photo-induced polymerization, using disulphide linkages in the hydrophobic
block, or more recently, using click chemistry in the presence of an external reagent.** 4 4¢

75 One of the first examples of core crosslinking was reported by Tuzar et al. who
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stabilized poly(styrene)-poly(butadiene)-poly(styrene) micelles with core of poly(butadiene)
by UV radiation in the presence of a photo-initiator.”*”” Kataoka et al. reported the synthesis
of amphiphilic PEO-b-poly(lactide) (PEO-b-PLA) block copolymers having a polymerizable
methacryloyl group at end of PLA block.”” ™ After micellization, the methacryloyl group
located in the core of micelles was thermally or photo-chemically polymerized to produce
core crosslinked micelles. The micelles were found to be stable up to 60 °C and in organic
solvent. Liu et al. synthesized block copolymers having polymerizable groups laterally
distributed on the hydrophobic block of poly(2-cinnamoylethyl methacrylate) (PCMA),
where more than one polymerizable group can participate in the photo-crosslinking.” "

Recently, click chemistry has emerged as a specific and useful method for core
crosslinking under mild conditions. Click chemistry is a highly efficient technique, providing
attractive possibilities for the synthesis of polymers with different architectures. It offers
advantages including ambient reaction conditions, quantitative yields, easily obtained
starting materials, and in particular high specificity which makes the reaction viable for
molecules bearing extra functional groups avoiding the need for protection/deprotection
reactions.® ™ The philosophy was first recognized by Linus Pauling in 1933,* but in 2001,
Sharpless and coworkers® completely described the concept of click chemistry reactions of
which the Cu(l)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction between terminal
alkynes and azides is one of the most popular and commonly used.***’

Block copolymers of poly(N,N-dimethylacrylamide)-b—poly(N-isopropylacrylamide-
co-3-azidopropylacrylamide) (PDMA-b-P(NIPAM-co-AzPAM)) containing azide moieties
in the thermosensitive P(NIPAM-co-AzPAM) block were core crosslinked via click

chemistry in either aqueous or organic solvent.*® O'Reilly et al. also reported the successful
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crosslinking of amphiphilic diblock copolymers of poly(acrylic acid)-b-poly(styrene) (PAA-
b-PS) that contained alkynyl functionality on PS block, by click chemistry.* Dendrimers of
the zero to third generations, having increasing numbers of azide terminating groups ((N3)2-
[G-0], (N3)4-[G-1], (N3)s-[G-2], (N3)16-[G-3]), were used as cross linker.

Although these strategies can effectively increase micelle stability by forming stable
covalent bonds in the core, they may cause safety problems, such as difficult clearance of
nano-carrier from the body. To avoid this problem, Zhao et al. reported photo-reversible
crosslinked nano-gels, prepared by synthesizing novel coumarin-containing ABCs at A > 310
nm. They further demonstrated de-crosslinking by photo induced cleavage at A < 260 nm,
leading to disintegration of the micellar aggregates.*” ® Jin et al. reported successful
preparation of temperature and pH responsive micelles with similar reversible photo-
crosslinking. The diblock copolymers formed shell or core crosslinked micelles and nano-
gels by adjusting the temperature and pH.”' Kakizawa et al. reported the synthesis of polyion
complex micelles core crosslinked by disulfide bonds.”? P(Lys) and P(o,B-Asp) composed
the core of the micelles and crosslinking was carried out by oxidation of thiols introduced in
the side chains of the lysine units of PEO-b-P(Lys). The crosslinked micelles were expected
to be stable in circulation, but dissociate in response to the stronger reducing environment
inside the cell. A similar method was carried out by Heffernan and Murthy, who cross-linked
micelles of block copolymer PEO-b-poly(L-lysine-dithiopyridine) (PEO-b-PLDTP) with a

dithiol, generating disulfide crosslinked polyion micelles (DCPM).”*
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1.2.1.2 Development of Traceable Micelles for Imaging in Live Animals

Non-invasive imaging can give important information regarding the in vivo fate and

biodistribution of nanocarriers. Some of the commonly used imaging methods are computed

94, 95 96, 97

tomography (CT), magnetic resonance (MR), single photon emission CT
(SPECT),”® % positron emission tomography (PET),'” ultrasound (US),'"" and optical
imaging.”” '® Optical imaging using fluorescence has been associated with numerous
advantages such as high sensitivity, low cost, and lack of exposure to radiation. However,
disadvantages such as low tissue penetration and high absorption and scattering from tissues
have limited their use.'”" Near infra-red probes (NIR), which have their absorption and
emission spectra at wavelengths of 700-1000 nm, are better suited for optical imaging since
at this wavelength most biological tissues exhibit low scattering and minimal absorption thus

101, 102

enabling deeper tissue penetration and imaging. In the case of block copolymer

micelles, NIR probes have been widely used to track the in vivo biodistribution of the
nanocarriers.>> % 10%10
NIR probes can either be encapsulated'® or conjugated™ ' to the hydrophobic core

1% Rodriguez et al.'® encapsulated the FDA-approved NIR probe

of micelles.'®
indocyanine green (ICG) into poly(styrene-a/t-maleic anhydride)-b-polystyrene (PSMA-b-
PSTY) block copolymer micelles. They found that encapsulating the probe can protect it
from aqueous and thermal degradation for up to three weeks indicating the potential of these
systems in diagnosis. In another study, NIR probe DiR (1,1'-dioctadecyltetramethyl
indotricarbocyanine iodide) was physically encapsulated into the core of apoptosis-targeting

GFNFRLKAGAKIRFGS-PEO-b-PCL micelles and injected into nude mice bearing ES-2-luc

xenograft.'”” The peptide binds to phosphatidylserine (PS), the appearance of which, in the
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outer leaflet of the plasma membrane indicates early or intermediate apoptosis.'” The
peptide modified PEO-H-PCL micelles homed to the site of apoptosis in peritoneally
metastatic ES-2-luc xenograft of ovarian cancer facilitating the removal of the apoptotic
tumor cells from the peritoneum.'’” However, physical encapsulation of NIR probe into the
hydrophobic core can lead to release of the probe from the micellar system.

Kim et al.'”

reported the conjugation of NIR probe cy5.5 to pH sensitive PEO-b-
poly(L-histidine) (PEO-b-P(His)) based block copolymer micelles. Cy5.5 bis-NHS ester was
successfully conjugated to the primary amine group of the poly(benzyl-His) block. The cy5.5
loaded block copolymer was mixed with folate-conjugated or plain PEO-b-PLLA and DOX
was encapsulated within the core of these mixed micelles. pH sensitive micelles showed a
1.5-fold increase in fluorescent intensity in KB epidermoid xenograft mouse model, when
compared to pH insensitive micelles. This was postulated to be due to the destabilization of
pH sensitive micelles in the acidic pH of the tumor microenvironment or endosomes
resulting in the release of cy5.5, thus removing the quenching effect on the dye when
encapsulated into the micelles, and showing an increased fluorescence. In our lab, cy5.5 was
conjugated to the primary amine of the polyamine spermine in PEO-h-PCL based micelles
bearing spermine (PEO-b-P(CL-g-SP)). The cy5.5 conjugated (PEO-b-P(CL-g-SP)) micelles
were mixed with RGD4C modified PEO-b-PCL micelles conjugated with DOX through a
hydrazone linker (RGD4C-PEO-b-P(CL-Hyd-DOX)) (Figure 1.2). The biodistribution of the
NIR probe was investigated in nude mice bearing MDA-MB-435/LCC6 MDR-1 resistant

tumors. It was found that RGD4C modified micelles preferentially accumulated in the tumor

whereas non-targeted micelles showed distribution the liver and kidneys.'%*
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1.2.1.3 Development of Micellar Carriers for Controlled Drug Release

Drug release from polymeric micellar nano-containers, drug conjugates and PIC
micelles is governed by several different mechanisms.'® To achieve controlled drug release
from micellar nano-containers, engineering efforts have focused on developing polymeric
cores that can interact strongly with a specific drug. For example, micelles of PEO-b-PHSA
having aliphatic structures in their core were prepared and used for the solubilization of
AmB. In this study, an increase in the level of aliphatic chain substitution was found to

enhance the encapsulation efficiency while reducing the release of AmB.'"

Recently, the
core of PEO-h-PCL micelles was modified by introducing benzyl groups and paclitaxel
(PTX), to physically load PTX. Core structures containing benzyl groups demonstrated
slower drug release.''! Higher release of PTX from the P(CL-PTX) core coincided with a

lower rigidity of this structure (Figure 1.3).
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Figure 1.2 (A) Schematic illustration of polymer structures and assembled RGD-

functionalized micelles containing NIRF imaging probes. The insets show images of one of
those NIRF formulations. (B) Athymic nude mice bearing MDA-MB-435/LCC6MDRI1-
resistant tumors injected with RGD- and NON-micelles-DOX-Cy5.5. The intensity of
fluorescence is expressed by different colors, with violet reflecting the lowest intensity
(background) and red reflecting the highest intensity. The tumor is indicated by the thick

arrow. (Adapted with permission from'*2. Copyright (2011) American Chemical Society).

19



A 100
B
Stannous Octoate o 80
"
140°C CH;0(CH,CH,0),(CGHCH,CH,CH,CH,0),H
CH;0(CH,CH,0),,H 5COSH2 % 60-
[
O ¢
x
& 40
PEO-b-PBCL
Methoxy poly(ethylene oxide) a-benzylcarboxylate-g-caprolactone < I —"
20+ —0— PEO-b-PCL
—w— PEO-b-PBCL
—a— PEO-5-P(CL-PTX)
H,, Pd-C (THF) 0 , ,
0 20 40 60
Time (h)
C 100
e o
PTX,DCC, DMAP (DCM) i
C“’°(C"2C"‘O)m(cﬁ“g”zc”’c"zc”lo’" - CH1O(CH,CH;0),(CGHCH,CH,CH,CH,0),H 80
b 96 hours, Room temperature COOH §
§F 8 60
®
o. RH O PEO-b-PCCL X
a 40
& )
20 o= P
—v— PEO-5-PBCL
PEO-b-P(CL-PTX) —o— PEO-5-P(CL-PTX)

0 2‘0 4'0
Time (h)

60
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Engineering of amphiphilic block copolymers (ABCs) has also been directed towards
the development of micellar nano-containers that provide enhanced drug release in response
to internal stimuli such as pH. This strategy can be used to achieve the preferential release of
incorporated drugs in the acidic microenvironment of the tumor, or endosomes inside tumor
cells. For example, micellization of the triblock copolymer, composed of PEO as the shell
forming block and poly(2-(dimethylamino)ethyl methacrylate)-b—poly(2-(diethylamino)
ethyl methacrylate) as the core forming block (PEO-6-PDMA-b-PDEA) can be induced by
adjusting the pH above 7.0. The micellar structure completely dissolves in acidic media due
to the protonation of the tertiary amine on the DMA and DEA chains.'"? The feasibility of
PEO-b-poly(L-histidine) (PEO-b-P(His)) block copolymers to construct an effective pH
sensitive micellar carrier was investigated by Bae et al.''> The presence of an electron ion
pair on the unsaturated nitrogen of the imidazole ring endows P(His) with an amphoteric
nature. Protonation of the imidazole group at lower pHs causes a reduction in the
hydrophobicity of P(His), leading to an increase in CMC at pHs below 7.2. Gillies et al.
reported a new approach to develop pH sensitive nano-carriers where the hydrophobic
groups were attached to one block of the copolymer via an acid sensitive linkage. Upon
hydrolysis of the linkage, the hydrophobic block became more hydrophilic, thus destabilizing

the micelle and enabling escape of the encapsulated drug.''

Bromberg has synthesized
Pluronic® grafted with poly(acrylic acid) (PAA) by dispersion/emulsion polyrnerization.115
Pluronic®-g-PAA graft polymers have shown a dual responsive property to pH and
temperature. In addition, grafting PAA onto the Pluronic® copolymers has improved the

bioadhesive properties of Pluronics®.'> '
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Polymeric micellar drug conjugate design has been extensively explored to achieve
sustained and/or triggered drug release. Early efforts were directed to reduce premature drug
release by preparing drug-polymer conjugates through relatively stable linkers (e.g. amide
and ester bond). The first example of a polymeric micellar system of this type was developed
by Ringsdorf et al., who reported on the preparation of micelle-forming conjugates of
cyclophosphamide (CP) sulfide and PEO-b-P(Lys).!"” Later, covalent conjugation of drugs
(e.g. DOX, PTX and methotrexate) to the core of PEO-b-P(L-amino acid) (PEO-b-PLAA)
and PEO-b-poly(ester) block copolymers was attempted by several groups.''" "'®'%? In this
case, the excessive stability of the polymeric pro-drug may lead to inactivity of the final
product. Incorporation of hydrophilic moieties, formation of pH sensitive bonds between
polymer and drug, and changes in the molecular weight of the core-forming block have been
used to modify micellar stability and drug release properties from micelle-forming drug
conjugates.

Design of pH-responsive polymeric drug conjugate micelles has provided an exciting
opportunity to achieve the site-specific release of incorporated drug from its carrier. This
method involves formation of an acid-labile linkage between the therapeutic agent and the
micelle forming copolymer. The linkage is stable at physiological pH, but will be cleaved at
the acidic pH of a tumor extracellular space or its endosomes, leading to the site specific
release of the parent chemotherapeutic agents from their micellar nano-conjugates.'** Park et
al. have developed one of the first pH-sensitive micelle forming drug conjugates through
linking DOX to the terminal end of PEO-b-PLLA via two acid-cleavable bonds, i.e.

hydrazone and cis-aconityl bond.'**

The pH sensitivity was more noticeable in the case of
cis-aconityl linkages, which showed about 10 times higher DOX release at pH 3.0 than at pH

22



7.0. However, this linkage generated chemically modified DOX after release, whereas a
hydrazone linkage resulted in the generation of intact DOX. DOX was also conjugated to the
P(Asp) through a hydrazone linker and drug release in media with different pHs has been
investigated.'®

This new paradigm in cancer therapy needs precise control over the exposure of
tumor associated cells to anti-cancer drugs. Maximum therapeutic efficacy may be obtained
by regimens that can control drug concentration levels, dosing intervals, and drug retention
in tumors. It was suggested that cancer cells exposed to small amounts of drug over longer
periods appear to be more sensitive to chemotherapy than cells incubated with a higher drug
dose for shorter exposure times. In this context, polymeric drug conjugates with pH-
dependent tunable drug release have been proposed to allow spatial and temporal control of
drug delivery for maximum therapeutic effect in cancer treatment.'*® To meet this demand,
DOX was conjugated to the P(Asp) section of PEO-b-P(Asp) by different spacers (e.g.,
glycine (Gly) or 4-aminobenzoate (Abz)) through a hydrazone linkage. It was found that
drug release patterns of both Gly and Abz micelles were pH-dependent and tunable. The
spacers appeared to play a crucial role in controlling drug release and stability of polymer
micelles in combination with block copolymer chain lengths. Polymeric micelles with
tunable drug release may provide means for both early-prompt and/or late-prolonged
chemotherapeutic treatment.

Using the same concept, PTX was incorporated into a polymeric drug conjugate to
permit its pH-dependent controlled and/or continuous low dose release, with the aim to
prepare PTX-loaded micelles with anticancer activity or anti-angiogenic activity.'>” Toward
this goal, PEO-b-P(Asp) was modified by either levulinic acid (LEV) or 4-acetyl benzoic
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acid (4AB) attached to P(Asp) via hydrazone bonds. PTX was then conjugated to the linkers
to form PEO-b-P(Asp-Hyd-LEV-PTX) and PEO-b-P(Asp-Hyd-4AB-PTX). It was found that
PEO-b-P(Asp-Hyd-LEV-PTX) micelles release LEV-PTX in a pH-dependent manner, while
no obvious release of 4AB-PTX for PEO-b-P(Asp-Hyd-4AB-PTX) was observed. Due to the
hydrophobicity of PEO-b-P(Asp-Hyd-4AB-PTX), the mixed micelles of PEO-b-P(Asp-Hyd-
LEV-PTX) and PEO-b-P(Asp-Hyd-4AB-PTX) can more effectively moderate the release of

LEV-PTX compared to PEO-P(Asp-Hyd-LEV-PTX) micelles.

1.2.1.4 Attaining Polycationic Core for Efficient Gene Delivery

Block copolymers composed of polycationic segments have attracted increasing
attention as non-viral gene vectors. In this case, neutralization of the positive charge on the
polycation by the negatively charged DNA will lead to micelle formation. PEO-b-P(Lys) has
been extensively used for this purpose.'®"*° To increase the stability of PEO-b-P(Lys)
micelles against dissociation and at the same to maintain their ability to bind DNA, certain
fractions of the lysine residues in the core were replaced by thiol groups that can readily form
disulfide cross-links with other sulfide substituted PEO-b-P(Lys) and develop a network in
the micelle core after DNA complexation. The cross-linked core of the micelles is cleavable
inside cells which show increased levels of glutathione (~1-5 mM), but not in blood (~1
mM)."*'"!33 To achieve a ‘proton sponge effect’ which can result in endosomal disruption and
gene release,** > PEO-b-P(Asp) block copolymer containing two amino groups in their
side chain was synthesized. The primary amine group located at the distal end of the side

chain was used for complexation with phosphate groups of siRNA or DNA, while the
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secondary amine, which was located closer to the polymeric backbone and had a lower pKa,
provided buffering capacity for proton sponge effect.'**'3*

Copolymers of PEO-b-PCL with grafted polyamine (e.g., spermine, SP, and
tetracthylenepentamine, TP) in the PCL block were synthesized in our lab for siRNA
delivery (Figure 1.4)."*° These amphiphilic polycationic copolymers can effectively bind
siRNA, self-assemble into micelles and protect siRNA from degradation by nuclease in
serum. Our lab also showed that PEO-b-P(CL-g-SP) and PEO-b-P(CL-g-TP) micelles can
efficiently deliver siRNA into cytoplasm by endocytosis and show endosomal escape after
cellular uptake. MDR 1-targeted siRNA formulated in PEO-b-P(CL-g-SP) and PEO-5-P(CL-
g-TP) exhibited efficient silencing of MDR-1 gene expression leading to down-regulation of
P-gp.

Pluronic® copolymer has been grafted to PEI for gene and ODNs delivery.
Pluronic®-g—PEI block copolymer complexes are promising non-viral vectors for gene

delivery because of their high stability and high transfection activity.'** '*!
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Figure 1.4 PEO-b-P(CL—polyamine) micelles for siRNA delivery. A) Schematic structures
of PEO-b-P(CL-polyamines) and siRNA complexed micelles. B) Cellular uptake of FAM-
siRNA from different PIC micelles or from PEI/siRNA PICs by MDA-MB-435/LCC6 cells.
C) Endosome escape of siRNA formulated PEO-b-P(CL-g-TP) micelles after endocytosis
upon 1 and 3h incubation by confocal microscopy. SP: spermine; TP:
tetracthlyenepentamine; DP: N,N-dimethyldipropylenetriamine (Reprinted from Reference’,

Copyright (2011), with permission from Elsevier; Adapted from Reference'*’, Copyright

(2009), with permission from Elsevier).
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1.2.2 Engineering of the Micellar Shell for Improved Properties in Drug Delivery
1.2.2.1 Micelle Biological Stability

The MPS is designed to protect the body against invading pathogens and other
foreign materials and represents a group of cells including macrophages and macrophage
precursors, specialized endothelial cells lining the sinusoids of the spleen, liver and bone
marrow. They are either freely circulating in the blood or fixed to connective tissue and are
capable of phagocytosis. Any foreign material is then removed by the MPS if the surface of
the material promotes a mechanism called opsonization that tags a particle for removal by
macrophages or by acting as ligand for receptors expressed on macrophage surfaces.'*> '*3

Phagocytosis by macrophages is greatly enhanced when the particle surface is coated
with certain serum protein ligands called ‘opsonins’ and their adsorption on the particle
surface is called ‘opsonization’. They act as ligands on the particle surface and are
responsible for the recognition and initial attachment by phagocyte receptors, thus facilitating
phagocytosis of the foreign particles. Non-opsonic serum proteins can also play a role in
clearance. They adsorb on the particle surface leading to conformational changes which act
as ligands for phagocyte receptors or other blood opsonins.'*

Because nanocarriers are foreign particles, the circulation time as well as the efficacy
of nanocarriers to target specific organs is greatly dependent on the interaction between
serum proteins and the nanocarrier surface. This, in turn, is influenced by factors such as
size, size distribution, surface hydrophobicity, and the surface charge on the nanocarrier.'**

> One of the main limiting factors for successful delivery of nanocarriers is their uptake by

the MPS."** '*® Serum protein adsorption is regarded as the key factor in the uptake of
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nanocarriers by the MPS."” A major challenge for formulation scientists is to avoid MPS
uptake and maintain prolonged circulation of the nanocarriers.

Following the intravenous administration of a drug-loaded micellar system, there are
two possibilities by which protein adsorption might affect the fate of the delivery system.
Firstly, the proteins might adsorb on the surface of the nanocarrier which can cause its
removal by the MPS. Secondly, if the drug has a higher affinity for the proteins rather than
the core of the micelles, the protein might alter the release of the drug from the micellar
system.'*

Coating or linking polymers with polyethylene glycol (PEG), or PEGylation has

proven to be the most effective way to prevent phagocytosis as compared to other strategies

149, 150 151
L,

reported, such as, polyvinyl alcoho poloxamer,"" dendrimers,'*® and

polysaccharides.””* '** For PEGylation, the interfacial chain density, chain length, and chain

conformations are important factors determining protein resistance. A density of higher than

2 153

0.1 chains/nm upto 0.5 chains/nm” '** depending on the molecular weight of PEG shows

minimal protein adsorption on the PEG surface. Increase in MW and length of PEG chain
also was found to show higher hydrophilicity of the surface with maximal reduction in

protein adsorption for a PEG MW of 5000 g/mole."”> '°® Influence of PEGylation on protein

156, 157

adsorption for nanoparticles and liposomes'™® *° have been studied extensively,

however very few studies have been done to see the effect of protein adsorption on micellar

systems.

160
1

Lo etal ™ and found that micelles having PEG as the hydrophilic shell were stable in

size even after 25 h incubation in solutions containing albumin. Li et al'®'

prepared thermo-
sensitive micelles which were stable in size at 37 °C for 40 h in solution containing BSA but
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were unstable within 6 m at 43 °C when the shell became hydrophobic due to change in

1'? showed that micelles containing PEG as shell were stable in size

temperature. Yang et a
even after 24 h of incubation in 10% fetal bovine serum. Stability in size and absence of
aggregates indicates that there is absence of/minimal protein adsorption on the surface of the
micelles. Kabanov et al '®® showed that protein had no impact on the size and sedimentation
coefficient of Pluronic triblock copolymer micelles. They also found that BSA did not alter
the CMC of these micelles. However, size measurement alone does not give enough
information regarding protein adsorption and further studies are required to show the true
nature and quantity of protein adsorption.

Size exclusion chromatography or GPC can also be used to study the amount of
protein adsorption on micellar surface. In this case, only proteins that are associated with the
micelles for the entire duration of passage through the column are recovered in the same
fraction as the nanoparticles, and can then be quantified for protein content,'* 148 164 16
Kataoka et al** used GPC to study the stability of adriamycin-conjugated PEO-b-poly(Asp)

micelles in the presence of rabbit serum. It was revealed that longer PEG chains and shorter

adriamycin-conjugated poly(Asp) chains gave more stable micelles.

1.2.2.2 Shell Crosslinking

Crosslinking of the micellar shell can affect the permeability of the corona and can be
used to fine-tune the rate of drug release.”’ Since the hydrophilic shell of polymeric micelles
is responsible for preventing attachment of serum proteins, the effect of cross linking on
protein adsorption, which could lead to their early removal by MPS, should also be

considered.
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One of the earliest examples of shell crosslinking was reported by Thurmond et al.'®
Since then, numerous strategies have been developed for crosslinking the micellar shell. For

166-169 170, 171
PCL, ™

instance, the PAA shell of micelles having polystyrene, or polyisoprene' ™

173 cores was crosslinked with diamino compounds by formation of amide bonds in the
presence of carbodiimide as a condensation agent. Wei et al. used inorganic 1,1'-
ferrocenedicarboxylic acid as the crosslinker to prepare crosslinked micelles via
carbodiimide chemistry.'” Use of the inorganic crosslinker resulted in micelles which
exhibited antitumor activity and had improved stability. A similar crosslinking strategy has

been reported for peptide-containing micellar shells.'”

Poly(2-(dimethylamino)ethyl
methacrylate) shells were crosslinked via quaternization with 1,2-bis(2-iodoethoxy)ethane
(BIEE).'” Glutaraldehyde was used to crosslink the primary amines of lysine units in the

P(Lys) block of micelles of poly(isoprene-b-L-lysine).'”

Recently, a novel strategy was used
by Joralemon et al. in which alkyne functionalized PAA shell of micelles was crosslinked via
click chemistry with azide terminating groups of dendrimers, giving a crosslinked shell.*! A
similar strategy was further explored by Jiang et al.'”’

Photo or UV-crosslinking of polymerizable groups in the micellar shell takes place by
UV irradiation and does not need the addition of cross-linker. Liu et al. first reported the
photo-crosslinking of the shells of poly(isoprene)- or poly(styrene)-b-poly(2-cinnamoylethyl
methacrylate) copolymer micelles in a tetrahydrofuran (THF)-acetonitrile mixture by UV
irradiation.'””® ' Similar strategy was reported by Sugihara et al. who prepared shell
crosslinked micelles by UV irradiation in aqueous solution.'®
Shell crosslinking of diblock copolymer micelles can result in intermicellar

crosslinking leading to micellar fusion and, therefore, it has to be carried out at high dilution.
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This poses a difficulty at the industrial scale, and was overcome by Butun et al., who used
triblock copolymers which are generally prepared by ATRP using a PEO-based macro-
initiator."*! The same strategies involving covalent crosslinking of diblock copolymer
micelles can be used for the crosslinking of triblock copolymer micelles. Examples of
strategies used for shell crosslinking of triblock copolymer micelles include carbodiimide

182 ¢lick chemistry,'”” and UV irradiation.'®

chemistry,

There is a concern that the body may be unable to eliminate crosslinked micelles.
Reversible crosslinking would provide a solution to this concern. Reversible disulfide
crosslinking in which the disulfide bonds are expected to cleave in the stronger reducing
environment inside the cell provides a means for the degradation of crosslinked micelles. Li
et al. prepared micelles of thermoresponsive triblock copolymer PEO-b-((N,N-
dimethylacrylamide)-stat-(N-acryloxysuccinimide))-b-(N-isopropylacrylamide) (PEO-b-
P(DMA-stat-NAS)-b-NIPAM) which was crosslinked using cystamine via thiol-disulfide
exchange.'® Similar crosslinking via disulfide-thiol exchange has been reported by many
other groups.'®> ' Photo-reversible crosslinking of micelles has also been reported as a
novel approach in which coumarin-containing block copolymers have been shell-crosslinked
by photo-induced dimerization of the coumarin groups at A > 310 nm and further de-
crosslinked by photo-induced cleavage at A <260 nm leading to disintegration of the micellar

91,18
aggregates.” ’ 7

1.2.2.3 Ligand attachment to Micellar Shell for Active Targeting

The introduction of targeting ligands to the surface of polymeric micelle can provide

a mechanism to cross the cell membrane barrier for drug delivery. The micellar shell can be
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extensively engineered with various ligands such as peptides and proteins to promote binding
to cancer cells.

Peptides containing the RGD sequence can recognize integrins that are over-
expressed on the tumor cells or the angiogenic endothelial cells of the tumor vasculature.
Nasongkla et al. developed polymeric micelles to selectively deliver hydrophobic drugs to
angiogenic tumor endothelial cells which overexpress avp3 integrins.'®® To couple the cyclic
pentapeptide cyc(Arg-Gly-Asp-d-Phe-Lys) (cRGDfK) which contains a thiol group, they
synthesized maleimide-terminated PEO-6-PCL (MAL-PEO-H-PCL). After micellization,
cRGDfK was coupled onto the micelle surface by electrophilic addition to form a thioether
bond between the thiol group on the peptide and the ethylenic bond on the maleimide. The
cRGDfK-PEO-b-PCL micelle, with 76% (molar ratio) peptide density, was used for DOX
delivery to angiogenic tumor endothelial cells. Confocal laser scanning microscopy showed
30 times greater accumulation of DOX-loaded cRGDfK-modified micelles compared to
unmodified micelles into human Kaposis sarcoma tumor endothelial SLK cells. This system
has recently been used for the co-delivery of DOX and supramagnetic iron oxide as a

1% Our group has synthesized acetal-

contrast agent for magnetic resonance (MRI) imaging.
terminated PEO-H-PCL through anionic ROP of &-CL by acetal-PEO."® After formation of
micelles, the acetal group was converted to an aldehyde at acidic pH and used for the
conjugation of peptide GRGDS to the micellar surface by Schiff base reaction. Fluorescent
spectroscopy and microscopy analysis have shown 4.5 times higher uptake of GRGDS
micelles compared to unmodified micelles after 3 h incubation in mouse melanoma B16-F10
cells. To extend the research, an acetal-PEO-b-poly(a-benzyl carboxylate-e-caprolactone)

(acetal-PEO-b-PBCL) block copolymer was synthesized and then reduced to produce acetal-
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PEO-b-poly(a-carboxyl-g-caprolactone) (acetal-PEO-6-PCCL). The anticancer drug DOX
was then covalently conjugated to the free side carboxyl groups on the PCCL block by an
amide bond to form acetal-PEO-b-P(CL-Ami-DOX). After conversion of the acetal group
into aldehyde, RGD containing peptides such as GRGDS were attached to the surface of
aldehyde-PEO-b-P(CL-Ami-DOX) micelles. The RGD-modified micelles bearing
conjugated DOX demonstrated higher cytotoxicity against BI6—F10 cells than the conjugates
without peptide.'”!

Another peptide, P18-4 (WXEAAYQrFL; Figure 1.5), has been identified as a stable
derivative of peptide P160 and has increased affinity for breast cancer cells. The receptors
for this peptide are still unknown however, they show excellent affinity for MDA-MB-435,
MDA-MB-231, and MCF-7 cells while showing a low affinity for non-cancerous cell lines
MCF-10A and HUVEC cells."”> DOX-loaded liposomes decorated with the P18-4 peptide on
the surface increased the efficacy of DOX at the tumor site leading to a 4.8-fold reduction in
tumor volume in MDA-MB-435 tumor models when compared with plain DOX-loaded
liposomes indicating the increased affinity of P18-4 peptide for the MDA-MB-435 cancer
cells.'”?

Human transferrin is a relatively large serum glycoprotein (80 kDa). Transferrin
receptors are elevated 2—10 times on various types of cancer cells. The level of elevation in
transferrin receptor correlates with the proliferative ability of the tumor cells. Vinogradov et
al. proposed transferrin receptor-mediated delivery of phosphorothioate ODNs by using

141 .
Transferrin was

polyion complex micelles formed with transferrin-conjugated PEO-b-PEL
attached to the PEO corona using an avidin/biotin construct. Compared to unmodified

micelles, fluorescent-labeled transferrin-micelles showed a significantly higher accumulation
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in resistant human oral epidermoid carcinoma (KBv) cells. Delivery of antisense ODNs
against the expression of P-glycoprotein (P-gp) human mdr1-mRNA by transferrin modified
PEO-b-PEI nanocarriers resulted in a significantly higher inhibition of P-gp efflux in MCF-
7/ADR cells that over-express P-gp compared to cells treated with unmodified micelles.
Transferrin was conjugated to the PEO end of PEO-H-PEI by various procedures.'”’
Complexes were generated by mixing of plasmid DNA, linear PEI (PEI,,, 22 kDa) as the
main DNA condensing agent, PEO-b-PEI for surface shielding, and transferrin-PEO-b-PEI to
provide a ligand for receptor-mediated cell uptake. The systemic application of freeze-
thawed complexes exhibited in vivo tumor-targeted expression; for complexes containing the
luciferase reporter gene the highest expression was found in tumor tissue of mice. The
optimum formulation for in vivo application, i.e., PEIy,/transferrin-PEO-b-PEI/PEI,;-PEOs,
containing plasmid DNA encoding for the tumor necrosis factor (TNF-a), inhibited tumor

growth in three different murine tumor models.

1.2.2.4 Labeling of Micellar Shell for in vivo Imaging

103, 106

Apart from the hydrophobic core, NIR probes can also be conjugated to the

19 Tsai et al.'” prepared mixed micelles composed

hydrophilic shell of the micellar system.
of poly(2-hydroxylethyl methacrylate-co-histidine)-g-PLA (PHEMA-co-His-g-PLA) and
diblock copolymer PEO-b-PLA. NIR dye Cy5.5 and folate was conjugated to the PEO end of
PEO-b-PLA. Mixed micelles of PHEMA-co-His-g-PLA, cy5.5-PEO-b-PLA, and folate-
modified or plain PEO-b-PLA were synthesized and encapsulated with DOX. In vivo NIR

imaging showed that folate modified micelles exhibited higher fluorescence at tumor sites

compared to unmodified micelles. Another study by the same group used fluorescein
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isothiocyanate (FITC) and galactosamine (Gal) to decorate the surface of PEO-H-PLA
micelles and mixed these with poly(N-isopropyl acrylamide-co-methacryl acid)-g-PLA
(P(NIPAAm-co-MAACc)-g-PLA) and encapsulated DOX into the hydrophobic core. The

micelles were investigated against HepG2 cells.'”
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Figure 1.5 Chemical structure of P18-4 peptide. (Reprinted from Reference,'”> Copyright

Il

p18-4 peptide

(2013), with permission from Elsevier).

1.2.3 Simultaneous Engineering of Core and Shell

The unique structure of polymeric micelles allows for the integration of multiple
functional components in a single structure. Polymeric micelles can combine tumor targeting
and stimulus-triggered drug release. A typical example of multifunctional polymeric micelles
developed through simultaneous engineering of the micellar core and shell include polymeric
micelles consisting of a ligand-installed shell for active targeting and a pH-sensitive core for
triggered drug release. Bae et al. developed PEO-b-P(Asp) based micelles which are
composed of a targeting ligand (i.e. folate) modified shell and a pH-sensitive core for DOX

delivery."”® Chemical modification of the core-forming P(Asp) block with a hydrazone

35



linkage allows the polymeric micelles to release drugs selectively at acidic pH (4—6), while
installation of folic acids on the micelle surface improves cancer cell-specific drug delivery.
An in vitro study using human pharyngeal cancer KB cells which express folate-binding
protein (FBP) receptors, showed that these intelligent micelles, i.e. folate-PEO-b-P(Asp-
Hyd-DOX), were capable of increased cell internalization at short exposure times (3 h)
compared to non-targeted micelles. The cytotoxicity of folate polymeric micellar drug
conjugates against FBP-expressing KB cells after 24 h incubation was equal to free DOX and
8-fold higher than polymeric micellar DOX conjugates without folate. An in vivo study
revealed long circulation, improved activity and reduced toxicity of folate-PEO-b-P(Asp-
Hyd-DOX) micelles in mice bearing KB tumors compared to non-targeted micelles. An
excellent example of multifunctional polymeric micelles was given by Zhu et. al."””’ who
synthesized stimuli-responsive micelles consisting of a cell-penetrating peptide i.e. TAT and
a PTX-based prodrug. The group synthesized PEO;p-PTX conjugate with a matrix
metalloproteinase 2 (MMP2) cleavable peptide between PEO and PTX. The PTX containing
polymer was then mixed with TAT-PEOy9o-PE and PEO,(o-PE to form mixed micelles. The
PTX was hidden in the core of the micelles whereas the TAT peptide was hidden in the core-
shell interphase due to the shorter PEO length. In the blood, where MMP?2 levels are low, the
micellar system avoided the premature release of the conjugated drug. However, in the
extracellular tumor microenvironment, where MMP2 is upregulated, the PEO;g-PTX
conjugate cleaved, thus releasing the active drug and exposing the TAT peptide, which
facilitated their entry into the tumor cells. /n vivo studies in a non-small cell lung carcinoma

(NSCLC) tumor model showed an improved anti-tumor efficacy of these micelles when
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compared with those with MMP2 non-sensitive PTX linker and/or without TAT peptide
modification in the shell."”

Multifunctional polymeric micelles based on PEO-b-PCL for DOX delivery were
developed in our lab.'”® DOX was chemically conjugated to the micellar core by amide or
hydrazone linkages, while RGD4C's specific homing to integrin avB3 receptors expressed on
cancer cells (e.g. MDA435/LCC6 sensitive and resistant cells) was used to functionalize the
micellar shell. These targeted micelles showed markedly increased uptake of DOX in cancer
cells. The RGD4C-PEO-b-P(CL-Hyd-DOX) conjugated micelles showed pH-triggered drug
release of intact DOX, leading to preferential accumulation of DOX in the nucleus of
sensitive cells and showed a better activity against these cells when compared to free DOX.
Micelles containing amide-linked DOX, on the other hand, showed insignificant release of
free DOX, but very slow release of DOX-6-hexanoic acid at acidic pH, and led to
preferential accumulation of DOX in the mitochondria of sensitive and resistant cancer cells.
These micelles showed equal activity to that of free DOX in sensitive cells but a significantly
higher cytotoxocity to that of free DOX in resistant cells. The ICsy of DOX as part of the
latter formulation was 10 times lower than that of free DOX in sensitive cells, pointing to the
hyper-sensitization of resistant cells to DOX, perhaps through a mitochondrial related
mechanism of cytotoxicity. In animal studies, treatment with RGD4C-PEO-b-PCL-DOX
conjugates with hydrazone and amide links showed not only better activity than free DOX,
but also led to longer survival of SCID mice bearing sensitive and resistant MDA-MB-435
tumors, respectively. The main target for the activity of DOX is located in the nucleus.
Highly lipophilic and unaminated anthracyclines have shown selective accumulation in
199, 200

cytoplasm, and demonstrated the ability to circumvent multi-drug resistance (MDR).
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This indicates an alternative intracellular target for lipophilic derivatives of DOX, which can
be used to overcome P-gp mediated resistance to DOX. The RGD4C-PEO-b-P(CL-Ami-
DOX) micelles may behave in a similar manner.

The core and shell of micelles can also engineered for dual imaging. Yang et al.””
used poly(PEG-methacrylate)-b-poly(triethoxysilyl —propylmethacrylate) (PPEGMA-b-
PESPMA) block copolymer micelles for entrapment of a modified NIR probe cy7 to the core
and chelation of '''In to the surface of the micelles. The dual imaging provided more detailed
information as the NIR probe provided good detection of the superficial tumors via optical
imaging whereas the '''In on the surface of the micelles provided information regarding the
distribution of micelles in internal organs via gamma scintigraphy.

The core and shell of PEO-H-PCL based micelles were also engineered for effective
siRNA delivery.””" The micellar shell was decorated with virus-related peptides such as
RGDA4C and/or cell penetrating peptide (TAT), while the micellar core was modified with a
polycation (spermine) for siRNA binding, protection and endosome disruption. The peptide-
functionalized micelles especially those with dual functionality (RGD/TAT-micelles),
demonstrated increased cellular uptake and effective endosomal escape of siRNA compared
to unmodified micelles (NON-micelles) when tested in MDA435/LCC6 resistant cells.
Transfection of these cells with MDR-1 siRNA formulated in peptide-modified micelles led
to P-gp down regulation both at the mRNA and protein level, and increased DOX
accumulation in the cytoplasm and nucleus of the cells. Compared to RGD- or TAT-
micelles, RGD/TAT-micellar siRNA complexes produced improved cellular uptake, P-gp

silencing, DOX cellular accumulation, DOX nuclear localization and DOX-induced
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cytotoxicity in MDA435/LCC6 cells, pointing to the potential of RGD/TAT-functionalized

virus-like micelles for efficient siRNA delivery.

1.3 Immune System and Cancer

Although once controversial, increasing evidence supports the idea that our immune
system is capable of recognizing tumor cells and can play an important role in tumor control
and progression. The recognition of malignant cells by the immune system leading to an
immune response capable of destruction of the malignant cells has been termed
“immunosurveillance”.***** However, this concept was not able to explain how pre-clinical
cancers develop into detectable tumors in the presence of a functioning immune system. This
prompted the development of the concept “cancer immunoediting” which is a dynamic
process composed of three phases: elimination, equilibrium, and escape. Elimination
represents “cancer immunosurveillance” where the immune cells detect and destroy the
cancer, thus protecting the host. However, some tumor cells can withstand the responses
created by the immune system and enter a period of latency where a dynamic equilibrium
exists between cancer cells and immune system leading to the growth of more resistant
mutations of cancer cells which are finally able to outstrip the immunological restraints of
the equilibrium phase and escape into a clinically detectable tumor leading to the escape
phase.”> The immune resistant cells in escape phase have several mechanisms to evade
anticancer immune responses and develop to clinically apparent tumors.”**

Denderitic cells (DCs) are best known for their roles in regulating immune responses

and provide a direct link between innate and adaptive immunity. Innate immunity is the first

line ‘generic’ response to anything the body recognizes as foreign. These responses involve
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phagocytosis of invading cells, production of cytokines and chemokines, and recruitment of
immune cells to the site of infection. The mechanisms of such responses are broad, non-
specific and do not confer long-lasting immunity against the foreign substance. However, the
cells of the innate immune system, such as the DCs and macrophages, play a crucial part in
the initiation and subsequent direction of adaptive immune responses, which involve the T
and B lymphocytes, and are responsible for quick, strong, and specific responses against the
invading pathogen.’”>?% DCs are the most professional antigen presenting cells (APCs) and
are the ‘sentries’ of the body. They are bone-marrow derived cells and travel through blood
and localize in peripheral tissues especially body surfaces exposed to the external
environment. The functional maturation of DCs is a critical step in the induction of adaptive
immunity. Before antigen encounter, DCs are in the immature state. As they encounter
microbes such as bacteria, fungi, and viruses they engulf them through phagocytosis.”” This
results in activation of a large number of genes including CD80, CD86, CD40, major
histocompatibility complex class II (MHC-II) and IL-12 leading to their maturation. At this
stage, DCs have switched from ‘antigen capture’ mode to ‘antigen presentation’ mode.
Mature DCs migrate to draining lymph nodes where, in association with MHC class I and
class II molecules, they present the processed antigen to naive T cells resulting in T cell
activation. The microenvironment of antigen capture and antigen presentation by DCs

controls the direction and magnitude of immune responses.*** %> 21

1.4 Cancer Immunotherapy

Recently, cancer immunotherapy has significantly developed as an alternate modality

of treatment, which utilizes the tremendous specificity and cytotoxicity of the immune
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system, in creating an immune response against cancer. Strategies are based on
complementation or stimulation of the immune system via a plethora of compounds
including lymphokines, monoclonal antibodies, cancer vaccines, and in vitro-stimulated
effector cells.”''! Immunotherapy utilizes the body’s own defence mechanism in
eradicating the tumor and can thus reach areas, where chemotherapy, radiation therapy or
surgery cannot. Cancer immunotherapy can be divided into two main strategies: passive and
active immunization against cancer. Passive immunotherapy strategies establish the link
between Tumor Associated Antigens (TAAs) and the individual (native) immune system. In
this type of immunotherapy, tumor-antigen specific antibodies, cytokines, or other immune
system components are made outside of the body and administered to the patient to interact
with the immune system of the host and provide immunity against cancer. Monoclonal
antibody (mAb) therapy is the most widely used form of passive therapy. Passive cancer
immunotherapy, however, requires high amounts of tumor-antigen specific antibodies, and is
of limited duration.?**2'"-2!4

In active immunotherapy, TAAs are delivered to the APCs which process them and
present them to the T cells to create an immune response rather than a direct activation of T
cells as in passive immunotherapy.”’' Generation of active immunotherapy is more desirable
since it induces an endogenous anti-tumor response, which can initiate long-term
immunological memory. The ultimate goal of vaccine-based cancer immunotherapy is to
elicit a potent anticancer immune response that will not only eradicate the tumor, but also
generate a long-term memory response against the tumor, thus keeping the cancer in

204
check.
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Although the immunological basis for cancer immunotherapy is sound, clinical
studies with cancer vaccines have only achieved limited success.”’>?'” A major limitation of
current cancer vaccines is that the immune responses elicited by cancer vaccines are weak.
This is mainly due to the ability of cancer to develop several strategies to thwart anti-tumor
immune responses by establishing an immunosuppressive microenvironment leading to the
activation of immunosuppressive immune cells, impairment of immune effectors cells, and

the activation of co-inhibitory signals.**

1.5 Cancer Immunosuppression

One of the major obstacles of effective cancer immunotherapy is the ability of the
tumor to promote an immunosuppressive microenvironment that limits the activation of the
immune system against the disease.”** Cancer immunosuppression evolves by constitution of
an immunosuppressive network extending from a primary tumour site to secondary lymphoid
organs and peripheral vessels. It is mediated by the production of several tumour-derived
soluble factors (TDSFs) such as interleukin-10 (IL-10), transforming growth factor-f (TGF-
B) and vascular endothelial growth factor (VEGF), and the lack of pro-inflammatory

cytokines in tumor microenvironment.*'®

TDSFs induce the activation of immunosuppressive
cells including tolerogenic DCs and regulatory T (Tg), and Th17 cells in accordance with
tumour progression, which are the major cellular effectors of tumor immunosuppression.
Tolerogenic DCs are incapable of producing a strong anti-tumor response, whereas T, cells
are important in suppressing the activation and function of effector T cells.?** 2'® This leads

to effector cell tolerance or “exhaustion” of function due to inappropriate stimulation, or

metabolic changes caused by limited access to proper cell function or proliferation in the
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tumor  microenvironment.”® The molecular mechanisms leading to cancer
immunosuppression are not completely understood. However, recent studies have identified
important molecules involved in tumor-induced immunosuppression. One of these molecules

is an important oncogenic protein called STAT3.2*2"

1.6 STAT3 in Cancer
1.6.1 Introduction to STAT3

Signal Transducer and Activator of Transcription (STAT) proteins make up one of
the recently recognized signaling pathways. This family is comprised of seven members
including STAT]1 to STAT4, STATS5a, STATSb, and STAT6 proteins. These proteins play an
important role as cytoplasmic transcription factors regulating various genes involved in cell
growth and survival.”?* STAT proteins comprise of various domains having distinct functions
such as the N-terminal which is important in STAT mediated cellular responses; the DNA
binding domain which interacts with the DNA to mediate STAT transcriptional activity; the
Src-homology 2 (SH2) domain which engages in dimerization between two activated
monomeric STATs through reciprocal phospho-tyrosine (pTyr)-SH2 domain interactions;
and the C-terminal which is involved in transcriptional activation.”*' Extracellular binding of
ligands such as cytokines and growth factors, to their respective cell surface receptors, leads
to the activation of either the non-receptor tyrosine kinases such as Janus Kinase (JAK), and
Src; or intrinsic receptor tyrosine kinases. The activated tyrosine kinases recruit the STAT
monomers to dock to the cytoplasmic domain of the receptor, where they are phosphorylated
at a specific tyrosine residue (Tyr7os in case of STAT3), leading to their dimerization via

reciprocal (pTyr)-SH2 domains. The activated dimer transports into the nucleus where it
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binds with DNA to regulate the transcription of many genes (Figure 1.6).2°* 2% Under
normal conditions, STAT3 activation is rapid and transient. However, constitutive activation

of STAT3 protein is associated with many human cancers.?'
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Figure 1.6 STATs are an important point of convergence for many signalling pathways that
are commonly activated in cancer cells. Binding of growth factors or cytokines to their
receptors results in the activation of intrinsic receptor-tyrosine-kinase activity or of receptor-
associated kinases, such as JAK or SRC tyrosine kinases. These tyrosine kinases
subsequently phosphorylate the cytoplasmic tails of the receptor to provide docking sites for
the recruitment of monomeric STATs. Once they have been recruited, STATs become
substrates for tyrosine phosphorylation. Non-receptor tyrosine kinases, such as the
oncoproteins SRC and BCR-ABL (a fusion of the breakpoint-cluster region (BCR) and
Abelson leukaemia (ABL) proteins), can phosphorylate STATs independently of receptor
engagement. Phosphorylated STATs dimerize and translocate to the nucleus, where the
dimers directly regulate gene expression. Dashed arrows indicate the 'recycling' of STAT
proteins from the nucleus to the cytoplasm. (Reprinted by permission from Macmillan

Publishers Ltd: Nature Reviews Cancer,”*” copyright (2004))
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1.6.2 Role of STAT3 in tumor growth

A large number of studies have provided evidence for the incidence of constitutive
STATS3 activity in human tumors. Solid tumors, including breast, brain, colon, prostate, lung,
pancreatic, pituitary, gastrointestinal, ovarian, and cervical tumors, HNSCC, and melanoma,
as well as hematological malignancies such as lymphomas and leukemias, all harbor
persistently activated STAT3.**' Constitutively activated STAT3 contributes to cancer
progression by regulating the expression of genes that are involved in cell proliferation,
survival, angiogenesis, metastasis, and cancer immune evasion.”” STAT3 hyper-activation
favors proliferation of malignant cells by exerting an anti-apoptotic effect by inducing factors
that drive angiogenesis and metastasis including VEGF and metalloproteases. STAT3 has
been shown to upregulate the expression of the genes involved in uncontrolled cell
proliferation and survival. Over-expression of STAT3 in tumors also has a major effect on
recruiting tumor-infiltrating immune cells by controlling production of various inflammatory
chemotactic factors and chemokiness. Many factors released by the tumor, such as VEGF,
IL-6, and IL-10, not only play an important role in STAT3 over-expression, but are
themselves transcriptionally regulated by STAT3, thus creating a positive feedback loop.**
Since constitutively activated STAT3 plays an important role in the progression of many
human cancers, blocking its hyper-activation has been suggested as a novel approach for

inducing cancer cell apoptosis.”**

1.6.3 Role of STAT3 in tumor-induced immunosuppression

In addition to the effects of STAT3 in cancer progression, hyperactivation of STAT3

in tumors has been found to lead to immune evasion by blocking both, the production and
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sensing of inflammatory signals by multiple components of the immune system, in particular
DCs.”****7 Previous studies have reported that the inhibition of STAT3 activation in tumor
cells can reverse tumor-induced immunosuppression in DCs giving them the ability to
present antigen and induce T-cell activation against the tumor cells. Constitutive activation
of STATS3 in tumor cells leads to the release of tumor-derived factors like IL-10 and VEGF
in the tumor microenvironment. These soluble factors are taken up by DCs rendering them
either immunosuppressive or dysfunctional.”'* #** #* Recent evidence has shown that both
IL-10 and VEGF lead to constitutive activation of STAT3 in DCs.”” Hyperactivation of
STAT3 in DCs has been found to suppress myeloid differentiation into DCs, inhibit DC
functional maturation and induce the activation of tolerogenic DCs.**” #2* 23%233 Inhibition of
DC maturation inhibits their ability to induce T-cell activation whereas activation of
tolerogenic DCs can induce the activation of Ty, cells which further inhibit the function of
DCs and effector T-cells.”** Since constitutively activated STAT3 in DCs suppresses their
ability to induce an immune response, inhibition of STAT3 in DCs is an attractive target for

cancer immunotherapy.

1.6.4 Targeting STAT3 for cancer immunotherapy

Since 2001,>° STAT3 inhibitor development has gained high interest as a potential
target for cancer therapy. As already mentioned in Section 1.6.1, STAT proteins such as
STAT3 have various domains with distinct functions, hence targeting these domains can
directly inhibit STAT3 (Table 1.2).

Platinum based compounds have been found to inhibit the STAT3 DNA binding

activity. Platinum complexes like cisplatin have been used as anticancer agents targeting
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STAT3 in various human cancers.”® IS3 295 has been shown to interact with the DNA
binding domain of STAT3 however, the exact mechanism is still unclear.”>’ Additional
platinum compounds like CPA-1 and CPA-7 have been identified as STAT3 inhibitors which
can diminish STAT3-mediated gene regulation.”® Recently, various peptide analogs have
been identified which can interact with the DNA binding domain and inhibit STAT3-
mediated transcription.>® *** SH2 targeting compounds can either prevent phosphorylation
of STAT3 by binding to Tyrsos or by preventing the dimerization of STAT3. STA-21,**
LLL-3,241 S3I-201,242 and Stattic®* are all small molecule inhibitors which can bind to the
SH2 domain of STAT3 preventing their dimerization, inhibiting their translocation into the
nucleus. Another inhibitor, named LLL-12 exerts its effects by binding directly to the Tyr7os
site on STATS3, inhibiting its ability to phosphorylate.”** The N-terminal domain of STAT3 is
comprised of nearly 130 amino acids containing 8 helices. Recently, a category of short
peptides, derived from the helices of the N-terminal domain have been investigated for their
STAT3 inhibitory effects.”* *** The LDTRYLEQLHKLY motif of these short peptides can
bind to full-length STAT3 with good selectivity leading to STAT3 inhibitory activity without
affecting its phosphorylation.**®

Another approach to directly inhibit STAT3 is by inhibiting STAT3 gene expression
using siRNA. Previous studies in our lab used STAT3 siRNA for knockdown of STAT3 in
B16 tumor cells both in vitro and in vivo. Their results showed a regression in tumor growth

in vivo after treatment.’®

Another study from our lab investigated the efficacy of various
lipid-modified PEI/STAT3 siRNA complexes and found that linoleic acid substituted PEI
(PEI-LA) was most efficient in down-regulation of STAT3 at both mRNA and protein levels,
leading to loss of viability in MDA-MB-435 cancer cells. Furthermore, they found that pre-
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treatment with STAT3 siRNA renders MDA-MB-435 drug resistant cells, susceptible to the

cytotoxic effects of both doxorubicin and paclitaxel.**®

Table 1.2 Agents used for STAT3 targeting. > >* >/

. Mode of STAT3 .
Agent Target Site inhibition Cell line
) . NIH3T3/vSrc, MDA-MB-231,
S31-201 STAT3 SH2 Dimerization MDA-MB-435
) ) . MDA-MB-231, MDA-MB-
Stattic STAT3 SH2 Dimerization 435, HepG2
) . MDA-MB-231, MDA-MB-
STA-21 STAT3 SH2 Dimerization 435, MDA-MB-468
LLL-3 STAT3 SH2 Dimerization U7, U373, U251
) MDA-MB-231, SKBR3,
LLL-12 STAT3 SH2 Phosphorylation HPAC, U87
.. NIH3T3/vSrc, MDA-MB-468,
IS3 295 STAT3 DBD DNA binding MDA-MB-435
.. NIH3T3/vSrc, MDA-MB-231,
CPA-1, CPA-7 STAT3 DBD DNA binding MDA-MB-435, CT26
Phosphot ) NIH3T3/vSrc, MDA-MB-468,
JSI-124 JAK OSPROIYIOSING 1 A 549 B16-F10, MDA-MB-
STATS3 level
435
siRNA STAT3 mRNA | STAT3 expression B16-F10, MDA-MB-435
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Targeting the ligand-receptor interaction at the extracellular surface by inhibiting the
Tyr kinases can provide an indirect, but effective method in inhibiting STAT3 activation in
various cancer cells. Various inhibitors been identified to indirectly modulate STAT3
signaling including the receptor Tyr kinase inhibitors, like tyrphostins;**® the JAK kinase
inhibitors, like AG490, WP1066, and JSI-124;22! and the Src kinase inhibitors, like

TG101209, resveratrol, and indirubin.?**>>*

1.6.4.1 STATS3 inhibitor JSI-124

JSI-124 has been identified as a potent inhibitor of the JAK/STAT3 pathway and has
been studied extensively for its direct anti-tumor effect and role in enhancing cancer
immunotherapy in several human and murine models.?% 21 249 255258 JQI 124 belongs to a
group of natural products called cucurbitacins, which have been isolated from various plant

»9 JSI-124 has previously demonstrated its STAT3

families such as Cucurbitaceae.
inhibitory activity by selectively inhibiting the activation of JAK2 and STAT3 but not Src,
Akt, Erk, and Jnk** Other studies suggested the role of JSI-124 in activation of
phosphatases or in activation of certain physiological inhibitors that can directly or indirectly
regulate STAT3 activation.** 2%

Previous studies showed that JSI-124 was successful in directly inhibiting tumor
growth in mice bearing tumors having constitutively activated STAT3 like A549, MDA-MB-
468, and B16 melanoma, however, it did not affect the growth of tumors which were
independent of STAT3 or which had low levels of activated STAT3.>** %! Furthermore,

other studies have shown that JSI-124 can activate the anti-tumor immune response by

inhibiting the tumor-induced activated STAT3 in DCs in vitro.”**?*%#1:27 Nefedova et al.>!
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demonstrated that treatment of JSI-124 can reverse the tumor-induced immune suppression
of DCs by promoting their differentiation into mature DCs. The activation manifested in up-
regulation of MHC class II, co-stimulatory molecules and the increase in the ability to

stimulate T-cells.

Figure 1.7 Chemical structure of JSI-124

In another study, systemic administration of JSI-124 in glioma-bearing immuno-
competent mice resulted in their prolonged survival, and also promoted the maturation of

262 .
Previous

tumor-infiltrating DC and activation of tumor-conditioned cytotoxic T cells.
studies in our lab showed that JSI-124 conjugated to PLGA nanoparticles was able to
successfully suppress the constitutively activated STAT3 in B16 melanoma cells and also in
tumor-exposed DCs. In combination with CPG, the PLGA JSI-124 conjugate was able to
reverse immunosuppression in tumor-exposed DCs resulting in higher T-cell proliferation by
DCs in vitro.”’ In vivo studies by our group showed the synergistic antitumor effects of

combining CPG and JSI-124 in a B16-F10 melanoma tumor model. Moreover, the

combination therapy resulted in significantly higher intratumoral levels of several pro-
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inflammatory, Tyl-related cytokines, increase in intra-tumoral CD8+ and CD4+ T cells
expressing activation/memory markers and NK cells, and increase in activated DCs in the

tumors and regional lymph nodes.*>

1.7 Role of Myeloid Cell Leukemia-1 (MCL-1) in Cancer

Apoptosis is the process of programmed cell death which is generally characterized
by energy-dependent biochemical mechanisms and distinct morphological changes including
cell shrinkage, pyknosis, membrane blebbing, and karyorrhexis, finally leading to uptake by

263. 264 The culmination of apoptosis involves the activation of a family of

phagocytic cells.
cysteine proteases (caspases), which when activated cause cellular destruction by
dismantling the cell's components.”*> 2°® One of the key regulators of apoptosis, apart from
caspases, is the Bcl-2 family of proteins which is comprised of structurally related proteins
that are either pro-apoptotic or anti-apoptotic.*’ Dysregulation in the expression of the Bcl-2
family members has been found to play a key role in the resistance to apoptosis in cancer
leading to cancer survival and progression.”®®

MCL-1 is a anti-apoptotic member of the Bcl-2 family of proteins that was initially
identified as a gene that is expressed early in the induction of differentiation of the myeloid
cell line, ML-1.%** MCL-1 maintains survival of cells by inhibiting cytochrome c release via
binding and sequestering pro-apoptotic Bcl-2 proteins Bak (Bcl-2 homologous antagonist
killer) and Bax (Bcl-2 associated X).2*® 2% 2"l Up-regulation of MCL-1 has been found to
play a role in cancer survival and is found to be over-expressed in a variety of human

266, 272

hematological cancers and solid tumors®® including breast cancer,””> whereas, down-
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regulation of MCL-1 has been found to induce apoptosis®®* and can be a potential target in

the treatment of a number of cancer cell types.

1.7.1 Targeting MCL-1

The strategies involving the down-regulation of MCL-1 can be divided into two

2% Under non-specific treatments,

categories, namely, non-specific and specific treatments.
many synthetic chemicals and natural products have been investigated which include
treatment with cyclin-dependent kinase inhibitors like flavopiridol,”’* tyrosine kinase
inhibitors like sorafenib,”” or STAT3 inhibitors like resveratrol.”” Flavopiridol inhibits
MCL-1 mRNA via inhibition of RNA polymerase-II dependent transcription, whereas
sorafenib inhibits translation and rapidly reduces the levels of MCL-1 protein. Since MCL-1
transcription is regulated by STATSs, inhibition of STAT3 indirectly inhibits the transcription
of MCL-1. All of these compounds, however, lack specificity and may affect multiple targets
by different signaling pathways.***

Specific treatments include BH3 mimetics or gene-specific treatments. BH3 mimetics
exert their effects by antagonizing the interaction between anti-apoptotic proteins and pro-
apoptotic proteins in the mitochondria. BH3 mimetics like Obatoclax and Bimg2A can
efficiently antagonize the interaction of MCL-1 and overcome the resistance to apoptosis.*®*
268, 276. 277 However, many of these compounds have shown to cause cell death by non-

268

mechanism based toxicity like damaging mitochondria.”™ An alternative approach in down-

regulating MCL-1 is by using siRNA which can specifically inhibit MCL-1 expression.
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1.7.1.1 siRNA Delivery and Challenges
RNA interference (RNAi) is a sequence-specific evolutionary mechanism where
sequence-specific double stranded small interfering RNA molecules (siRNA) are used for

- . 247, 278, 279
regulation of gene expression.”*” *'® %7

In the presence of endogenous RNA Induced
Silencing Complex (RISC), the double stranded siRNA unwinds and the antisense strand
binds to specific sequences of messenger RNA (mRNA). This binding leads to cleavage of
the target mRNA thus eliciting highly sequence-specific gene silencing.”® Therapeutically,
RNAi can be employed to silence any specific gene, making it highly specific and
advantageous over other drugs which can have numerous targets resulting in toxicity.
However, despite their great promise, translation of this approach to clinical practice
particularly following systemic administration has been challenging. This is mostly due to
the instability of siRNA and other gene silencing entities in plasma, poor distribution in
target tissue and inadequate access to their molecular target within the target cells. The lack
of an efficient delivery system to encapsulate the siRNA and deliver it to the target site is one
of the major limitations of siRNA delivery. This is mainly due to nonspecific toxicity
imposed by the siRNA carrier, their uptake by the MPS, insufficient stability in blood, or
lack of specific interaction and distribution in the target tissue.?’® "% %!

Optimal systemic delivery systems for siRNA should be biocompatible,
biodegradable, and non-immunogenic. At the same time, the system should be able to
efficiently encapsulate the siRNA, deliver it to the target site, be taken up by cells and ensure

release of the siRNA into the cytoplasm to allow its interaction with RISC. Various types of

non-viral delivery systems have been studied. These include cationic emulsions,**

285,286 139, 201 287, 288

liposomes, ™ ?** lipid nanoparticles, polymeric micelles, and nanoparticles.
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1.7.1.2 Polymeric micelles for siRNA delivery

Polymeric micelles for delivery of siRNA can be classified into two major types. The
first is formed by direct conjugation of PEO to siRNA followed by condensation of the
siRNA using polycations. The second is formed by complexation of the block copolymer
containing a polycation with the siRNA.**’

PEO-siRNA conjugates have been studied extensively. Kim et al.** synthesized
PEO-siRNA conjugate via disulfide linkage using VEGF siRNA and then condensed the
siRNA using PEI25K. The micelles formed were found to protect the VEGF siRNA from
degradation in serum for up to 48 h whereas the PEO shell protected the micelles against
serum protein adsorption. I/n vivo studies after intratumoral or systemic administration
resulted in significant downregulation of VEGF protein when compared to the untreated
group.”® Other studies showing the success of targeting of PEO-siRNA conjugates using
luteinizing hormone releasing hormone (LHRH) as the targeting moiety have also been
carried out.””’

Block copolymer complexes with siRNA have also been used extensively for the

1.*? synthesized graft polymers

development of effective siRNA delivery systems. Sutton et a
of PEO-g-PEI with different PEO densities. They found that PEG densities of 9.7 per PEI
chain were most efficient in delivering secretory clusterin (sCLU) siRNA in MCF-7 breast
cancer cells. In another study, a series of cationic comb type copolymers (CCCs) having a
poly(L-lysine) (PLL) backbone and different densities of PEO side chain were synthesized. It

was found that higher PEO densities were able to protect siRNA for longer periods of time

both in vitro and in vivo.”” Musacchio et. al. reversibly conjugated GFP siRNA to
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phosphothioethanol (PE) via disulfide linkage (siRNA-S-S-PE) and prepared mixed micelles
of PEO-PE and siRNA-S-S-PE. The micelles exhibited a small size of 10 nm and
successfully down-regulated GFP production in GFP-C166 endothelial cells, 50 times more
efficiently than free siRNA.?** In further studies, the group used a similar approach to target
the anti-apoptotic factor survivin by conjugating survivin siRNA to PE and testing their
ability in chemosensitizing sensitive and resistant cancer cells to PTX therapy. The siRNA-
S-S-PE/PEO-PE micellar complex was able to effectively downregulate survivin protein
levels and chemosensitize both sensitive (MDA-MB-231 and SKOV3) and resistant

295

(SKOV3-tr) cells to paclitaxel therapy.”” Next, they also showed the success of survivin

siRNA-S-S-PE/PEO-PE micellar complex and PTX in mice bearing PTX-resistant SKOV3-
tr ovarian cancer xenografts.”

PEI-lipid based siRNA complexes have also been used successfully for siRNA
delivery and reduce the toxicity exhibited by PEI. Navarro et. al. modified PEI (1.8 kDa)
with dioleoylphosphatidylethanolamine (DOPE) to form DOPE-PEI complexes. The
complexes showed a 10-fold reduction in the toxicity of the PEI polymer when compared to
PEI25K (25kDa) but exhibited comparable transfection efficiency of siRNA in
downregulating green fluorescent protein (GFP) expression.”’ Similar results were seen in
another study where the authors modified PEI2K with various fatty acids such as caprylic
acid, staeric acid, palmitic acid, linoleic acid, and oleic acid. The lipid modified PEI reduced
the toxicity of PEI25K whereas modification with caprylic or linoleic acid showed higher
efficacy of siRNA complexes in downregulation of p-gp when compared to PEI25K.**®
Our research group has reported on the development of a biodegradable and

biocompatible siRNA delivery system based on self-associating PEO-b-PCL block
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copolymers bearing spermine (SP) on the a-carbons of e-caprolactone in the PCL block. The
PEO-b-P(CL-g-SP) micelles were able to protect siRNA from degradation by serum
nucleases, be taken up by cancer cells and effectively down-regulate MDR-1 through
delivery of its siRNA leading to a significant decrease in the expression of P-glycoprotein in
MDA-MB-435 cells."*” Further modification of PEO-b-P(CL-g-SP) micellar shell with
cancer targeting and cell penetrating peptides, i.e., RGD4C and TAT, respectively, increased
the transfection efficiency of the MDR-1 siRNA in vitro.®' Systemic administration of
RGD4C modified PEO-b-P(CL-g-SP) enhanced the localization of siRNA in tumor in an
MDA-MB-435 xenograft model pointing to the potential of this nanocarrier for siRNA

delivery following systemic administration.'®*

1.7.1.3 MCL-1 siRNA delivery

Advanced delivery systems have been developed for delivery of MCL-1 siRNA. Yu
et. al. showed improved anticancer activity against human epithelial carcinoma KB cells
when treated with solid cationic lipid nanoparticles loaded with paclitaxel and MCL-1
siRNA.* Similar results were seen by Chang et. al. when combining MCL-1 siRNA with
mitoxantrone in lipid nanoparticles.’” Aliabadi et. al. used a lipid-modified cationic
polymeric delivery system based on PEI for successfully silencing both MCL-1 and P-gp in

drug-resistant MDA-MB-435 cancer cells sensitizing them to chemotherapy.?”’
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1.8 Research Proposal
1.8.1 Central Hypothesis

The central hypothesis of this project is that functionalizing the PCL core of PEO-b-
PCL block copolymer micelles by attaching various pendent groups, or the PEO shell by
covalently conjugating various peptide ligands can enhance the activity of these nanocarriers
in delivering their drug and/or siRNA cargo to the tumor in vitro and in vivo. Two main
objectives were set to test this hypothesis:

1) To assess the effect of the pendant group on the PCL block of PEO-H-PCL
micelles in increasing the physicochemical stability and biocompatibility; reducing the
immunogenicity and rate of degradation; increasing the accumulation in the tumor; and
increasing the efficacy of drug and siRNA delivery when compared with unmodified PEO-b-
PCL based micelles.

2) To assess the effect of covalent attachment of a tumor targeting peptide ligand to
the PEO shell of PEO-b-PCL micelles in increasing the homing and/or cargo delivery of the

nanocarrier at the tumor site when compared to plain unmodified micelles.

1.8.2 Rationale

In spite of great advantages, development of successful polymeric micellar delivery
systems for different therapeutic entities (e.g., drugs of different physiochemical structure
and nucleic acid based therapeutics) is still challenging. Evidence from the literature suggests
that chemical modification of the micellar core and/or shell in polymeric micelles is an
effective strategy that can be utilized to optimize their function in the delivery of given

therapeutic/diagnostic agents.
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Our research group has developed a micelle-forming polymer platform technology
based on poly(ethylene oxide)-block-poly(e-caprolactone) (PEO-b-PCL) with functional
pendant groups on the a-carbon of pPCL.* 102 11 121 139, 191, 301306 e members of this
library differ from each other by the chemical structure of the pendent group (Scheme 1.1)
which can influence the physicochemical properties of the micelles or change the
encapsulation and release of certain therapeutic molecules. For instance, benzyl carboxylate
has been added as the functional group to enhance the thermodynamic and kinetic stability of
micelles, and/or make them more suitable for the encapsulation and release of hydrophobic

43, 301, 304

drugs. Pendent carboxyl groups have been introduced to further functionalize the

- N 111, 121, 191, 305 102 - -
nanocarriers for conjugating drugs' > "> 7, NIR probes, ~ substituents to improve drug

302, 303, 306 . 139 . . .
C or polyamines ™ to improve siRNA delivery. However, further

delivery,
investigations on the effect of pendent groups like benzyl carboxylate and carboxyl groups
on the biodistribution, rate of degradation, biocompatibility, and immunogenicity of PEO-b-
PCL based micelles are scarce. Thus, we evaluated these effects and compared them against
unmodified PEO-H-PCL micelles.

As mentioned in Section 1.2.1.1.4, click chemistry is a useful tool for crosslinking the
core of micelles, which can prevent their dissociation in the high dilution conditions of the
blood thereby increasing their stability. Click chemistry is a mild technique which can be
carried out at room temperatures, thereby, not exposing the encapsulated material to the

harsh conditions of some other cross-linking techniques.”" *'**

However, previous work with
PEO-b-poly(esters) is scarce due to lack of functionalization in the poly(ester) block. We
proposed to introduce click crosslinkable groups by functionalizing the core of PEO-b-PCL

micelles and assessing their stability against unmodified PEO-5-PCL micelles.
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STAT3 inhibitor JSI-124 has previously been shown to have potent anti-cancer and
immune modulatory effects in several human and murine models.”*® 2!+ 2% 255238 However,
its poor water solubility and non-specific toxicity has limited its clinical application.”*
Previously, PEO-b-PCL based micelles have successfully solubilised JSI-124, but were

unable to control its release.?¢" !

We proposed to covalently conjugate JSI-124 to the core
of PEO-b-PCL based micelles to sustain the release of JSI-124 thus providing an opportunity
to successfully deliver it to the tumor site.

As mentioned previously, our lab has modified PEO-b-PCL based block copolymers
with polyamines like spermine to aid in siRNA delivery and further investigated the role of
cholesteryl substitution in improving siRNA delivery in vitro."** ** We further proposed to

investigate the role of cholesteryl modification in improving siRNA delivery in vivo after

local or systemic administration.
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Scheme 1.1 The developed library of functionalized PEO-PCL polymers.

1.8.3 Working Hypotheses

1) a) Increasing the hydrophobicity of the PCL core of PEO-b-PCL block copolymers with
pendant benzyl carboxylate group will increase the thermodynamic and kinetic stability,
decrease the rate of degradation, and maintain the high biocompatibility, and low

immunogenicity of the generated polymeric micelles when compared with unmodified PEO-

b-PCL.
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b) Decreasing the hydrophobicity of the PCL core of PEO-b-PCL block copolymers with
pendant carboxyl group will decrease the thermodynamic and kinetic stability, increase the
rate of degradation, and maintain the high biocompatibility, and low immunogenicity of the

generated polymeric micelles when compared with unmodified PEO-5-PCL.

2) a) Owing to better thermodynamic and kinetic stability, micelles formed from PEO-b-PCL
block copolymers with pendant benzyl carboxylate groups on PCL, will provide better
passive intake in orthotopic MDA-MB-231 breast tumors when compared with micelles
formed from unmodified PEO-b-PCL block copolymers.

b) Modifying the PEO shell of the micelle with the breast cancer targeting peptide, P18-4,
will provide higher intake in orthotopic MDA-MB-231 breast tumors when compared with

micelles having no modification on the PEO shell.

3) Covalently crosslinking the core of PEO-b-PCL based block copolymer micelles will
prevent them from dissociating in high dilution conditions below CMC, thus increasing their
thermodynamic stability and preventing premature release of model drugs PTX and JSI-124

when compared to PEO-H-PCL based micelles bearing no crosslinks in the core.

4) Covalently conjugating a STAT3 inhibitor JSI-124 to the core of PEO-b-PCL based block
copolymer micelles via a hydrolysable ester bond will sustain the release of the drug while
still maintaining its STAT3 inhibitory effects in B16 melanoma cells and immune-

suppressed DCs when compared with free JSI-124.
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5) a) Chemical modification of PEO-b-P(CL-g-SP) core by covalently conjugating
hydrophobic groups such as cholesteryl to SP will increase the thermodynamic stability of
the micelles thus increasing the efficacy of these carriers in MCL-1 siRNA delivery to MDA-
MB-435 tumors after local or systemic administration when compared with PEO-b-P(CL-g-
SP) not modified with cholesteryl groups.

b) Modifying the PEO shell of the micelle with the integrin targeting peptide, RGD4C, will
increase the efficacy of these carriers in MCL-1 siRNA delivery to MDA-MB-435 tumors
(over-expressed with integrins) after systemic administration when compared with micelles

having no modification on the PEO shell.

1.8.4 Specific Objectives

1) To synthesize a library of 10 block copolymers based on PEO-b-PCL, having either no
modification, or bearing different pendant groups on the PCL block i.e. benzyl carboxylate
and carboxyl, varied PCL backbone lengths, and assess the effect of these structural changes
on the thermodynamic and kinetic stability, rate of degradation, biocompatibility, and

immunogenicity of the prepared micelles.

2) To synthesize traceable polymeric micelles based on PEO-b-PCL, having either no
modification, or bearing pendant benzyl carboxylate group on the PCL block, and assess the
effect of changes in micellar core on its in vivo biodistribution and tumor accumulation in
orthotopic MDA-MB-231 breast tumors. Further, to modify the PEO shell of the prepared
micelles with P18-4 peptide and assess the effect of changes in micellar shell on its in vivo

biodistribution and tumor accumulation in orthotopic MDA-MB-231 breast tumors.
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3) To synthesize PEO-b-PCL based block copolymer micelles with degradable crosslinks in
the core and assess the effect of this structural change on the thermodynamic stability of the

micelles as well as encapsulation and release profile of model drugs PTX and JSI-124.

4) To covalently conjugate JSI-124 to the core of PEO-b-PCL based block copolymer
micelles and assess the encapsulation and release profile of the micellar conjugate, and its
ability to maintain the STAT3 inhibitory activity of the free drug in B16 melanoma cells and

DCs, and the immune modulatory effect of the free drug in DCs.

5) To synthesize cholesteryl substituted PEO-b-P(CL-g-SP)/MCL-1 siRNA complexes with
or without RGD4C modification in the shell and assess the effects of cholesteryl and RGD4C
modification on MCL-1 siRNA delivery after local and systemic delivery in in vivo MDA-

MB-435 tumor models.
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Chapter Two
Polymeric Micelles based on Poly(ethylene oxide) and a-carbon
Substituted Poly(e-caprolactone): An In Vitro Study on the Effect of Core
Forming Block on Polymeric Micellar Stability, Biocompatibility, and

Immunogenicity
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2.1 Introduction

Amphiphilic block copolymers based on poly(ethylene oxide)-b-poly(esters) such as

poly(ethylene oxide)-b-poly(e-caprolactone) (PEO-5-PCL),>**>!!

poly(ethylene oxide)-b-
poly(lactide) (PEO-b-PLA),>'* "3 and poly(ethylene oxide)-b-poly(lactide-co-glycolide)
(PEO-b-PLGA)'** 3" have emerged as self-associating synthetic biomaterials with
tremendous potential for pharmaceutical applications.'® '” The interest towards the use of
PEO-b-poly(ester)s for application in biological systems is owed to the biocompatibility of
PEO and biodegradability of poly(ester) structure through enzymatic and/or hydrolytic
degradation into biocompatible catabolites.*’*'* In spite of these advantageous features, the
lack of functional groups on the poly(ester) block has restricted opportunities for the
chemical engineering of PEO-poly(ester)s towards development of biomaterials for broad
range of applications. To address this shortcoming, our research group has developed a
library of PEO-b-PCL block copolymers with functional pendent groups on the a-carbons of
the PCL block.” ' 13% 302316 The members of this library differ from each other by the
chemical structure of the pendent group. The aim of this study was to investigate the effect of
the chemistry of the pendent group on the PCL block on the physicochemical and biological
stability of associated polymeric micelles, under in vitro conditions mimicking that of
biological system. The results of this study can be used as a primary step in defining the
effect of the core-forming structure in this class of polymeric micelles on their in vivo fate.
The in vivo fate of polymeric micellar delivery system is primarily governed by: 1) the
stability of the micellar structure against dissociation in blood stream; ii) its degradation
behavior; iii) its interaction with different blood components (e.g., proteins, lipoproteins and

45, 60

cells); and iv) its ability to create an immune response. The stability of micellar structure
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against dissociation in blood is determined by the thermodynamic as well as kinetic stability
of micelles. The thermodynamic stability of micellar structure, characterized by the critical
micelle concentration (CMC) of block copolymers, is known to be dependent on the
hydrophilic lipophilic balance (HLB) of block copolymers constructing the micelles. Block
copolymers of lower HLB usually show higher tendency towards micelle formation
(characterized by lower CMCs). In other words, micelles from low HLB block copolymers

are thermodynamically more stable." >

Kinetic stability of micellar structures, on the other
hand, refers to the rate of micellar dissociation at concentrations below CMC. Polymeric
micelles with rigid and semi-crystalline core structures are known to show higher kinetic
stability and resistance towards dissociation below CMC.

The degradation behavior of micelles also play an important role in their fate in the
body. The degradation of the core-forming block can influence both thermodynamic as well
as kinetic stability of polymeric micelles through changing the HLB and rigidity of block
copolymers over time, respectively.*® Few studies have been carried out on the degradation
of PEO-b-PCL block copolymer micelles,” > *" however, none have investigated the
influence of the PCL core chemistry on the degradation.

The in vivo stability and blood circulation time of polymeric micellar structures, is
also affected by the adsorption of opsonins (mostly proteins) present in plasma on the
micellar surface. Adsorption of opsonins on nano-carrier surfaces can enhance the uptake of

these carriers by the MPS and lead to their early removal from blood circulation.'** '

Numerous methods have been used to study the protein adsorption on micelles.®* > %
Influence of PEGylation on protein adsorption has been well documented in the literature,'*

156, 159, 160 P - - .
77 7" however, there is little work done on the influence of core chemistry on protein
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adsorption.317 Biocompatibility of micellar structures is further characterized by their ability
in the induction of immune response by key cells of the immune system. Dendritic cells
(DC)s are key players in this regard known to play a pivotal role in initiating an immune

147,318

response against any foreign substance presented to blood or peripheral tissue. Previous

literature on the immunogenicity of nanocarriers to DCs is scarce.”'® "

In this study we prepared PEO-b-PCL block copolymers containing either free
carboxyl or benzyl carboxylate pendent groups on their PCL segment and investigated the
influence of pendent group chemistry and the degree of polymerization of the hydrophobic
segment on the physicochemical, thermodynamic as well as kinetic stability of formed
polymeric micelles. Comparisons were made with PEO-b-PCL micelles without pendent
groups. The effect of PCL chemistry on the degradation of micellar structure was also
investigated. In further studies, the effect of PCL chemistry on the biological interactions of
resulted polymeric micelles with plasma proteins as well as induction of immune responses
by bone marrow derived DCs (BMDC)s, was investigated in vitro, as an indication of
micellar in vivo stability and immunogenicity, respectively. To the best of our knowledge,
this is the first study investigating the effect of pendant groups on the PCL core on the

thermodynamic and kinetic stability, degradation, and biocompatibility of micelles. It is also

the first study investigating the immunogenicity of micellar systems to DCs.
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2.2 Experimental Section

2.2.1 Materials

Methoxy-polyethylene oxide (PEO) (average molecular weight of 5000 g/mol),
sodium (in kerosene), palladium on charcoal, and bovine serum albumin (BSA) powder
were purchased from Sigma (St. Louis, MO). e-Caprolactone was purchased from Lancaster
Synthesis (UK). a-Benzyl carboxylate-g-caprolactone monomer was synthesized by Alberta
Research Chemicals Inc (Edmonton, AB) according to a previously published procedure.*’
Stannous octoate was purchased from MP Biomedicals Inc. (Germany). Quick-Start™
Bradford Protein Assay kit and bovine serum albumin standards were purchased from Bio-
Rad Laboratories (Hercules, CA). Cell culture media RPMI 1640, fetal bovine serum (FBS),
and penicillin-streptomycin-L-glutamine were purchased from GIBCO, Life Technologies
Inc. (Burlington, ON, Canada). Murine Interleukin-12 (IL-12) p70 ELISA (enzyme-linked
immunosorbent assay) Ready-SET-Go® kit, Fluorescein isothiocyanate (FITC) conjugated
anti-mouse CD-86 (B7-2) (GL7) mAb, and Phycoerythrin-Cy5 (PE-CyS5) conjugated anti-
mouse CD40 mAb, and purified anti-mouse CD16/CD32 (Fcy-II/II receptor) were
purchased from e-Biosciences (San Diego, CA). Spectra/por dialysis tubing (MWCO - 3.5
kDa) was purchased from Spectrum Laboratories (Rancho Dominguez, CA). All other

chemicals were reagent grade.

2.2.2 Mice

C57Bl1/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME). All

experiments were performed using 6 to 12 week-old female mice. All experiments were
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performed in accordance with the University of Alberta guidelines for the care and use of

laboratory animals.

2.2.3 Synthesis of Block Copolymers

Block copolymers of PEO-b-PCL and PEO-b-PBCL with different degrees of
polymerization for the PCL and PBCL segment were synthesized by ring-opening
polymerization of e-caprolactone or a-benzyl carboxylate-e-caprolactone, respectively, using
methoxy-PEO (Mw: 5000 g/mol) as initiator and stannous octoate as catalyst according to a
method described previously.* *** *** Briefly, methoxy PEO (Mw: 5000 g/mol) (0.5 g), &-
caprolactone (0.25, 0.5, 0.75, 1.0 g) or a-benzyl carboxylate-e-caprolactone (0.5, 0.8, 1.6 g),
and stannous octoate (0.1% weight/weight of the polymer) were added to a 10 mL previously
flamed ampoule and sealed under vacuum. The polymerization reaction was allowed to
proceed for 4 h at 140 °C in an oven. The reaction was terminated by cooling the mixture to
room temperature. The product was then dissolved in dichloromethane and precipitated in
hexane. The mixture was centrifuged at 3000 rpm and the supernatant was discarded and the
product was further washed in diethyl ether. The final product was dried under vacuum for
further use.

Block copolymers of PEO-b-PCCL were synthesized by catalytic debenzylation of
PEO-b-PBCL in the presence of H; to obtain PEO-b-PCCL according to a method described
previously with slight modifications.* Briefly, a solution of PEO-5-PBCL (1 g in 50 mL dry
THF) was placed into a cylindrical flask. Palladium on charcoal (300 mg) was dispersed in

the solution. The mixture was stirred vigorously with a magnetic stirrer under the continuous
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flow of hydrogen gas at 0.2 L/min for 6 - 16 hrs (depending on degree of polymerization of
PBCL block) at room temperature. The reaction mixture was centrifuged at 3000 rpm to
remove the catalyst. The supernatant was collected, condensed under reduced pressure and

precipitated in diethyl ether. The final product was dried under vacuum for further use.

2.2.4 Characterization of Synthesized Block Copolymers and Preparation of Micelles

The number-average molecular weight of PEO-b-PCL, PEO-b-PBCL, and PEO-b-
PCCL block copolymers was determined from the 'H NMR spectrum of the block
copolymers in CDCIl; at 600 MHz (Bruker Avance III spectrometer, Bruker BioSpin
Corporation, Billerica, MA) by comparing the peak intensity of PEO (-CH,CH,O-, 6 = 3.65
ppm) to that of PCL, PBCL, or PCCL backbone (-OCH;-, 6 = 4.05 ppm), considering a 5000
g/mol molecular weight for PEO.

The polydispersity of the synthesized polymers was assessed by gel permeation
chromatography (GPC). Briefly, 20 uL of polymer solution (10 mg/mL in THF) was
manually injected into a 7.8 x 300 mm Styragel HT3 column (Waters Inc., Milford, MA)
heated to 35 °C which was attached to a Shimadzu LC-10AD HPLC pump (Shimadzu Corp.,
Kyoto, Japan). The column was eluted with THF (I mL/min). The elution pattern was
detected by refractive index and viscometry detectors (Viscotek TDA 305, Malvern
Instruments Ltd., Malvern, Worcestershire, UK) using the OmniSEC 4.7 software (Malvern
Instruments Ltd., Malvern, Worcestershire, UK). The polydispersity of the polymers was
determined using universal calibration which was accomplished with PEO standards with

molar masses ranging from 1400 to 24500 g/mol.
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Micellization of PEO-b-PCL, PEO-b-PBCL, and PEO-b-PCCL block copolymers
was achieved by a co-solvent evaporation method as described previously.* **® Briefly, the
synthesized block copolymers of PEO-b-PCL, PEO-b-PBCL, or PEO-b-PCCL (50 mg) were
dissolved in acetone (1 mL). This solution was added to 5 mL of deionized water in a drop-
wise manner under moderate stirring at room temperature, followed by the evaporation of
acetone under vacuum. The prepared micellar solution was then centrifuged to remove any
aggregates.

The size and size distribution of micelles was measured by dynamic light scattering
(DLS) using a commercial Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK).
All DLS measurements were made at 25.0 + 0.1 °C with a 173° scattering angle. The
samples were dissolved with deionized water and centrifuged prior to analysis. The
morphology of the micelles was investigated by transmission electron microscopy (TEM)
using a Morgagni TEM (Field Emission Inc., Hillsboro, OR) with Gatan digital camera
(Gatan, Pleasanton, CA) according to a method described previously.”'® Briefly, an aqueous
droplet of micellar solution (10 pL) with a polymer concentration of 1 mg/mL was placed on
a copper-coated grid. The grid was held horizontally for 1 minute to allow the colloidal
aggregates to settle, after which, the excess fluid was removed by filter paper. A drop of 2%
solution of phototungstic acid (PTA) in PBS (pH 7) was then added to provide the negative
stain. After 20 sec, the excess fluid was removed by filter paper. The samples were then air-
dried and loaded into a Morgagni TEM (Field Emission Inc., Hillsboro, OR) with Gatan
digital camera (Gatan, Pleasanton, CA). Images were obtained at a magnification of
110,000X at 75 kV. Size measurements were taken using the DigitalMicrograph™ software
(Gatan, Pleasanton, CA).
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2.2.5 Assessing the Physicochemical Stability of Polymeric Micelles

2.2.5.1 Measuring the critical micellar concentration (CMC) of block copolymers

The CMC of polymeric micelles was determined using the DLS technique according
to a previously published procedure.**! Briefly, micellar solutions of PEO-b-PCL, PEO-b-
PBCL, and PEO-b-PCCL having concentrations ranging from 1000 - 0.24 pg/mL were
prepared in vials. The intensity of scattered light at 173° was measured by DLS in a

polystyrene cell at 25 °C.

2.2.5.2 Stability of micellar solutions against aggregation over time

Micellar solutions (15 mL) of PEO-b-PCL, PEO-b-PBCL, and PEO-b-PCCL having
concentrations of 10 mg/mL were prepared in vials using phosphate buffer saline (PBS; pH
7.4) containing 0.01% (w/v) sodium azide which was added to prevent the growth of fungus
and bacteria. The vials were kept at 37 °C. Aliquots (2 mL) were withdrawn at
predetermined intervals and analyzed for micellar size and size distribution by DLS as

described in the previous section.

2.2.5.3 Stability of micelles against dissociation

Micelles were incubated with a destabilizing agent, sodium dodecyl sulfate (SDS)
according to previously published methods.'® *** Briefly, micellar solutions of PEO-b-PCL,
PEO-b-PBCL, and PEO-H-PCCL having concentrations of 3 mg/mL were mixed with

aqueous solution of SDS (20 mg/mL) at a ratio of 2:1 v/v. Samples were analyzed at
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predetermined time intervals by DLS for intensity and volume distribution as well as

polydispersity index (PDI).

2.2.5.4 Degradation of Polymeric Micelles

Degradation of PEO-b-PCL, PEO-b-PBCL, and PEO-b-PCCL micelles over time was
measured using 'H NMR. Briefly, micellar solutions (15 mL) of PEO-5-PCL, PEO-b-PBCL,
and PEO-H-PCCL having concentrations of 10 mg/mL of polymer were prepared using PBS
(pH 7.4) containing 0.01% (w/v) sodium azide (added to prevent the growth of bacteria). The
vials were kept at 37 °C and aliquots (2 mL) were withdrawn at predetermined intervals and
dialyzed (MWCO — 3.5 kDa) for 24 hrs against water, lyophilized, and then analyzed by 'H
NMR in CDCIl; to determine the MWt of remaining polymer. The MWt of the remaining
polymer was determined by comparing the peak intensity of PEO (-CH,CH,0O-, 6 = 3.65
ppm) to that of PCL, PBCL, or PCCL backbone (-OCH,-, 6 = 4.05 ppm), considering a 5000

g/mol molecular weight for PEO.

2.2.6 Evaluation of Protein Adsorption from Serum on Polymeric Micelles

For measurement of the level of protein adsorbed to the surface of micelles, a
procedure involving GPC was used.'* Briefly, micellar solutions (16 mg/mL) were mixed
with equal volume of FBS solution and incubated for 4 h at 37 °C. Micellar solutions mixed
with equal volume of PBS were used as control. After incubation, solution samples of 20 uL
were injected into a GPC system with an Ultrahydrogel 2000 (7.8mm x 300mm) column

(Waters Inc., Milford, MA) at 25 °C. The elution pattern was detected at 35 °C by
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differential refractometer detector (model 410, Waters Inc.). 0.01 M PBS (pH 7.4) (0.8
mL/min) was used as eluent. Eluate containing the micellar fraction was collected and the
concentration of protein in the eluate was measured using the Bradford Protein assay kit at

595 nm (Bio-Rad, Hercules, CA).

2.2.7 Assessing the in vitro immunogenicity of polymeric micelles against BMDCs

BMDCs were generated from murine bone marrow precursors from femurs of
C57Bl/6 mice in complete media in the presence of GM-CSF as described previously with
minor modifications.’* Briefly, femurs of C57B1/6 mice were removed and purified from
surrounding tissue. Both ends of the intact bone were cut with scissors and the bone marrow
was flushed with sterile PBS using an insulin syringe. Cells were triturated and filtered
through a nylon screen (40 pm cell strainer) to obtain a single cell suspension. Cells were
washed and 2 x 10° cells were seeded in 100 mm non-treated cell culture dishes with 10 mL
DC complete medium (RPMI-1640 with penicillin-streptomycin-L-glutamine, 10 % heat-
inactivated FBS) supplemented with 20 ng/mL of GM-CSF. At day 3, another 10 mL
complete medium containing 20 ng/mL GM-CSF was added to the plates. At day 6, 10 mL
of culture media was replaced with 10 mL fresh complete medium containing 20 ng/mL of
GM-CSF. At day 7, cells can be used for experiment.

On day 7, BMDCs were treated with different micellar formulations (polymer
concentration 50 pg/mL). Untreated DCs were used as the negative control. For positive
control, 100 ng/mL lipopolysaccharide (LPS) was added to the BMDCs. After 24 h

treatment, cells were harvested and the supernatant was collected and stored in -20 °C until
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further use. The cells were then washed twice with sterile PBS. Cell suspensions consisting
of 5 x 10° cells/100 pL were prepared in FACS buffer (PBS containing 2% FBS) and
incubated with anti-CD86 with FITC-conjugated secondary antibody, or anti-CD40 with PE-
Cy5-conjugated secondary antibody. The samples were acquired on a BD FACSCalibur™
flow cytometer (BD Biosciences, Franklin Lakes, NJ) and the data was analyzed with FCS
Express™ software (De Novo Software, Los Angeles, CA). The previously collected
supernatants were analyzed for the level of IL-12 by ELISA using the commercially
available ELISA kits in a 96-well microplate using a microplate reader Powerwave with KC
Junior Software (BioTek, Winooski, VT) at OD of 450 nm according to the manufacturer’s

directions. The minimum detection level of the cytokine was 15 pg/mL.

2.2.8 Statistical Analysis

Values are presented as mean + standard deviation (SD) of triple measurements.
Statistical significance of difference was tested using unpaired Students’ t-test or one-way

ANOVA as indicated in the text. The level of significance was set at a = 0.05.

2.3 Results

2.3.1 Synthesis and Characterization of Block Copolymers

The conversion of e-caprolactone and o-benzyl carboxylate-g-caprolactone
monomers to their respective copolymers, i.e., PEO-b-PCL, and PEO-b-PBCL (Scheme 2.1,
Figures 2.5 and 2.6), and catalytic hydrogenolysis of PEO-b-PBCL to PEO-b-PCCL (Scheme

2.1, Figures 2.7) was analyzed and confirmed by "H NMR according to previously published
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3% The polydispersity for PCL, PBCL, and PCCL containing block copolymers

methods.
as calculated by GPC decreased with an increase in the degree of polymerization of the

hydrophobic section of the block copolymer. The characteristics of synthesized polymers

under study are summarized in Table 2.1.

2.3.2 Micellization of Block Copolymers

Synthesized block copolymers were assembled to polymeric micelles by a co-solvent

#3308 The characteristics of prepared polymeric

evaporation method as described previously.
micelles in terms of average size and size distribution are listed in Table 2.1. The average
size of micelles formed from PCL, PBCL, and PCCL containing block copolymers increased
with an increase in the degree of polymerization of the core-forming block in most cases,

%% The average polydispersity index (PDI) of

similar to previously documented results.
micelles as measured by DLS for PCL, PBCL, and PCCL containing block copolymers
decreased with an increase in the degree of polymerization of the hydrophobic section of the
micelles in most cases.”> All micelles showed spherical morphology with clear boundary as
shown by TEM (Figure 2.1). In line with the DLS observations, TEM showed a similar trend
in the size of polymeric micelles as a function of the degree of polymerization of
hydrophobic blocks (Table 2.1). The difference in size measured by TEM and DLS was due

to the acquirement of TEM images in a dry state as compared to DLS that measures the

particles in a hydrated state in aqueous solutions.'°
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Scheme 2.1 General synthesis scheme for the preparation of PEO-b-PCL, PEO-b-

PBCL, and PEO-b-PCCL block copolymers.
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Table 2.1 Characteristics of prepared block copolymers and block copolymer micelles

Block Theoretical mol M, Polydispersity Average micellar PDI+SD* Average CMC = SD
Copolymer * wt (g/mol) (g/mol) ? (M /M) size = SD (nm) ¢ micellar (uM) &
Size £ SD
(nm) f
PEO,4-b-PCLy 7500 7310 1.606 55.5+0.2 0.174 £ 0.010 21.7+4.6 1.002 + 0.065
PEO4-b-PCLy, 10000 9790 1.573 78.9+0.5 0.129+0.010 28.3+4.0 0.427 £0.027
PEO,4-b-PCLg, 12500 12050 1.400 109.1+04 0.119 +0.004 38.3+5.1 0.189 £ 0.006
PEO,4-b-PCLg 15000 14060 1.230 1204+ 1.6 0.120 + 0.008 52.5+3.7 0.096 +0.017
PEO,4-b-PBCL g 10000 9700 2.171 52.8+0.3 0.169 £ 0.002 23.3+6.0 0.258 £ 0.002
PEO;4-b-PBCL3; 13000 12590 1.966 53.9+0.6 0.172 £ 0.003 31.7+7.0 0.077 £ 0.000
PEO,4-b-PBCLsg 21000 19300 1.732 86.1+0.8 0.111 £ 0.005 48.3+9.1 0.043 £ 0.004
PEO,4-b-PCCL g 8200 7990 1.938 544+1.1 0.457 £0.024 242+19 9.089+0.214
(17.37 +£0.3; 14.3%) "
PEO,4-b-PCCL3, 10100 9730 1.808 68.3+1.3 0.196 £ 0.005 28.3+4.6 8.040 £ 0.106
PEO4-b-PCCLys 15200 12260 1.608 89.0+1.1 0.088 £ 0.020 283+5.2 3.301 £0.033

“The number shown in the subscript indicates the polymerization degree of each block determined by "H NMR spectroscopy

”Number-average molecular weight measured by 'H NMR
“Polydispersity index measured by GPC

4 Average micellar size estimated by the DLS technique (1 = 3).

¢ Average polydispersity index (PDI) of micellar size distribution (n = 3)
4 Average size estimated by TEM (n = 6)

¢ Measured from the onset of rise in the intensity values of scattered light as a function of concentration of block copolymer (n = 3)

"Numbers in parentheses indicate the size and frequency (%) of secondary peaks in micellar population.
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Figure 2.1 TEM picture of PEO-b-PCL, PEO-b-PBCL, and PEO-b-PCCL block copolymer
micelles (110,000X). The bar in the bottom left corner of each image indicates a scale of 100

nm.
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The CMC of all diblock copolymers was determined by DLS technique using the
intensity values of scattered light as a function of block copolymer concentration.**' In line
with previous findings for other block copolymers, the average CMC of PCL, PBCL, and
PCCL containing block copolymers decreased with an increase in the degree of
polymerization of the core-forming block.* ** At similar degree of polymerization, PBCL
containing block copolymers have shown lower CMC compared to PCL and PCCL
containing block copolymers. For instance for a degree of polymerization of around 20 for
the core forming block, the CMC was measured at 1.002, 0.258, and 9.089 uM for PEO-b-

PCL, PEO-b-PBCL, and PEO-b-PCCL, respectively.

2.3.3 The Effect of Pendent Group on PCL on the Physical Stability of Polymeric

Micelles

The average hydrodynamic diameter and polydispersity index of different micelles
upon incubation in PBS solution (pH 7.4) at 37 °C was determined by DLS at specific time
intervals over a period of 100 days (Figure 2.2). PEO,14-b-PCLg,, and PEO;4-b-PCL79
showed no significant change in their average diameter during the first 60 days of incubation
(P > 0.05; one-way ANOVA) followed by a slight but significant decrease in size on day 100
(P < 0.05) (Figure 2.2A). For PEO,14-b-PCL;,¢ micelles, there was a significant increase in
the average size during the first 15 days of incubation (P < 0.05). This increase in average
diameter coincided with the broadening of the micellar peak during the same time period
(Figure 2.2A and 2.3A). Further increase in the average size and polydispersity of micelles

(Figure 2.2A) at longer incubation times for this structure was due to the formation of
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aggregates (Figure 2.3A). In contrast to PEO;4-b-PCLy micelles, PEO;4-b-PCL¢,, and
PEO,14-b-PCL79 showed no change in polydispersity during the entire period of incubation
(P > 0.05; one-way ANOVA) (Figure 2.2A). PEO, 14-b-PCL4; showed a significant increase
in polydispersity (P < 0.05) (Figure 2.2A) and broadening of the micellar peak (Figure 2.3A)
only on the 100 day incubation period, but were found to be stable before that.

In the case of PEO-b-PBCL micelles, no significant change in the average diameter
of micelles was observed during the 100 days of incubation (P > 0.05) (Figure 2.2B). Only
PEO-b-PBCL micelles of relatively short PBCL chain length, i.e. PEO;4-b-PBCL;¢ micelles,
showed a significant increase in their polydispersity (P < 0.05) on day 60 onwards (Figure
2.2B). This was attributed to the formation of few aggregates as seen in Figure 2.3B. PEO s-
b-PBCL;; and PEQO;4-b-PBCLss, both showed stability in PDI and size distribution
throughout the 100 days of incubation (Figure 2.2B and 2.3B, respectively).

In contrast, PEO,4-b-PCCL,9, and PEO, 14-b-PCCLj3, failed to show readings on Day
15 and Day 30 of incubation (Figure 2.2C, 2.3C). PEO;4-b-PCCL4¢ micelles, on the other
hand, showed a single peak during the 30 days of incubation (Figure 2.3C) with no
significant change in the average diameter (P > 0.05). (Figure 2.2C). Only an increase in the
polydispersity of PEO;4-b-PCCL4¢ micelles was seen within 30 day incubation. All PEO-b-

PCCL micelles however, failed to show readings on day 60.
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Figure 2.2 Average size (Z-average) and polydispersity index (PDI) changes of A) PEO-b-

PCL, B) PEO-b-PBCL, and C) PEO-b-PCCL micelles as a function of time in PBS solution

(pH 7.4) containing 0.01% (w/v) sodium azide. Each point represents mean = SD (n = 3).
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Figure 2.3 Intensity size distributions of A) PEO-b-PCL, B) PEO-b-PBCL, and C) PEO-b-
PCCL micelles as a function of incubation time in PBS solution (pH 7.4) containing 0.01%

(w/v) sodium azide.
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The kinetic stability of micelles was studied using DLS after the addition of a
destabilizing agent, SDS. Figure 2.4A shows the % intensity of the micellar peak for PEO-b-
PCL micelles over time in the presence of SDS. PEO,4-b-PCL; showed a drastic decrease
(P < 0.05) in the signal intensity of the micellar peak within 2 hrs of incubation after which
the signal remained between 25-30 %. In the case of PEO,4-b-PCL4, micelles, a significant
decrease (P < 0.05) in signal intensity was seen within 6 hrs after which the signal remained
around 65 %. PEO,14-b-PCLg,, and PEO;4-b-PCL79, on the other hand, maintained a signal
around 100 %. Hence, an increase in the degree of polymerization of the core forming block
resulted in improved stability against SDS. These results are in line with the data shown for
increase in PDI over time upon incubation with SDS (Figure 2.4A).

All PEO-b-PBCL micelles maintained a signal of 100 % throughout the incubation
period (Figure 2.4B). As seen in Figure 2.4B, all PEO-b-PBCL micelles showed no
significant change in PDI (P > 0.05) after addition of SDS for the entire period of incubation.
However, in the case of PEO-b-PCCL micelles, the polymer micelles were completely

destabilized after addition of SDS (Figure 2.4C; no PDI recorded).
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Figure 2.4 Percentage intensity and polydispersity index (PDI) of A) PEO-5-PCL, B) PEO-
b-PBCL, and C) PEO-b-PCCL (no PDI data) micellar peak (2 mg/mL) as a function of time

in the presence of SDS (6.7 mg/mL). Each point represents mean = SD (n = 3).
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2.3.4 The Effect of Pendent Group Chemistry on the Hydrolytic Degradation of

Polymeric Micelles

'H NMR spectroscopy was used to characterize the chemical stability of polymeric
micelles upon incubation in PBS. To remove the degradation products, the polymeric
micelles incubated at different time periods with PBS were dialyzed against water first,
freeze-dried, dissolved in CDCl; and assessed for their molecular weight by 'H NMR
spectroscopy. Core degradation was then estimated by calculating the molecular weight of
the core forming block at different time intervals comparing characteristic peaks for PCL,
PBCL, or PCCL to that of PEO and assuming a degree of polymerization of 114 for PEO
during the study (MW = 5000 Da). A typical 'H NMR spectra of PEO;14-b-PCL4>, PEO) 14-b-
PBCL9, and PEO,14-b-PCCL,9 block copolymers in CDCls, at the initial time-point and after
30 days of incubation of micelles in PBS following dialysis is shown in Figure 2.5, 2.6, and
2.7, respectively. The changes in the molecular weight of hydrophobic block for PEO-b-
PCL, PEO-b-PBCL, and PEO-b-PCCL micelles at different incubation time periods is
plotted in Figure 2.8. An increase in the ratio of the integration of the ethylene glycol related
peak to the integration of peak related to the poly(ester) block indicates degradation of the
poly(ester) block.*” For all block copolymers under study, the molar ratio of
PEO/hydrophobic block increased as incubation time progressed confirming the degradation
of the poly(ester) block upon incubation of micelles in PBS. The kinetic of degradation was
dependent on the structure of poly(ester) block. PEO-b-PCL micelles showed an initial
decrease in molecular weight of core forming block from 100 % to 95 % in the first 3 days of

incubation followed by slow degradation (2 %) in the later days. After 60 days of incubation,
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micelles of PEO-b-PCL still maintained more than 90 % of their molecular weight. In the
case of PEO-b-PBCL, two points of degradation are present (two ester bonds); one along the
polymer backbone and the other along the ester bond on the a-benzyl carboxylate side chain.
Using both points of degradation i.e. PEO-b-PBCL (backbone) and PEO-b-PBCL (side-
group), an initial sharp loss of molecular weight in the first 3 days of incubation followed by
slow degradation in later days was observed. Similar to PEO-b-PCL polymers, PEO-b-PBCL
polymers maintained more than 90% of their molecular weight after 60 days. For both PEO-
b-PCL and PEO-bH-PBCL, an increase in the degree of polymerization of the hydrophobic
block resulted in a decrease in their degradation rate.

PEO-b-PCCL micelles showed faster degradation of the core as compared to PEO-b-
PCL and PEO-b-PBCL micelles. PEO;4-b-PCCL9, PEQO;14-6-PCCL3p, and PEQ;4-b-
PCCLys showed 57.1, 73.2, and 86.6 % degradation of the core, respectively, within 30 days
of incubation in PBS (pH 7.4) at 37 °C. In contrast to PEO-b-PCL and PEO-b-PBCL
micelles, for PEO-b-PCCL micelles, the rate of degradation increased with an increase in the
degree of polymerization of the core, due to the increase in the number of free COOH groups

on PCCL.
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Figure 2.5 '"H NMR spectrum of PEQO;4-b-PCL4,; block copolymer in CDCl; and peak
assignments. Core degradation is calculated by finding the molecular weight at different time
intervals by measuring the integration of peak (b) for PEO and peak (g) for PCL assuming a

degree of polymerization of 114 for PEO.
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Figure 2.6 '"H NMR spectrum of PEQ;4-b-PBCL9 block copolymer in CDCl; and peak
assignments. Core degradation is calculated by finding the molecular weight at different time
intervals by measuring the integration of peak (b) for PEO and peak (h) for PBCL back-bone

or peak (i) for PBCL side-group assuming a degree of polymerization of 114 for PEO.
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Figure 2.7 '"H NMR spectrum of PEQO,4-b-PCCL,9 block copolymer in CDCl; and peak
assignments. Core degradation is calculated by finding the molecular weight at different time
intervals by measuring the integration of peak (b) for PEO and peak (h) for PCCL assuming

a degree of polymerization of 114 for PEO.
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Figure 2.8 Degradation of the core of A) PEO-b6-PCL, B) PEO-b-PBCL (backbone), C)
PEO-b-PBCL (side-group), and D) PEO-b-PCCL micelles incubated in PBS solution (pH
7.4) at 37 °C as a function of time by 'H NMR. Each point represents mean + SD (n = 3). (y-

axis scale for A, B, and C is from 80 - 100 % whereas for D it is 0 - 100 %).
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2.3.5 The Effect of Micellar Core Structure on Serum Protein Adsorption

The extent of protein adsorbed on the surface of the micelles after incubation with
FBS was measured by Bradford protein assay after separation of protein adsorbed micelles

C.'% 198 Micelles were found to elute from the column at 6-10 min.

from free protein by GP
The elution time of FBS was found to be between 12-18 min. No free protein was detectable
between 6-10 min. Hence, any protein detected in the micellar eluate would be due to the
protein closely associated with or adsorbed on the surface of the micelles. After incubation
for 4 h with FBS, there was no change in the size of the micelles when measured with DLS
(data not shown). Also, the elution peak for the micelles remained the same. Overall, all
micelles showed insignificant adsorption of protein suggesting that the hydrophilic PEO shell
provides sufficient coverage of the hydrophobic core of the micelles (Figure 2.9). Within this
low protein binding range, some micelles showed significantly higher protein adsorption
compared to others. For instance, protein binding on micelles significantly increased (P <
0.05; one-way ANOVA) with an increase in the degree of polymerization of the hydrophobic
core forming block. On the other hand, micelles formed from PEO-b-PBCL showed higher
protein adsorption than those from PEO-b-PCL, whereas, micelles formed from PEO-b-
PCCL showed extremely less protein adsorption as compared to both PEO-b-PCL and PEO-

b-PBCL. This could be due to lower coverage of the micellar core or interface by the specific

molecular weight of PEG applied here.
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Figure 2.9 Percentage of total protein adsorbed on PEO-b-PCL, PEO-b-PBCL, and PEO-b-
PCCL micelles after incubation in FBS for 4 hrs. Each bar is mean + SD (n = 3). Each single
row of lines above the bar indicates bars with no significant difference. Lines in different
rows show significant difference between the bars (P < 0.05; one-way ANOVA (Tukey’s

multiple comparison test)).
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2.3.6 Assessing the In Vitro BMDC Mediated Immunogenicity of Polymeric Micelles

Micelles were incubated with BMDCs and flow cytometry was employed to detect
the surface maturation markers CD40 and CD86 on BMDCs as a measure of

318, 319 " - -
77 LPS was used as positive control to induce DC maturation whereas

immunogenicity.
untreated DCs were used as the negative control. Up-regulation of surface maturation
markers was considered notable only when the treatment group induced a statistically
significant (P < 0.05) and biologically substantial (> 30 %) increase in the CD40/CD86 %
positive DCs above the untreated group.’*> Figure 2.10 represents the regulation of the two
phenotypes with their % positive cell values among different groups. It can be seen that the
LPS treated DCs showed significantly higher (P < 0.05; one-way ANOVA) and biologically
substantial (> 30 %) expression of CD40/CD86 % positive cells than the negative control
and micelle groups. From different micellar groups, none have shown significantly higher
(P <0.05; one-way ANOVA) or biologically substantial (> 30 %) percentage of CD40/CD86
positive DCs after treatment compared to the untreated group (Figure 2.10A and 2.10B).
Secretion of IL-12 was also tested in the DCs supernatant using ELISA kit (Figure 2.10C).
Similar to previous results, secretion of IL-12 by LPS treated DCs was significantly higher

325

(P < 0.05) and biologically substantial (> 30 %) compared to the untreated DCs.” This was

not the case with all PEO-b-PCL, PEO-b6-PBCL, and PEO-b-PCCL micelles which showed

IL-12 secretion levels below the detection level of the kit.
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Figure 2.10 Immunogenicity of micelles measured in terms of promoting the phenotype
maturation and cytokine secretion by DCs. A) DCs examined for % CD86 and B) % CD40
surface marker expression after treating them with different micellar groups. C) DC
supernatants examined for IL-12 secretion (pg/mL) after treating them with different micellar

groups. Each bar is mean + SD (n = 3). Broken line indicates the reading at 30 % above the

untreated group. "*1 indicates bar(s) which are statistically significant (P < 0.05; one-way

ANOVA; Tukey’s multiple comparison test) from the untreated group.
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2.4 Discussion

The PEO-b-PCLs are one of the most highly researched block copolymers as self-
associating vehicles for drug delivery applications." *** **7 Our research group has reported
on the synthesis of derivatives of PEO-b-PCL with pendent functional groups on the PCL
block that may provide structurally flexible and biodegradable means for nano-drug and gene
delivery."” *** 3% 31® The main objective of this study was to investigate the effect of the
chemistry of the core-forming PCL based block on the physicochemical and biological
stability of micellar carrier under in vitro conditions mimicking that of in vivo environment
upon micellar intravenous administration. To this end, a series of diblock copolymers
composed of PEO as the shell forming block and, either PCL, PCL containing pendent
benzyl carboxylate, or pendent carboxyl groups, as the core forming block were synthesized.
The degree of polymerization of the core-forming block was varied in all three structures.
The effect of the polymerization degree of the core-forming block as well as the chemistry of
the pendent group on the physicochemical and biological stability of self-associated
structures was assessed in the next step. In general, an increase in the hydrophobicity of the
core-forming block was shown to enhance the physicochemical stability of formed polymeric
micelles resulting in a reduction in CMC, micellar aggregation, dissociation and hydrolytic
degradation rate. This was evident by analyzing the results with respect to changes in two
factors in the structure of micelle-forming block copolymers: chemical structure of the
pendent group and degree of polymerization of the PCL backbone.

A change in the chemistry of the pendent group on PCL to more hydrophobic
structures was proved to have a stabilizing effect on the physicochemical characteristics of

resulting polymeric micelles. In the case of PEO-h-PBCL, the presence of aromatic groups
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on the PCL block was more effective in decreasing the CMC, than increasing the degree of
polymerization. This may be due to the presence of other intermolecular interactions in the
core, such as m-m stacking interactions between benzyl groups in the micellar core.* *
Among different micelles under study, the ones formed from PEO-b-PCCL, i.e., polymers
with hydrophilic carboxyl pendent groups, were found to be the least stable ones. PEO;4-b-
PCCL46 micelles started showing higher polydispersity by day 30 of incubation whereas
PEO;14-b-PCCL;9 and PEOj4-b-PCCL3, micelles were found to dissociate completely
within day 15 of incubation in buffer. The dissociation of PEO,4-b-PCCL;9 and PEO4-b-
PCCL3) micelles can be due to the rapid degradation of the core imposed by the introduction
of hydrophilic carboxyl groups within the micellar core. On the other hand, at the tested pH
of 7.4, the COOH groups on the PCCL backbone are expected to be partially ionized. This
can lead to repulsive forces between similarly charged COO- groups, enforcing micellar
dissociation. For the PEO,4-b-PCCL4¢ micelles, the apparent increase in average PDI may
reflect the swelling of micelles at 30 day incubation period and initiation of the micellar
dissociation process at a later time point compared to PEO,4-b-PCCL;9 and PEO4-b-
PCCL;3p micelles. Micellar swelling can be attributed to the water attraction by COOH
groups within the micellar core and/or repulsion of partially ionized carboxyl groups, i.e.,
COO-, formed following buffer penetration to the micellar core (Figure 2.8).* >
Introduction of COOH groups to the PCL core led to a decrease in the thermodynamic
stability of the micelles as measured by the CMC, as well. The significant increase in CMC
can be attributed to the substitution of hydrophilic groups in the core-forming block thus
leading to a lower tendency for micellar self-association.* Introduction of hydrophilic

carboxyl groups to the PCL core also led to a decrease in the kinetic stability as measured by
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an increase in dissociation rate of micelles when incubated with SDS solutions. SDS has the
ability to destabilize micelles as well as suppress the formation of micelles. The hydrophobic
tail of SDS can be adsorbed onto the hydrophobic block of the micelles. Electrostatic
repulsions between the charged anionic heads of SDS can lead to the dissociation of micelles
in the system.328 Another mechanism is that the SDS can interact with the hydrophobic and
hydrophilic groups of the block copolymer unimers to form charged complexes thereby
depleting the copolymer unimers in the system. This would shift the unimer <> micelle
equilibrium to the left thus increasing the CMC and destabilizing and suppressing the
formation of micelles.’” Inclusion of COOH groups in the poly(ester) structure in PCCL also
increased the degradation rate of this segment. The PCL and PBCL blocks have shown
comparable degradation rate at the time frame and conditions of the study.

An increase in the degree of polymerization of the core forming block in case of
PEO-b-PBCL and PEO-b-PCL led to an increase in the stability of self-associated structures.
This is seen from the results that as the degree of polymerization of the core increases, the
CMC decreases.>® This can lead to a lower concentration of unimers that can bridge between
the micellar structures in the solution. An increase in the degree of polymerization of the
core forming block resulted in improved stability after addition of SDS reflecting a better
resistance against dissociation for those micelles. Similar results were found by Leroux et
al>* Tt should be noted however, that the encapsulation of a drug into the micelles can
change the thermodynamic and kinetic stability of the micelles depending on the
physicochemical properties of the drug.

Previous reports have proposed two stage degradation mechanisms for PEO-b-
poly(ester) micelles with slow interfacial erosion first occurring at the core-shell interface
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known as the swelling effect. During this stage, some of the degraded poly(ester) fragments
cannot diffuse through into the aqueous phase thus maintaining the integrity of the micelles.
This was followed by formation of caves and channels which leads to rapid degradation in
the core in the second stage.*> ° For PEO-b-PCL micelles, hydrolytic degradation via
hydrolysis of the ester bonds has been studied extensively and has been reported to be the
major route of degradation for poly(ester)s including PCL.*% **"-5%37 In our study, PEO-b-
PCL and PEO-b-PBCL micelles maintained their size integrity over the 100 days of
incubation similar to first stage of degradation. According to previously published paper,”° a
chemical shift of 4.23 ppm in the '"H NMR for PEO-b-PCL is for the CH, group of the PEG
at the interface indicating that it is connected to the hydrophilic - hydrophobic interface ester
group. In our study, the peak intensity of this group remained constant during the time of the
study for both PEO-b-PCL and PEO-b-PBCL (Figure S4 and S5) indicating that the micelles
were still in their first stage of degradation. Hence, from the results of our '"H NMR data on
degradation, it seems that both PEO-H-PCL and PEO-b-PBCL micelles did not reach the
second stage of degradation during the incubation period. In contrast, PEO-b-PCCL micelles
showed rapid degradation of core and loss of integrity of micelles during the incubation
period.

The degradation study for PEO-b-PCL and PEO-b-PBCL showed micelles with
higher degree of polymerization to have slower degradation. This might also be due to the
fact that by increasing the block length, the total hydrophobicity of the micelle itself should
increase which would make it difficult for water to penetrate the core of the micelles.

However, in the case of PEO-b-PCCL micelles, increasing the degree of polymerization of
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the core led to higher degradation rate which is due to the higher number of —-COOH groups
leading to accelerated hydrolysis.

The biological stability of polymeric micelles in terms of protein adsorption
decreased as a result of increase in the hydrophobicity of the core-forming block. Interaction
with serum proteins is one of the factors that influence the fate of drug delivery vehicles like
liposomes,"”® nanoparticles,” and micelles'®® in the body. Different techniques were
employed to study the interaction of protein with micelles. Previous studies'®” '°"*'7 have
been carried out using bovine serum albumin (BSA) as a model protein. Although albumin
is the most abundant protein in the plasma, there are other proteins which can cause
increased adsorption and can affect the stability of micellar systems in the plasma. Hence, in
this manuscript interaction of protein with micelles was studied in the presence of serum
(FBS). In general, protein adsorption showed an increasing trend as the hydrophobicity of the
block copolymer increased*® ' which may be due to the fact that as the molecular weight
and hydrophobicity of the core is increased, the PEO chain is unable to provide complete
coverage of the core. Another explanation to this phenomenon was provided by D'Addio et.
al.,*** who stated that a lower MW hydrophobic block (or less bulky ones) will occupy a
smaller surface area at the hydrophobic interface resulting in a more compressed, dense PEG
layer, thus, providing better protection.

Finally, the effect of core-forming block in PEO-b-PCL based block copolymers on
their in vitro DC medicated immunogenicity was assessed. DCs are best known for their
roles in host resistance and immunogenicity. They are the most professional antigen
presenting cells (APCs) and are the ‘sentries’ of the body. DCs initiate an immune response

which is associated with their maturation, migration, and communication with other immune
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cells. Located in most of the tissues, immature DCs capture and process foreign antigens
leading to their maturation which is followed by release of various cytokines and
upregulation of various factors. Upregulation of both CD40 and CD86 markers greatly
enhances the antigen presenting capabilities of DCs and their ability to activate T cells. Also,
mature DCs release large amounts of cytokines like IL-12 which can stimulate a Thl

response.”’> #" 318 Bacterial products like LPS are pathogenic and are used as positive

318,319,333 Brom the results, it can be seen that all

controls to stimulate the maturation of DCs.
the micelles show similar upregulation of CD40, and CD86 and secretion of IL-12 when
compared with untreated DCs. However, this level was statistically and biologically not
significant when compared with untreated DCs. Hence, we can conclude that all the micellar

groups had no significant immune activity and have a good biocompatibility with DCs after

24 hrs incubation.

2.5 Conclusion

The chemical structure of the core forming block in polymeric micelles formed based
on functionalized PCL cores was found to affect the physicochemical and biological stability
of polymeric micelles significantly. Polymeric micelles with free carboxyl groups on the
PCL core (abbreviated as PEO-b-PCCL here) showed decreased thermodynamic and kinetic
stability compared to the original PEO-b-PCL, but adsorbed less serum proteins. On the
other hand, polymeric micelles formed from PEO-H-PBCL which contain a pendent benzyl
carboxylate groups on PCL were found to be more stable than their PEO-H-PCL counterparts
in terms of micellar dissociation, degradation and aggregation tendency, but adsorbed more

proteins when exposed to serum. All block copolymers under study were found to be non-
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immunogenic to DCs. In conclusion, the results indicate how modifications in the micellar
core can be used as a tool in fine-tuning the physicochemical and biological stability of

polymeric micelles.
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Chapter Three
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3.1 Introduction

Breast cancer is the most common cancer in women worldwide.”** Traditional
chemotherapy is still the treatment of choice for breast cancer. Chemotherapeutic agents are
systemically administered without any means of restricting drug exposure to tumor cells. As
a result, healthy tissues get equally exposed to the powerful chemo-toxic agents, leading to
detrimental side effects in cancer patients. Side effects of chemotherapy will not only reduce
the quality of life in cancer patients, but also force clinicians to use suboptimal doses of the
drug leading to cancer reoccurrence. Targeted cancer therapy through the use of properly
designed nanocarriers of conventional chemotherapeutics is suggested as an alternative
approach to deliver sufficient amounts of chemotherapeutic drugs to tumors while
minimizing drug exposure and damage to normal tissues.**> %

Proper design, development and optimization of nanocarrier structure for the purpose
of tumor targeted drug delivery is a challenging and cumbersome task. In this context,
development of traceable nanocarriers that can be imaged in live animals, is being pursued to
facilitate the optimization of the nanocarrier structure for tumor targeted delivery. Such
carriers can also be further developed for use in personalization of cancer therapy, detection
of cancer progress and/or treatment monitoring in patients.'®"'%

Nanocarriers are believed to preferentially accumulate in solid tumors passively as a
result of enhanced permeation and retention (EPR) effect in tumors. In this context, chemical
modifications in the structure of nano-carrier leading to changes in their size, rate and extent
of biological elimination, and/or uptake by non-target cells/tissue have been utilized to

maximize the passive accumulation of nanocarriers in solid tumors.**’** Furthermore,

modification of the surface of a nanocarrier with a targeting ligand at an appropriate density
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can be used to enhance the specific homing of nanocarriers and delivery of their cargo to
tumor cells.'** %
Self-assembled nanostructures from poly(ethylene oxide)-b-poly(ester)s such as

poly(ethylene oxide)-b-poly(e-caprolactone) (PEO-5-PCL),*%>!!

poly(ethylene oxide)-b-
poly(lactide) (PEO-b-PLA),*'* '3 and poly(ethylene oxide)-b-poly(lactide-co-glycolide)
(PEO-b-PLGA)'**3" have been the subject of tremendous interest for dug solubilization and
targeted drug delivery in cancer.**! The increasing interest in the use of these structures is

due to their biocompatibility, biodegradability and safe history of use in human.*’*"?

Despite
a long history of use in research and development as drug delivery systems, information on
the effect of different structural features of PEO-b-poly(ester) based nanocarriers on their
biodistribution and tumor targeting properties in live animals is limited.'** '%>342-3%3
Previously our research group has reported on the development of novel PEO-b-
poly(ester) based block copolymers through introduction of pendant benzyl carboxylate
groups to the PCL segment of PEO-b-PCL leading to the production of PEO-b-poly(a-
benzyl carboxylate-e-caprolactone) (PEO-5-PBCL).* This modification was found to
increase the kinetic and thermodynamic stability, and decrease the rate of degradation of
polymeric micelles, in vitro.®" The effect of this modification on the in vivo fate of
developed nanocarriers was unknown; however. The objective of this study was to develop
traceable PEO-b-PCL and PEO-b-PBCL based nano-carriers through chemical conjugation
of a near infrared dye (NIR) to their core-forming block for live imaging of nanocarriers in
tumor bearing animal models. The NIR labeling provided means to assess the effect of nano-

carrier core structure and shell modification with tumor targeting ligands on the extent and

kinetics of nanocarrier tumor accumulation in an orthotopic breast cancer mouse model.
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3.2 Experimental Section

3.2.1 Materials

Methoxy-polyethylene oxide (PEO) (average molecular weight of 5000 g/mol) and
cholera toxin was purchased from Sigma (St. Louis, MO). g-Caprolactone was purchased
from Lancaster Synthesis (UK). o-Benzyl carboxylate-g-caprolactone monomer was
synthesized by Alberta Research Chemicals Inc (Edmonton, AB) according to a previously
published procedure.” o-Propargyl carboxylate-e-caprolactone (PCC) monomer was
synthesized according to a previously published procedure.’'® Stannous octoate was
purchased from MP Biomedicals Inc. (Germany). Cy5.5-azide was purchased from
Lumiprobe (Hallandale Beach, FL). Cell culture media MEM, fetal bovine serum (FBS),
sodium pyruvate, L-glutamine, non-essential amino acids, and penicillin-streptomycin-
fungizone (Anti-Anti) were purchased from GIBCO, Life Technologies Inc. (Burlington,
ON, Canada). MEGM media kit was purchased from Lonza (Basel, Switzerland). Peptide
P18-4 was synthesized according to a previously published procedure.'”® 2014S Teklad
Global 14% protein rodent maintenance diet was purchased from Harlan Labs (Indianapolis,
IN). Spectra/por dialysis tubing (MWCO - 3.5 kDa) was purchased from Spectrum
Laboratories (Rancho Dominguez, CA). Dry toluene was prepared by refluxing under

H,S0O4. All other chemicals were reagent grade.

3.2.2 Cell line

The luciferase expressing human breast cancer cell line MDA-MB-231 (clone

D3H2LN) was purchased from Caliper Life Sciences (Woodbridge, ON, Canada). The
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MDA-MB-231-luc-D3H2LN cells were grown in MEM media supplemented with 10% FBS,
ImM sodium pyruvate, 0.1 mM non-essential amino acids (NEAA), 2 mM L-glutamine, 100
IU/mL penicillin, 100 pg/mL streptomycin, and 0.25 pg/mL fungizone at 37 °C in 5% CO,
atmosphere. The human mammary cell line MCF10A was purchased from ATCC (Manassas,
VA). The MCF10A cells were grown in MEGM media kit supplemented with 100 ng/mL

cholera toxin at 37 °C in 5% CO, atmosphere.

3.2.3 Synthesis of Cy5.5 Conjugated Block Copolymers

Block copolymers of PEO-b-PCL and PEO-b-PBCL were synthesized by ring-
opening polymerization of g-caprolactone (0.1 g) or a-benzyl carboxylate-g-caprolactone
(0.2 g), respectively, using methoxy-PEO (MW: 5000 g/mol) (0.5 g) as initiator and stannous
octoate as catalyst according to a method described previously.** 2% 32

Block copolymers of PEO-H-PCL or PEO-b-PBCL were end capped with a-
propargyl carboxylate-g-caprolactone (PCC) using stannous octoate as catalyst. Briefly,
PEO-b-PCL (0.1 g) and PCC (0.014 g) or, PEO-b6-PBCL (0.1 g) and PCC (0.012 g) were
added to a 25 mL round-bottom flask previously filled with 5 mL dry toluene under constant
stirring. Stannous octoate (0.010 equiv of monomer) was added to the flask. The flask was
then refluxed for 30 h. The reaction was terminated by cooling the product to room
temperature. The product was then precipitated in hexane and the supernatant was discarded.
The final product was washed with ether and was dried under vacuum for further use.

Near-infrared fluorophore (NIRF) Cy5.5-azide was conjugated to the terminal alkyne

of PCC in PEO-b-PCL-PCC or PEO-bh-PBCL-PCC using Huisgens 1,3-dipolar cycloaddition
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(azide-alkyne click chemistry) reaction. Briefly, 10 pmol PEO-b-PCL-PCC (68 mg) or PEO-
b-PBCL-PCC (75 mg) was dissolved under constant stirring in a 10 mL round-bottom flask
containing 2 mL degassed DMSO. Cy5.5 azide (1 umol; 0.7 mg) was dissolved in 400 uL
DMSO and added to the mixture under constant stirring followed by addition of ascorbic
acid (0.5 umol; 0.1 mg) previously dissolved in 100 puL water. The flask was then degassed
with argon for about 30 s. 10 mM Cu-TBTA Complex solution (0.5 pmol; 60 pL) was finally
added followed by degassing for 30 s using argon. The reaction mixture was sealed and
incubated with stirring at room temperature in the dark for 16 h. Argon was flushed through
the sealed vial at 4 h and 8 h time-points. After incubation, the mixture was separated from
the non-reacted dye by dialysis against DMSO for 24 h followed by dialysis against water for

24 h to remove the DMSO, and then lyophilized.

3.2.4 Synthesis of P18-4 Modified Block Copolymers

Acetal-PEO-b-PCL and acetal-PEO-b-PBCL were synthesized according to a
previously published procedure.'”’ P18-4-attached PEO-b-PCL or PEO-b-PBCL were
synthesized from acetal-PEO-b-PCL or acetal-PEO-b6-PBCL according to a previously

published procedure.' '**

P18-4 peptide was conjugated to the micelles at a P18-4:polymer
molar ratio of 1:5. The resulting micellar solution was dialyzed against distilled water and

lyophilized.
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3.2.5 Characterization of Synthesized Block Copolymers

The number-average molecular weight of PEO-b-PCL and PEO-b-PBCL block
copolymers was determined from the "H NMR spectrum of the block copolymers in CDCl;
at 600 MHz (Bruker Avance III spectrometer, Bruker BioSpin Corporation, Billerica, MA)
by comparing the peak intensity of PEO (-CH,CH,O-, 8 = 3.65 ppm) to that of PCL or PBCL
backbone (-OCH;-, 6 = 4.05 ppm), considering a 5000 g/mol molecular weight for PEO.

The number-average molecular weight of PEO-b-PCL-PCC and PEO-b-PBCL-PCC
block copolymers was determined from the 'H NMR spectrum of the block copolymers in
CDCl; at 600 MHz by comparing the peak intensity of PEO (-CH,CH,O-, 6 = 3.65 ppm) to
that of PCC side-group (-OCH,-, 6 = 4.75 ppm), considering a 5000 g/mol molecular weight
for PEO.

The conjugation efficiency of cy5.5 to PEO-H-PCL-PCC and PEO-b-PBCL-PCC was
determined by fluorescence spectrophotometer using a SpectraMax M4 microplate reader
(Molecular Devices, Sunnyvale, CA), measuring the excitation at 673 nm and emission at
707 nm as described the manufacturer. The conjugation efficiency of P18-4 peptide to acetal-
PEO-b-PCL and acetal-PEO-b-PBCL micelles was determined by reverse-phase HPLC

according to a previously published procedure.'®* %

3.2.6 Preparation and Characterization of Block Copolymer Micelles

Cy5.5-loaded PEO-b-PCL or PEO-b-PBCL block copolymer micelles were prepared
through formation of mixed micelles by a co-solvent evaporation method as described

previously.* **® Briefly, either PEO-b-PCL (18.0 mg) and PEO-b-PCL-PCC-cy5.5 (2.0 mg)
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or PEO-H-PBCL (18.9 mg) and PEO-b-PBCL-PCC-cy5.5 (1.1 mg) were mixed and dissolved
in THF (0.4 mL). The solution was added to 4 mL of doubly distilled water in a drop-wise
manner under moderate stirring at room temperature, followed by evaporation of THF under
vacuum. The prepared micellar solution was then centrifuged to remove any aggregates. The
concentration of cy5.5 dye in the micelles was 0.4 pg/mg of the polymer.

Cy5.5-loaded PEO-bh-PCL or PEO-b-PBCL block copolymer micelles with P18-4
peptide modification on their surface were prepared by co-solvent evaporation method as
described above. For peptide density of 0.1 mol/mol of the polymer, mixed micelles were
prepared using either PEO-b-PCL (9.0 mg), P18-4-PEO-bh-PCL (9.0 mg), and PEO-b-PCL-
PCC-cy5.5 (2.0 mg); or PEO-b-PBCL (9.4 mg), P18-4-PEO-b-PBCL (9.4 mg), and PEO-b-
PBCL-PCC-cy5.5 (1.1 mg). For peptide density of 0.2 mol/mol of the polymer, mixed
micelles were prepared using either P18-4-PEO-bh-PCL (18.0 mg), and PEO-b-PCL-PCC-
cy5.5 (2.0 mg); or P18-4-PEO-h-PBCL (18.9 mg), and PEO-b-PBCL-PCC-cy5.5 (1.1 mg).
Polymeric micelles with low peptide density of 0.1 mol/mol of the polymer were termed as
P18-4(L)-PEO-b-PCL or P18-4(L)-PEO-b-PBCL, where the 'L' stands for low density. In the
case of polymeric micelles having high peptide density of 0.2 mol/mol of the polymer, they
were termed as P18-4(H)-PEO-b-PCL or P18-4(H)-PEO-b-PBCL, where the 'H' stands for
high density. The concentration of cy5.5 dye in the P18-4 decorated micelles was 0.4 ng/mg
of the polymer.

The size and size distribution of micelles were measured by dynamic light scattering
(DLS) using a commercial Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, UK).
All DLS measurements were made at 25.0 = 0.1 °C with a 173° scattering angle. The
samples were dissolved with deionized water and centrifuged prior to analysis. For this
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measurement, plain PEO-b-PCL-PCC or PEO-b-PBCL-PCC were used in the preparation of
micelles, instead of PEO-b-PCL-PCC-cy5.5 or PEO-b-PBCL-PCC-cy5.5, respectively. This
is because the excitation and emission spectra of cy5.5 would interfere with the He-Ne 633
nm laser of the Zetasizer Nano-ZS.

The morphology of the micelles was investigated by transmission electron
microscopy (TEM) using a Morgagni TEM (Field Emission Inc., Hillsboro, OR) with Gatan
digital camera (Gatan, Pleasanton, CA) according to a method described previously.’"’
Images were obtained at a magnification of 110,000X at 75 kV.

The CMC of the polymeric micelles was determined using fluorescence
spectroscopy. Briefly, solutions of Cy5.5-loaded unmodified or P18-4 decorated PEO-h-PCL
or PEO-h-PBCL micelles having concentrations ranging from 400-0.2 ug/mL were prepared
in 96-well opaque plates. The intensity of light emitted at 707 nm after excitation at 673 nm
was measured by fluorescence spectroscopy at 25 °C wusing a fluorescence
spectrophotometer.

Kinetic stability of the micellar formulations was evaluated after incubation with a
destabilizing agent, sodium dodecyl sulfate (SDS) according to previously published
method.*"" 322 Briefly, micellar stock solutions of PEO-b-PCL, PEO-b-PBCL, P18-4(L)-
PEO-b-PCL, or P18-4(L)-PEO-bh-PBCL having concentrations of 3 mg/mL were mixed with
aqueous stock solution of SDS (20 mg/mL) at a ratio of 2:1 v/v (micelle:SDS). Samples were
analyzed at predetermined time intervals by DLS for intensity distribution as well as

polydispersity index (PDI).
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3.2.7 In Vitro Cell Uptake Study using Flow Cytometry

Cellular uptake of conjugated cy5.5 in different micellar formulations was quantified
using flow cytometry. MDA-MB-231-luc-D3H2LN cells or MCF10A cells were seeded into
24-well plates at densities of 1 x 10> cells/well and incubated at 37 °C for 24 h until they are
70% confluent. Free cy5.5 and micelles of PEO-b-PCL, PEO-b-PBCL, P18-4(L)-PEO-b-
PCL, PI18-4(L)-PEO-b-PBCL, P18-4(H)-PEO-b-PCL, P18-4(H)-PEO-b-PBCL at a
concentration of 0.2 pg/mL of cy5.5 (equivalent to 0.5 mg/mL of micellar solution) were
added to the wells in triplicate and incubated with cells for 4 and 24 h at 37 °C. For the
competition experiments, MDA-MB-231-luc-D3H2LN cells were pre-incubated with excess
free p18-4 peptide (1 mg/mL) for 30 min and then incubated with the above mentioned
formulations for 24 h at 37 °C according to a previously described method.'”> After the
incubation period, cells were washed three times with cold PBS and trypsinized. A 4%
paraformaldehyde in PBS solution was added to fix the cells and the cy5.5 uptake was
acquired on a BD FACSCalibur™ flow cytometer (BD Biosciences, Franklin Lakes, NJ).
The cell-associated cy5.5 was excited using a red-diode laser (635 nm) and the FL.4 channel
(656 - 667 nm) was used to detect the cell-associated fluorescence. The data was analyzed

with FCS Express™ software (De Novo Software, Los Angeles, CA).

3.2.8 In Vitro Cell Uptake Study using Confocal Microscopy

Confocal microscopy was used to assess the uptake of conjugated cy5.5 in different
micellar formulations in MDA-MB-231-luc-D3H2LN cells. Cells were seeded into 12-well
plates containing round cover slips (0.2 mm thickness) at densities of 2 x 10 cells/well and
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incubated at 37 °C for 24 h until they are 20% confluent. Free cy5.5 and micelles of PEO-b-
PCL, PEO-b-PBCL, P18-4(L)-PEO-b-PCL, P18-4(L)-PEO-b-PBCL, P18-4(H)-PEO-b-PCL,
and P18-4(H)-PEO-b-PBCL at a concentration of 0.2 ug/mL of cy5.5 (equivalent to 0.5
mg/mL of micellar solution) were added to the wells in triplicate and incubated with cells 24
h at 37 °C. After the incubation period, cells were washed three times with cold PBS and
fixed for 10 m using 4% paraformaldehyde in PBS solution. The cover-slips were removed
and were inverted on a slide with a drop of mounting media containing DAPI. The slides
were allowed to cure in the dark for 24 h. Uptake of cy5.5 in cells was visualized by a Zeiss
LSM 710 confocal microscope (Carl Zeiss Microscope systems, Jena, Germany) using blue
(Ex: 405 nm; Em: 410-500 nm) and red (Ex: 633 nm; Em: 633-744 nm) filters with 20x
magnification. The images were analyzed using Zen 2012 software (Carl Zeiss Microscope

systems, Jena, Germany).

3.2.9 Animal Models

Female athymic NIH-III mice were purchased from Charles River (Wilmington,
MA). All experiments were performed using 4-6 week old female mice. All animal studies
were conducted in accordance with the guidelines of the Canadian Council on Animal Care
(CCAC) with approval from the Animal Care and Use Committee (ACUC) of the University
of Alberta (Edmonton, AB, Canada). Mice were kept on the 2014S Teklad Global 14%
protein rodent maintenance diet which is low on chlorophyll to minimize fluorescence from
food. To establish the orthotopic mammary fat pad tumor model, mice were randomly

assigned into five groups of six mice per group. Mice were injected with 2 x 10° MDA-MB-
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231-luc-D3H2LN cells in 50 pL solution of 50% Matrigel Basement Membrane Matrix (BD

d.*** The mice

Biosciences, Franklin Lakes, NJ), into the left abdominal mammary fat pa
were used when the tumors reached a size of 600 mm® (3 weeks after injection). Animals

were monitored daily according to previously reported method.'*?

3.2.10 In Vivo Imaging and Tissue Biodistribution

Animals were treated with micellar solutions of cy5.5-loaded PEO-b-PCL, PEO-b-
PBCL, P18-4(L)-PEO-b-PCL, and P18-4(L)-PEO-b-PBCL at concentrations of 250 mg/kg of

body weight (equivalent to 0.1 mg/kg of free cy5.5°%

) by IV injection through the tail vein.
At various time-points of 4, 24, 48, and 72 h, mice were imaged for fluorescence and
bioluminescence using the IVIS Spectrum Preclinical /n Vivo Imaging System (PerkinElmer,
Waltham, MA). For bioluminescence imaging, luciferin potassium salt (150 mg/kg) in DPBS
was injected sc into the neck 15 m prior to imaging. For in vivo fluorescence imaging,
animals were imaged for 0.5 s, 10 bin, level B at an excitation and emission wavelength of
680 nm and 720 nm respectively. Spectral unmixing was used to analyze the images and
remove traces of autofluorescence. For bioluminescence imaging, animals were imaged for
0.5 s, 10 bin, level B.

At 48 h and 72 h time-points, three mice were randomly selected from each group
and injected with luciferin potassium salt (150 mg/kg) sc into the neck prior to euthanasia.
After euthanasia, tumors and other organs (liver, lung, kidneys, heart, spleen, and brain) were

excised and soaked in a 12-well plate containing luciferin (300 pg/mL) prior to imaging. The

organs were imaged for fluorescence and bioluminescence using the IVIS Spectrum
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Preclinical In Vivo Imaging System. For ex vivo fluorescence imaging, animals were imaged
for 0.5 s, 10 bin, level C at an excitation and emission wavelength of 680 nm and 720 nm

respectively. For bioluminescence imaging, animals were imaged for 0.5 s, 10 bin, level C.

3.2.11 Statistics

Compiled data were presented as means + standard deviation (SD) or mean =+
standard error mean (SEM). Where feasible, the data were analyzed for statistical
significance using unpaired student’s t-test, or one-way analysis of variance (ANOVA)
followed by Tukey's post test as noted in the results section. The level of significance was set

at 0 <0.05.

3.3 Results

3.3.1 Labeling of PEO-5-PCL and PEO-b-PBCL with NIR dye

The block copolymers have been characterized in Table 3.1. Labeling of PEO-b-PCL
and PEO-b-PBCL block copolymers with NIR dye was accomplished in three steps (Scheme
3.1): first, PEO-b-PCL and PEO-bh-PBCL were synthesized by ring-opening polymerization
of e-caprolactone and a-benzyl carboxylate-g-caprolactone monomer, respectively, in the
presence of methoxy PEO.*” The molecular weights of PEO-b-PCL and PEO-b-PBCL were
confirmed by "H NMR (Figure 3.1) and were found to be 6290 and 7700 g/mol, respectively.
The degree of polymerization (DP) of the core-forming block was calculated as 11 for both
PEO-b-PCL and PEO-b-PBCL. In the second step, a-propargyl carboxylate-g-caprolactone

(PCC) was conjugated to the PEO-h-PCL and PEO-h-PBCL end. Conjugation of PCC to
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PEO-b-PCL or PEO-b-PBCL led to chain cleavage of the PCL or PBCL block resulting in a
decrease in the DP of the core-forming block from 11 to 7 (Figure 3.1). Finally, Cy5.5 azide
was conjugated to the PCC part of PEO-b-PCL-PCC or PEO-b-PBCL-PCC via copper-
catalyzed azide-alkyne cyclo-addition (CuAAC) click chemistry reaction. The terminal
alkyne group of PCC reacted with the terminal azide group of cy5.5 azide to form a 1,3-
triazole ring. Cu(I) acts as a catalyst for the reaction. Cu(l) is prepared in situ by the addition
of Cu(ll) TBTA Complex, and ascorbic acid, which acts as a reducing agent and reduces
Cu(II) to Cu(I).* The average molar conjugation efficiency of cy5.5 to the block copolymers
was 56.9 % and 76.1 % for PEO-b-PCL-PCC-cy5.5 and PEO-b-PBCL-PCC-cys5.5,
respectively (Table 3.1). PEO-b-PBCL showed significantly higher conjugation efficiency of
cy5.5 than PEO-b-PCL (P < 0.5; student's #-test). P18-4 was successfully conjugated to the
PEO end of Acetal-PEO-b-PCL or Acetal-PEO-b-PBCL with an average molar conjugation

of 20.1 % and 20.5 %, respectively, as confirmed by HPLC (Scheme 3.2 and Table 3.1).'"*

190
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Table 3.1 Characteristics of prepared block copolymers

Block M, Dye Dye conjugation P18-4 P18-4

Copolymer (g/mol)®  conjugation efficiency conjugation  conjugation
(molar %+  (molar % + SD)°  (molar % =+ efficiency
SD)" SD) ¢ (molar %) ¢
PEO,4-b-PCL, 6290 - - - -
PEO,4-b-PBCL; 7700 - - - -

PEO,14-b-PCL;-PCC, ;-cy5.5 6520 490=+0.12 56.89 +1.35 - -
PEO)4-b-PBCL;-PCCyo-cy5.5 7220 7.68 £ 0.54* 76.12 £ 5.40%* - -
P18-4-PEO,,7-b-PCLg 7570 - - 20.09 + 0.09 100

P18-4-PEO,,-b-PBCLg 8710 - - 20.45 +0.68 100

“ The number shown in the subscript indicates the polymerization degree of each block determined by 'H
NMR spectroscopy.

”Number-average molecular weight measured by 'H NMR.

“Dye conjugation and conjugation efficiency as calculated by fluorescence spectroscopy.

“P18-4 peptide conjugation and conjugation efficiency as calculated by HPLC.

" Signifies significant difference between the groups (P < 0.05; Student's #-test).
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3.3.2 Preparation of NIR labeled micelles

Synthesized block copolymers were assembled to polymeric micelles containing
cy5.5 by a co-solvent evaporation method through preparation of mixed micelles (Scheme
3.3)."* 3% The characteristics of prepared polymeric micelles are listed in Table 3.2. The
average size of micelles formed from PCL containing block copolymers is significantly
higher (P < 0.05; Students' #-test) compared to micelles formed from PBCL containing block
copolymers. Similar results were seen in the case of PDI. The average size of micelles also
showed a significant increase (P < 0.05; one-way ANOVA) as the P18-4 peptide was
attached and its density was increased.

TEM was used to study the morphology of the micelles (Figure 3.2). All micelles
formed from PBCL containing block copolymers showed a spherical morphology with clear
boundary. In the case of micelles formed from PCL containing block copolymers, PEO-b-
PCL and PI18-4(L)-PEO-b-PCL showed a mixture of spherical and worm-shaped
morphology with clear boundary. In the case of P18-4(H)-PEO-b-PCL micelles, large
spherical morphology is seen without clear boundary indicating the possibility of aggregate
formation.

The CMC of the block copolymers was determined by fluorescence spectroscopy
using the intensity values of emitted light as a function of block copolymer concentration
(Table 3.2). As the block copolymer forms micelles, the cy5.5 dye enters the core thus
showing a decrease in the intensity of emitted light (quenching). The concentration at which
the slope of the graph of emission v/s concentration starts to decrease is termed as the CMC.

Micelles formed from PBCL containing block copolymers exhibited a 7-fold decrease in
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CMC when compared with those formed from PCL containing block copolymers similar to
previous findings.’”” Attachment of P18-4 peptide to the micellar surface or change in its
density did not significantly change (P > 0.05; one-way ANOVA) in the CMC of the
micelles. One thing to note is that at the highest concentration of 400 pg/mL of the polymer,
the intensity of emitted light from all micellar systems was similar to each other (P < 0.05;
one-way ANOVA, Tukey's post test) indicating that all the micellar systems showed similar
quenching of the cy5.5 dye.

The kinetic stability of micelles was studied using DLS after the addition of a
destabilizing agent, SDS. Figure 3.3 shows the % intensity of the micellar peak for PEO-b-
PCL and PEO-b-PBCL micelles over time in the presence of SDS. PEO-b-PCL micelles,
unmodified or modified with 10 mol % P18-4 peptide showed a significant decrease in the
signal intensity of the micellar peak to ~50 % and ~21 %, respectively, within 24 hrs of
incubation. PEO-H6-PBCL micelles, on the other hand, whether modified with P18-4 or not,
showed a signal intensity of > 90 % throughout the 72 h incubation. Hence, attachment of
benzyl carboxylate to the micellar core, resulted in improved stability against SDS. This was
in line with previously published results from our lab.**” P18-4 modification of both PEO-b-
PCL and PEO-b-PBCL micelles, however, led to a decrease in the stability of the micelles

when incubated with SDS.
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Table 3.2 Characteristics of prepared block copolymer micelles

Block P18-4 density in ~ Average micellar PDI + SD* CMC = SD (uM)*
Copolymer “ micelles size + SD (nm)*
(mol/mol)”
PEO4-b-PCLy; - 148.5+13.6 0.499 + 0.051 3.40 +£0.28
PEO,4-6-PBCL,, - 30.2+0.4* 0.184 £ 0.009* 0.49 £ 0.07*
P18-4(L)-PEO,,,-b-PCLy 0.1 110.0+11.8 0.831+0.158 3.71+£0.39
P18-4(L)-PEO,,,-b-PBCL; 0.1 40.4 £ 0.4* 0.302+0.019* 0.77 £ 0.02*
P18-4(H)-PEO»7-b-PCLg 0.2 318.4£89.7 0.422 +0.063 422+0.73
P18-4(H)-PEO,7-b-PBCLg 0.2 52.2+0.8*% 0.293 +£0.022* 1.18 £0.40*

“ The number shown in the subscript indicates the polymerization degree of each block determined by 'H
NMR spectroscopy; L = low density of peptide on polymer, and H = high density of peptide on polymer.

» Density of peptide in polymeric micelles expressed as the mole of peptide per mole of polymer.

¢ Average micellar size estimated by DLS technique (n = 3).

4 Average polydispersity index (PDI) of micellar size distribution (n = 3).

“ Measured from the onset of a decrease in the slope of the intensity of emission of c¢y5.5 as a function of
concentration of block copolymer (n = 3).

" Significantly different from its corresponding micelle containing PCL (P < 0.05; Student's -test).
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Figure 3.2 TEM picture of (A) PEO-b-PCL, (B) P18-4(L)-PEO-bh-PCL, (C) P18-4(H)-PEO-
b-PCL, (D) PEO-b-PBCL, (E) P18-4(L)-PEO-b-PBCL, and (F) P18-4(H)-PEO-b-PBCL
block copolymer micelles (110,000X). The bar in the top left corner of each image indicates

a scale of 100 nm.
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Figure 3.3 Percentage intensity of (A) PEO-b-PCL, (B) P18-4(L)-PEO-6-PCL, (C) PEO-b-
PBCL, and (D) P18-4(L)-PEO-bh-PBCL micellar peak (2 mg/mL) as a function of time in the

presence of SDS (6.7 mg/mL). Each point represents mean + SD (n = 3).

3.3.3 In Vitro Cell uptake Study

The uptake of cy5.5-loaded polymeric micelles was determined in MDA-MB-231-
luc-D3H2LN breast cancer cells using flow cytometry. Figure 3.4A represents the uptake of
free cy5.5, cy5.5-loaded unmodified PEO-H-PCL and PEO-H-PBCL micelles, and different
densities of P18-4 peptide decorated PEO-b-PCL and PEO-b-PBCL micelles, in MDA-MB-
231-luc-D3H2LN cells at 4 h and 24 h, respectively. As seen in Figure 3.4A and Figure
3.5A, peptide modification, even at low density, significantly increased the cellular
association (P < 0.05; Students' ¢-test) of both PEO-b-PCL and PEO-b-PBCL micelles. After
24 h incubation, PEO-b-PCL and PEO-b-PBCL micelles presenting 10 mol % of P18-4
peptide demonstrated 1.7-fold and 1.3-fold greater cellular association (Figure 3.4A) than

unmodified micelles, respectively. In the case of PEO-b-PCL and PEO-h-PBCL micelles
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presenting 20 mol % of P18-4 peptide, cellular association increased by 2.0-fold and 1.2-
fold, when compared to unmodified micelles, respectively. Although both the unmodified
PEO-b-PCL and PEO-b-PBCL micelles showed similar uptake (P > 0.05; Students' z-test)
by MDA-MB-231-luc-D3H2LN cells at 4 h, PEO-b-PCL micelles exhibited a significantly
higher cellular association (P < 0.05; unpaired students' ¢-test) than PEO-b6-PBCL at 24 h.
P18-4 modification of PEO-b-PCL micelles however, significantly increased their uptake (P
> (.05; Students' ¢-test) at both 4 h and 24 h, when compared with P18-4 decorated PEO-b-
PBCL micelles.

The uptake of cy5.5-loaded polymeric micelles was also determined in MCF10A
mammary epithelial cells as seen in Figure 3.4B and Figure 3.5B. In the case of MCF10A
cells, after 24 h incubation, cellular association of PEO-b-PCL and PEO-b-PBCL micelles
presenting 10 mol % of P18-4 peptide demonstrated 1.4-fold and 1.1-fold greater cellular
association than unmodified micelles, respectively (Figure 3.4B). This was lower than the
cellular association seen by these micelles in MDA-MB-231-luc-D3H2LN breast cancer
cells. However, in the case of PEO-b-PCL and PEO-b-PBCL micelles presenting 20 mol %
of P18-4 peptide, cellular association increased by 2.9-fold and 1.6-fold, respectively, which
was more than 2.0-fold and 1.2-fold, seen in the breast cancer cells (Figure 3.4B). This
indicated a higher cellular association for PEO-b-PCL and PEO-b-PBCL micelles modified
with 20 mol % of P18-4 peptide in MCF10A cells when compared with MDA-MB-231-luc-

D3H2LN cells.
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Figure 3.4 Cellular uptake of cy5.5-loaded micelles by A) MDA-MB-231-luc-D3H2LN and
B) MCF10A cells. The bar graphs give the mean fluorescence intensity (MFI) of the cells
after (i) 4 h and (i1) 24 h exposure to micellar groups. The data are the mean = SEM (n=3).
*Significant difference between PEO-b-PCL and PEO-b-PBCL, or P18-4-PEO-b-PCL and
P18-4-PEO-b-PBCL (P < 0.05), "Significant difference between PEO-b-PCL and P18-4-
PEO-b-PCL, or PEO-b-PBCL and P18-4-PEO-b-PBCL (P < 0.05; unpaired Students' z-test,

a = 0.05).
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Figure 3.5 Cellular uptake of cy5.5-loaded micelles by A) MDA-MB-231-luc-D3H2LN and
B) MCFI10A cells. The bar graphs give the % cy5.5 positive cells after 4 h exposure to
micellar groups. The data are the mean + SEM (n=3). *Significant difference between PEO-
b-PCL and PEO-b-PBCL, or P18-4-PEO-b-PCL and P18-4-PEO-b-PBCL (P < 0.05),
"Significant difference between PEO-5-PCL and P18-4-PEO-b-PCL, or PEO-b-PBCL and

P18-4-PEO-b-PBCL (P < 0.05; unpaired Students' ¢-test, a = 0.05).

To explore whether the increased cell uptake in MDA-MB-231-luc-D3H2LN cells is
due to the presence of receptor for the P18-4 peptide, competition study was carried out, in
which cells were pre-treated with excess P18-4 peptide before incubating the cells for 24 h
with PCL and PBCL containing micellar formulations. As seen in Figure 3.6, presence of
excess free P18-4 peptide significantly reduced the cellular association (P < 0.05; unpaired
students' #-test) of PEO-H-PCL and PEO-H-PBCL micelles presenting 10 mol % of P18-4
peptide. However, presence of excess free P18-4 peptide did not affect the cellular
association (P > 0.05; unpaired students' ¢-test) of PEO-b6-PCL and PEO-h-PBCL micelles

presenting 20 mol % of P18-4 peptide.
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Figure 3.6 Cellular uptake of cy5.5-loaded micelles by MDA-MB-231-luc-D3H2LN cells
with (+) or without (-) pre-treatment with excess of free P18-4 peptide. The bar graphs give
the mean fluorescence intensity (MFI) of the cells after 24 h exposure to micellar groups.
The data are the mean + SEM (n=3). *Significantly different from its counterpart without (-)

free peptide (P < 0.05, unpaired Students' #-test).

The uptake of cy5.5-loaded polymeric micelles was also determined in MDA-MB-
231-luc-D3H2LN breast cancer cells using confocal microscopy after 24 h incubation. As
seen in Figure 3.7, peptide modification increased intracellular fluorescence of cy5.5-loaded
PEO-b-PCL and PEO-bh-PBCL micelles in the cytoplasm. Both PEO-b-PCL and PEO-b-
PBCL micelles presenting 20 mol % of P18-4 peptide, showed strongest fluorescence when
compared with their unmodified counterparts or counterparts presenting 10 mol % of P18-4
peptide. Also, PEO-b-PCL micelles, with or without P18-4 modification showed stronger
cy5.5 fluorescence in cells when compared to PEO-b-PBCL micelles. These observations

were in line with our previous findings and data of flow cytometry studies (Figure 3.4).
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Figure 3.7 Cellular distribution of cy5.5-
loaded micelles by confocal microscopy.
Cellular uptake of (a) Free cy5.5, (b)
PEO-b-PCL, (c) P18-4(L)-PEO-b-PCL,
(d) P18-4(H)-PEO-b-PCL, (e) PEO-b-
PBCL, (f) P18-4(L)-PEO-b-PBCL, and
(g) P18-4(H)-PEO-b-PBCL micelles by
MDA-MB-231-luc-D3H2LN cells using
confocal microscopy after 24 h
incubation. Images represent nuclear stain
DAPI (pink) alone, cy5.5 (see scale bar -
blue - low; yellow - high) alone, and

merged together.



3.3.4 In vivo body distribution and tumor-targeting ability of polymeric micelles in

orthotopic breast cancer model

As seen in Figure 3.7, the bioluminescence signal can be seen only at the sight of
injection i.e. left mammary fat pad, indicating that this study did not show any signs of
metastasis to any organs during the timeline of this study. As seen in Figure 3.9, plain PEO-
b-PCL micelles, started accumulating in the liver, tumor, and neck (presumably the cervical
lymph nodes) within 4 h post-injection. After 24 h post-injection, these micelles started
showing higher accumulation in tumor along with increased accumulation in liver and neck.
Dorsal images showed uptake of plain PEO-b-PCL micelles in the kidneys and spleen.
Peptide modified PEO-b-PCL micelles showed similar pattern of distribution in the mice
except that they only showed uptake in kidneys upon dorsal assessment and no accumulation
in spleen. Similar results were seen for the ventral images after 48 h, with decrease in
fluorescence in both liver and tumors 72 h post-injection. Dorsal images showed increased
fluorescence in kidneys for both PEO-b-PCL micelles at 48 h and 72 h, which perhaps points
to elimination of PEO-b-PCL polymers from this organ at later time points.

In the case of PEO-b-PBCL micelles, unmodified micelles show accumulation
primarily in the tumor with strong fluorescence signals throughout the body whereas PEO-b-
PBCL micelles modified with 10 mol % P18-4 peptide showed uptake primarily in the tumor
with weak fluorescent signals throughout the body, 4 h post-injection (Figure 3.9). After 24 h
post-injection, ventral images showed unmodified PEO-b-PBCL micelles primarily in the
tumor with weaker fluorescence signals throughout the body. In the case of PEO-b-PBCL

micelles modified with P18-4 peptide, fluorescent signals were primarily at the tumor site.
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Ventral images at 48 and 72 h for both, unmodified and 10 mol % P18-4 peptide modified
PEO-b-PBCL micelles, showed similar results of strong fluorescent signals primarily from
the tumor site. Dorsal images (Figure 3.9) at 24, 48, and 72 h time-points showed strong
fluorescent signals from the tumor site at locations that are seen in the dorsal images of

bioluminescence (Figure 3.8).

Ventral

Dorsal

Figure 3.8 Evaluation of orthotopic breast tumor model. /n vivo bioluminescence imaging of
MDA-MB-231-luc-D3H2LN cells at 24 h, 48 h, and 72 h after intravenous administration of
cy5.5-loaded micelles (n = 30). Images show ventral and dorsal photographs. Each time-

point represent image of one mouse from a group of thirty mice.
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Figure 3.9 In vivo biodistribution and tumor accumulation of cy5.5-loaded micelles. In vivo
NIR imaging of (a) untreated; and cy5.5-labeled (b) PEO-b-PCL, (c) P18-4(L)-PEO-b-PCL,
(d) PEO-b-PBCL, and (e) P18-4(L)-PEO-b-PBCL micelles at 4 h, 24 h, 48 h, and 72 h after
intravenous administration of cy5.5-loaded micelles (n = 6). Images show ventral and dorsal

photographs. Each time-point represents image of one mouse from a group of six mice.
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As seen in Figure 3.10, comparing the average radiant efficiency in the tumor from
the in vivo images at various time-points, showed that the P18-4 modified micelles exhibited
higher accumulation in the tumor at the earlier time-points. In the case of PEO-b-PCL
micelles, P18-4 modified micelles showed a significantly higher accumulation in the tumor
site 4 h after injection when compared to their unmodified counterparts (P < 0.05; Student's
t-test). At later time-points, the average radiant efficiency has significantly decreased and is
similar for both plain and P18-4 modified PEO-b-PCL micelles. This decrease in the
fluorescent intensity maybe due to clearance into the kidneys and liver as seen in Figure 3.9.

In the case of PEO-b-PBCL micelles, P18-4 modified micelles showed a significantly
higher accumulation in the tumor site 4 and 24 h after injection when compared to their
unmodified counterparts (P < 0.05; Student's #-test). For P18-4 modified PEO-b-PBCL
micelles, the average radiant efficiency in the tumor reaches maximum at 24 and 48 h post-
injection after which it starts to decrease by 72 h. In the case of plain PEO-b6-PBCL micelles,
the average radiant efficiency shows an increasing trend from 4 - 72 h reaching a value
similar to the maximum average radiant efficiency of P18-4 modified PEO-5-PBCL micelles,

only after 72 h.
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Figure 3.10 Average radiant efficiency in tumor of plain and P18-4 modified A) PEO-b-PCL, and B) PEO-b-PBCL micelles at 4 h, 24
h, 48 h, and 72 h after intravenous administration of cy5.5-loaded micelles (n = 3-6). The bar graphs are the mean = SEM (n=3-6).

*Significantly different from its plain counterpart (P < 0.05, unpaired Students' #-test).
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3.3.5 Ex vivo distribution and tumor-targeting ability of polymeric micelles in

orthotopic breast cancer model

Fluorescence from cy5.5 was used to image the biodistribution of PEO-b-PCL and
PEO-b-PBCL micelles ex vivo. As seen in Figure 3.11, bioluminescence signals were seen
only from the tumor thus confirming the findings of the in vivo imaging (Figure 3.8), that
there were no signs of metastasis in the major organs under the time-line of this study. As
seen in Figure 3.11, both plain and P18-4 peptide modified PEO-b-PCL micelles, showed
increased fluorescence primarily in the kidneys compared to other organs indicating
clearance through kidneys within 72 h. This was similar to the results seen during in vivo
imaging (Figure 3.9). Both plain and peptide modified PEO-b-PBCL micelles on the other
hand, showed increased fluorescence signals from the liver and tumors similar to that seen in
Vivo.

Figure 3.12 gives the average radiant efficiency in the tumor and various organs at
both 48 h and 72 h. The average radiant efficiency of the tumor is significantly higher (P <
0.05; one-way ANOVA) for PEO-b-PBCL micelles, whether unmodified or modified with
P18-4 peptide, when compared with PEO-H-PCL micelles. P18-4 modification however, did
not significantly increase (P > 0.05; one-way ANOVA) the average radiant efficiency of the
tumor at both 48 h and 72 h when compared to plain micelles. This was similar to the results
of 48 and 72 h seen in the average radiant efficiency in the tumor from the in vivo images
(Figure 3.10). PEO-b-PBCL micelles, whether unmodified or modified with P18-4 peptide,
showed a significantly higher (P < 0.05; one-way ANOVA) average radiant efficiency in

heart, liver, lung, and spleen, and a significantly lower (P < 0.05; one-way ANOVA) average
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radiant efficiency in kidney when compared with their PEO-b-PCL counterparts at 48 h time-
point. The higher average radiant efficiency in the kidneys indicated faster clearance for
PEO-b-PCL micelles. Similar results were also seen after 72 h, but were not significant for
some groups. P18-4 modification, however, did not significantly change (P > 0.05; one-way
ANOVA) the average radiant efficiency in most organs when compared to plain micelles. It
was however, successful in significantly decreasing (P < 0.05; one-way ANOVA) the
average radiant efficiency in the spleen for PEO-b-PBCL micelles at both 48 and 72 h, and
the average radiant efficiency in the heart for PEO-b-PCL micelles at 48 h when compared
with its unmodified counterpart. It is to note that although the average radiant efficiency can
be used to compare the distribution in any organ amongst the different groups, it is not
advisable to use the average radiant efficiency to compare the distribution amongst different
organs for each group separately. The reason for this is that the organs are not perfused
leading to the possibility of attenuation of the emitted light by hemoglobin. Hemoglobin has
a secondary absorption peak between 550 nm to 600 nm. Even though NIR probes like cy5.5
have their absorption and emission maxima at longer wavelengths, some amount of emitted

light would still be attenuated.**®
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Figure 3.11 In vivo biodistribution and
tumor accumulation of cy5.5-loaded
micelles. Ex vivo bioluminescence
imaging (top-most image) and NIR
imaging of (a) untreated, and cy5.5-
loaded (b) PEO-b-PCL, (c) P18-4(L)-
PEO-b-PCL, (d) PEO-b-PBCL, and (e)
P18-4(L)-PEO-b-PBCL micelles at 48
h and 72 h after intravenous
administration of cy5.5-loaded
micelles (n = 3). Images show
(clockwise from top left corner) liver,
kidneys, lungs, spleen, brain, tumor,
and heart. Each time-point represents

image of one mouse from a group of

three mice.
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Figure 3.12 In vivo biodistribution and tumor accumulation of cy5.5-loaded micelles. (A)
Average radiant efficiency of cy5.5 fluorescence in A) tumor, B) heart, C) kidney, D) liver,
E) lung, and F) spleen at 48 h and 72 h after intravenous administration of cy5.5-loaded
PEO-b-PCL, P18-4(L)-PEO-b-PCL, PEO-b-PBCL, and P18-4(L)-PEO-b-PBCL micelles (n
= 3). *Significant difference between core forming block i.e. PBCL and PCL (P < 0.05).
"Significant difference between plain and P18-4 modified micelles(P < 0.05, one-way

ANOVA, Tukey's post test).
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3.4 Discussion

The main objective of our study was to develop traceable polymeric micellar carriers
that can be used to image the biodistribution of micelles in live animals and by doing so,
assess the effect of different modifications in the structure of these nanocarriers on their
tumor accumulation. For this purpose, we have chemically conjugated a near infra-red probe
(NIR), i.e., cy5.5, to the end of PEO-H-PCL and PEO-H-PBCL micellar carriers and assessed
the effect of pendent group chemistry on the distribution of formed nano-carriers in an
orthotopic breast tumor model in vivo. We have then modified the surface of the two
nanocarrier with novel breast cancer targeting peptide ligands and assessed the effect of this
modification on micellar biodistribution. NIR dyes have absorption and emission spectra at
wavelengths of 700-1000 nm, and are better suitable for optical imaging since at this
wavelength most biological tissues exhibit low scattering and minimal absorption thus
enabling deeper tissue penetration and imaging.'”" ' In the case of block copolymer
micelles, these NIR probes can either be conjugated to the hydrophilic shell of the micellar

> or encapsulated'® or conjugated™ ' to the hydrophobic core.'® ' However,

system, '’
conjugating to the hydrophilic shell can change the interaction of the micellar system with
the proteins of the complement system thus leading to early removal by MPS. Physical
encapsulation of NIR probe into the hydrophobic core can also lead to release of the probe
from the micellar system. To the best of our knowledge this is the first report on the
development of NIR labelled PEO-b-PCL and PEO-b-PBCL through chemical conjugation

of NIR dye to the core of these nanocarrier and their tumor targeting ligand modified

counterparts.
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Our study was conducted on PEO-b-PCL and PEO-b-PBCL micelles with similar DP
of 114 for the PEO block and 8-11 for the PCL/PBCL block. We chose to use a similar DP of
the core-forming block in both polymers to eliminate the possibility of hydrophobic block
length contribution to our observations. The Cy5.5 labeled PEO-b-PCL and PEO-b-PBCL
polymers were then mixed with either plain or P18-4 modified PEO-b-PCL and PEO-b-
PBCL polymers, respectively to achieve NIR labeled micelles. Characterization studies of
the mixed micelles show a significantly higher size for PEO-H-PCL micelles when compared
to their PEO-b-PBCL counterparts as measured by DLS (Table 3.2). This might reflect the
presence of worm shaped micelles along with spherical micelles for PEO-b-PCL (Figure
3.2). Previous literature suggested the formation of worm-like micelles, to begin at PCL/PEO
molecular weight fractions higher than 2.5 in PEO-b-PCL micelles.**” Formation of spherical
micelles, on the other hand, has been documented at PCL/PEO molecular weight fractions as
low as 0.5. The PCL/PEO molecular weight fraction in our case however, was 0.25.%°7 %8
Morphology at such low PCL/PEO molecular weight fractions have not been reported
previously and further investigation needs to be carried out to find the reason for this change
in shape from spherical morphology. The conjugation of Cy.5.5 dye might have contributed
to this observation.

In line with previous findings we have seen a higher thermodynamic stability for
PEO-bh-PBCL micelles compared to PEO-b-PCL ones as evidenced by lower CMC of PEO-
b-PBCL micelles at similar degrees of polymerization for the hydrophobic block (Table 3.2).
The high thermodynamic stability of the polymeric micelles is an important factor
determining the stability of polymeric micelles in the biological system.’* **” Presence of

aromatic groups on the PCL block also led to an increase in the kinetic stability as measured
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by a decrease in the rate of dissociation of micelles when incubated with SDS (Figure 3.3).
This may be due to the n—n stacking of the benzyl carboxylate groups in PEO-h-PBCL
micelles leading to resistance towards dissociation.’”’

Surface modification with P18-4 peptide did not affect the thermodynamic stability of
micelles, it did however, decrease the kinetic stability of the micelles when incubated with
SDS. Coupling of peptide P18-4 to polymeric micelles facilitated their uptake in MDA-MB-
231 breast cancer cells. P18-4 is a stable derivative of the p160 peptide which is known to
have a high affinity for breast cancer cells compared to noncancerous cells. Although the
receptor for both these peptides is unknown, they can be internalized by cells thereby
delivering the nanocarriers inside the cancer cells.'”” *** Increasing the peptide density of
P18-4 significantly increased the cellular uptake of cy5.5-loaded micelles in MDA-MB-231
cells using flow cytometry and confocal microscopy (Figure 3.4, Figure 3.5, and Figure 3.7).
These results were similar to those seen previously for P18-4 modified liposomes and p160
modified micelles.” **° Presence of excess free P18-4 peptide significantly reduced the
uptake of PEO-b-PCL and PEO-b-PBCL micelles modified with 10 mol % P18-4 peptide
pointing to the involvement of receptor mediated endocytosis in the uptake of P18-4
decorated micelles via the receptor for the P18-4 peptide (Figure 3.6). Similar results were
seen previously for the P18-4 peptide in MDA-MB-435 cells.'”™ > However, at higher
peptide density of 20 mol %, presence of free P18-4 peptide did not affect the uptake of both
PEO-b-PCL and PEO-b-PBCL micelles. This may be due to the possibility of non-specific
cell uptake at higher peptide densities. Similar results were seen in MCF10A cell line where
P18-4 modification of 10 mol % exhibited a lower cellular association than in MDA-MB-231

cells however, P18-4 modification of 20 mol % resulted in significantly higher cellular
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uptake pointing to the possibility of non-specific cell uptake. These results were also seen
previously for high density P18-4 modified liposomes in MCF10A cells.'”

PEO-b-PCL micelles showed significantly higher uptake in MDA-MB-231 breast
cancer cells compared to PEO-b-PBCL. One possible reason for the higher uptake in case of
PEO-b-PCL micelles might be the presence of worm shape micelles in this population.351 As
the cy5.5 dye quenches once inside the micellar core, another possible reason for the higher
MFI for PEO-b-PCL micelles (Figure 3.4) can be due to their lower thermodynamic and
kinetic stability, which might have led to their dissociation inside the cell, thus de-quenching
the cy5.5 dye showing higher fluorescence when compared to PEO-b-PBCL micelles.
However, in our case, this does not look like a possible reason since we not only saw an
increase in the MFI for PEO-b-PCL micelles, but also an increase in the % cy5.5 positive
cells for PEO-b-PCL micelles when compared to PEO-b-PBCL micelles (Figure 3.5),
indicating that the PEO-H-PCL micelles, indeed show a higher uptake into the MDA-MB-
231 breast cancer cells.

In vivo biodistribution studies were carried out in an orthotopic breast tumor animal
model. Orthotopic tumor models are more representative of a primary tumor with respect to
tumor site and metastasis when compared to s.c. tumor models which are commonly used for
screening various anti-cancer drugs in mice.”>> The organ environment has been found to
influence the response of tumors to chemotherapy. A previous study has shown that the
response to doxorubicin can be highly varied depending on the site of the tumor with 80%
inhibition in growth at the s.c. site whereas only 40% inhibition in tumor growth at the

orthotopic site.>> Thus orthotopic models are necessary for a more accurate analysis of
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tumor growth and treatment. To follow the growth of the tumor and also track any possible
metastasis in major organs, MDA-MB-231 cells expressing firefly luciferase were used.

Both PEO-b-PCL and PEO-b-PBCL micelles showed fluorescence in liver, spleen,
and kidneys indicating their recognition by the organs of the MPS along with renal clearance
in kidney, respectively (Figure 3.12). Plain and P18-4 modified PEO-b-PCL micelles showed
higher accumulation in kidneys indicating faster renal clearance compared to their PEO-b-
PBCL counterparts. Since glomerular filtration, which is the first step in renal clearance is
highly size-selective and the PEO-b-PCL micelles had a size of 100 nm and above which is
higher than the threshold for renal clearance,”* it is most likely that the PEO-b-PCL micelles
dissociated in the serum leading to their faster clearance. This is possible due to their lower
thermodynamic and kinetic stability. PEO-b-PBCL micelles, on the other hand, showed
better stability both in vitro and in vivo which might be due to the rigidity of the core.”'
PEO-b-PBCL micelles showed significantly higher accumulation into the heart, liver, lungs,
and spleen, but lower accumulation into the kidneys, when compared to PEO-b-PCL micelles
(Figure 3.12), indicating that the higher accumulation into the other organs may not be due to
the higher uptake of PEO-b-PBCL micelles to these organs but rather due to the faster
clearance of PEO-H-PCL micelles through the kidneys.

P18-4 modification of micelles resulted in more rapid accumulation into the tumor
site. Owing to the small size of the PEO-b-PBCL micelles, plain micelles can quickly diffuse
out of the vasculature into the tumor tissue through the large endothelial gaps. However, due
to their small size, they are less likely to be retained at the tumor site since they can easily
diffuse out of the tumor tissue back into the vasculature.”® P18-4 modified micelles,
however, can interact with the P18-4 receptors over-expressed on the cancer cells thus being

146



retained in the tumor tissue leading to more rapid accumulation. Previous studies using RGD
modified nanocarriers showed more rapid accumulation in tumor sites compared to plain
nanocarriers. However, RGD is also over-expressed in the tumor endothelium and the rapid
accumulation for the RGD modified carriers may be due to the uptake of these targeted
nanocarriers in the tumor endothelium rather than by retention in the tumor cells.**®

P18-4 modification of micelles at low density did not alter the biodistribution into
other organs. Previous studies have shown that high densities of peptides on the nanocarrier
surface can lead to an abnormal uptake by the MPS organs like spleen and liver resulting in
faster clearance from the body.”” *** Since our results did not show any increased
accumulation in the spleen or kidney after P18-4 modification, this indicated that the density

used for modification was apt. In fact, P18-4 modified PEO-b-PBCL micelles showed lower

accumulation in the spleen.

3.5 Conclusion

In general, aromatic substitution of PEO-b-PCL improved the thermodynamic and
kinetic stability of the micelles, leading to a better accumulation of the nanocarrier in
primary breast tumors in an orthotopic mouse tumor model. Modification of polymeric
micelles with a novel breast tumor targeting peptide ligand, improved rapid homing of
nanocarriers in primary breast tumors in mice, irrespective of the core structure. The results
of this study demonstrated the tremendous potential of developed traceable nano-carriers,
particularly those based on PEO-h-PBCL and their P18-4 modified counterparts for targeted

therapy of breast cancer. The results also point to the potential of the NIR-labeling chemistry
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in studying the biodistribution of other PEO-b-poly(ester) based nanocarriers and as possible

contrast agents for diagnosis of breast tumors in the future.
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Application of Click Chemistry in the Preparation of Poly(ethylene oxide)-
block-poly(e-caprolactone) with Hydrolysable Crosslinks in the Micellar
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4.1 Introduction

Over the last few decades, block copolymers have emerged as an interesting class of
biomaterials due to their versatile applications in pharmaceutical science and drug delivery.
Of particular interest are amphiphilic block copolymers which self-assemble into polymeric
micelles with core-shell architectures above the critical micelle concentration (CMC).
Polymeric micelles are currently under investigation as nano-delivery systems for depot drug
release and targeted drug delivery.'®'® The use of polymeric micelles for the mentioned
applications, however, has been hampered by the poor in vivo stability of most micellar
structures upon administration to systemic circulation, which leads to micellar dissociation
and premature release of encapsulated drugs.

Considerable research has focused on increasing the stability of polymeric micelles
by preventing their dissociation in the extreme dilution conditions of the blood stream upon
intravenous administration. Some of the strategies currently under study for the stabilization
of polymeric micelles include chemical modification of the hydrophobic block,* % 3¢

322, 381 covalent attachment of

introduction of crystallanity or stereocomplex formation,
hydrophobic drug,*®**® formation of glassy core,’** and crosslinking of the micellar core or
shell. Crosslinked micelles can stay in the micellar form at concentrations below CMC of
their block copolymer; thus avoiding rapid drug release.”" **%" Crosslinks are preferred to
degrade in response to internal or external stimuli ensuring the release of incorporated drug
in the vicinity of cellular or molecular drug targets and at the same time result in the
biological elimination of the colloidal carrier after drug release.

One of the earliest examples of crosslinking of the micellar shell was reported by

Wooley and coworkers in 1996.'% Since then, this strategy has been investigated by many
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other groups.'®® 7% 3%%370 Core-crosslinking was first reported by Tuzar and coworkers in
19797 and 1982”7 in which poly(styrene/butadiene/styrene) micelles with cores consisting of
polybutadiene blocks were stabilized by UV radiation in the presence of a photo-initiator.

39
L,

Similar strategies involving crosslinking of the hydrophobic core by either thermal,” photo-

40, 72

induced polymerization, or conventional chemical reactions in the micellar core have

39, 40, 46, 72, 74, 75, 371, 372 . .
o 40, 46,72, 7%, 75, 371 372 More recently, a doxorubicin methacrylamide

been carried out.
derivative bearing a hydrolytically sensitive hydrazone linker was covalently incorporated
into the crosslinked core of polymeric micelles composed of mPEO-b-poly[N-(2-
hydroxypropyl)methacrylamide-lactate] ~ diblock  copolymers by  free  radical
polymerization.””> However most of these strategies included harsh conditions during the
procedures and have other disadvantages. For example, photo-crosslinkable materials are

3™ Besides, high temperatures during thermal

conventionally unstable when exposed to light.
polymerization can cause decomposition of the incorporated biomolecules.

Click chemistry has emerged as a highly efficient technique, providing attractive
possibilities for the synthesis of polymers with different architectures. It offers advantages
including ambient reaction conditions, quantitative yields, easily obtained starting materials,
and in particular high specificity which make the reaction doable for molecules bearing extra
functional groups avoiding the need for the protection/deprotection reactions.®' ™ In 2001,
Sharpless and coworkers™ introduced the concept of click chemistry reactions of which the
Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction between terminal alkynes and
azides is one of the most popular and commonly used click reaction.*®*’ In previous studies,

click chemistry has been used to prepare shell as well as core-crosslinked micelles.®! ¥ %177
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In this article, we report a unique strategy leading to the introduction of hydrolysable
crosslinks to the core of poly(ethylene oxide)-block-poly(e-caprolactone) (PEO-H-PCL)
micelles using click chemistry. Copolymers of PEO-b-PCL have been extensively explored
in drug delivery. In our research group both the core and shell block of PEO-H-PCL micelles
have been engineered to achieve depot or targeted drug and siRNA delivery.* 1! 121 139. 190,
191, 198, 201 301303 ‘Hore we report the successful synthesis and characterization of core-
crosslinked PEO-b-PCL micelles by click chemistry. Toward this, block copolymers of PEO-
b-PCL having pendent propargyl carboxylate groups on PCL block, i.e. PEO-b-PPCL were
synthesized via ring-opening polymerization of a-propargyl carboxylate e-caprolactone
(PCL) using PEO as the initiator. Consequently, the block copolymer self-associated into
micelles in aqueous solution. The micelle core was then crosslinked via reaction between the
azide group of tetraethylene glycol (bis)azide reagent and the alkyne group on the PPCL
block in the presence of copper catalysts at room temperature. The formation of crosslinked
micelles were confirmed and characterized by 'H NMR and IR spectroscopy, transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and dynamic light
scattering (DLS). The encapsulation and in vitro release of paclitaxel (PTX) in crosslinked
micelles was compared to these properties for micelles without crosslinks. The results from
this study points to the enhanced stability of crosslinked micelles in diluted conditions
without any negative impact on the encapsulation and in vitro release of PTX in the presence
of crosslinks.

To the best of our knowledge, this is the first paper that reports the use of click
chemistry to develop core-crosslinked polymeric micelles which contain biocompatible PEO

“crosslinks” that are attached to the poly(ester) core of polymeric micelles via “degradable”
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ester bonds. This is also the first report on the application of click chemistry to prepare core-

crosslinked micelles made up of highly used PEO-5-PCL diblock copolymers.

4.2 Experimental Section

4.2.1 Materials.

Methoxy-polyethylene oxide (PEO) (average molecular weight of 5000 g/mol),
diisopropylamine (99%), propargyl chloroformate, sodium (in kerosin), butyllithium (Bu-L1)
in hexane (2.5 M solution), tetraecthylene glycol ditosylate, and bovine serum albumin (BSA)
powder were purchased from Sigma (St. Louis, MO). Paclitaxel (purity > 99.5) was
purchased from LC Laboratories (Woburn, MA, USA). e-Caprolactone was purchased from
Lancaster Synthesis (UK). Stannous octoate was purchased from MP Biomedicals Inc.
(Germany). All other chemicals were reagent grade. Tetracthylene glycol (bis)azide was
synthesized from tetracthylene glycol ditosylate and sodium azide according to literature

procedures and confirmed by 'H NMR.*”

4.2.2 Synthesis of a-Propargyl Carboxylate-e-Caprolactone.

The method used for the synthesis of a-propargyl carboxylate-g-caprolactone is
shown in Scheme 1. Briefly, Bu-Li (24 mL) in hexane was slowly added to dry
diisopropylamine (8.4 mL) in 50 mL of dry THF in a three-neck round-bottomed flask at -30
°C under vigorous stirring with continuous argon supply. The solution was cooled to -78 °C.
e-Caprolactone (3.42 g) was dissolved in 10 mL of dry THF and added to the above

mentioned mixture slowly and the reaction was allowed to continue for 45 m. Propargyl
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chloroformate (3.55 g) was added and the temperature was allowed to rise to 0 °C. The
reaction was allowed to continue for 2 hours and was quenched with 5 mL of saturated
ammonium chloride solution. The reaction mixture was diluted with water and extracted with
ethyl acetate (110 mL). The combined extracts were dried over Na,SO,4 and evaporated. The
dark yellowish oily crude mixture was purified twice over a silica gel column, and the purity
of the compound was confirmed with thin-layer chromatography (TLC) using hexane:ethyl
acetate (2:1) as the mobile phase. The chemical structure was analyzed by 'H NMR, "*C

NMR, and IR.
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Scheme 4.1 Synthetic scheme for the preparation of core-crosslinked micelles.
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4.2.3 Synthesis of PEO-block-Poly(a-Propargyl Carboxylate-e-Caprolactone) (PEO-b-

PPCL).

Block copolymers of PEO-b-PPCL were synthesized by ring-opening polymerization
of a-propargyl carboxylate-g-caprolactone using PEO as initiator and stannous octoate as
catalyst (Scheme 1). Briefly, PEO (Myw: 5000 g/mol) (1.5 g), a-propargyl carboxylate-g-
caprolactone (1.5 g), and stannous octoate (0.002 equiv of monomer) were added to a 10 mL
previously flamed ampoule, nitrogen purged and sealed under vacuum. The polymerization
reaction was allowed to proceed for 4 h at 140 °C in oven. The reaction was terminated by
cooling the product to room temperature. The 'H NMR spectrum of a-propargyl carboxylate-
g-caprolactone bearing block copolymer in CDCl; at 300 MHz was used to assess the
conversion of a-propargyl carboxylate-g-caprolactone monomer to PPCL comparing the
intensity of -O-CH, (6 = 4.25 ppm) related peak for a-propargyl carboxylate-g-caprolactone
monomer to the intensity of the same protons for PPCL (6 = 4.05 ppm). The number-average
molecular weight of PEO-5-PPCL was determined from the '"H NMR spectrum comparing
peak intensity of PEO (-CH,CH,O-, 6 = 3.65 ppm) to that of PPCL (-C = CH, 0 = 2.55
ppm), considering a 5000 g/mol molecular weight for PEO. The IR spectrum was obtained
by dissolving the block copolymers in dichloromethane and preparing a thin film on NaCl
disk.

The polydispersity of prepared block copolymer was assessed by gel permeation
chromatography (GPC). Briefly, 20 uL of polymer solution (20 mg/mL in THF) was
manually injected into a 7.8 x 300 mm Styragel HMW 6E column (Waters Inc. Milford,
MA) which was attached to an HP 1100 pump. The column was eluted with 1 mL/min THF.
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The elution pattern was detected by refractive index (model 410; Waters Inc.) and dynamic
light scattering detectors (PD 2000 DLS; Precision Detectors, Franklin, MA) using

polystyrene standard of two molecular weights (M) (9580 and 13700 g/mol).

4.2.4 Micelle Formation and Core-Crosslinking.

First, micellization was achieved by solvent evaporation method. Briefly, the
synthesized block copolymer of PEO-b-PPCL (60 mg) was dissolved in acetone (1 mL). This
solution was added to 6 mL of doubly distilled water in a drop-wise manner under moderate
stirring at room temperature, followed by the evaporation of acetone under vacuum. The
prepared micellar solution was then centrifuged to remove any aggregates.

Micellar solution of block copolymers was crosslinked using the Huisgens 1,3-
dipolar cycloaddition (azide-alkyne Click chemistry) reaction.®® ¥’ Briefly, to the prepared
PEO-b-PPCL micelle solutions tetracthylene glycol (bis)azide (15.86 mg; 0.065 mmol) was
added under vigorous stirring, followed by the addition of sodium ascorbate (2.57 mg; 0.013
mmol) and copper sulphate (0.21 mg; 0.0013 mmol). The reaction mixture was stirred for 16
h and then purified by dialysis against water and freeze-dried. The resulted polymer was
subjected to 'H NMR and IR analysis. The schematic representation of the preparation

method for core-crosslinked micelles is shown in Scheme 1.

4.2.5 Characterization of Micelles.

The particle size and distribution of prepared micelles were estimated by DLS using

Malvern Zetasizer 3000 at a polymer concentration of 10 mg/mL in water at 25 °C.
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Morphology of the micelles was investigated by TEM. An aqueous droplet of micellar
solution (20 pL) with a polymer concentration of 1-2 mg/mL was placed on a copper-coated
grid. The grid was held horizontally for 20 s to allow the colloidal aggregates to settle. A
drop of 2% solution of phototungstic acid (PTA) in PBS (pH = 7) was then added to provide
the negative stain. After 1 min, the excess fluid was removed by filter paper. The samples
were then air-dried and loaded into a Hitachi H 700 transmission electron microscope.
Images were obtained at a magnification of 18000X at 75 kV.

A change in the fluorescence excitation spectra of the hydrophobic pyrene in the
presence of varied concentrations of PEO-b-PPCL was used to measure the critical micellar
concentration (CMC) of the prepared block copolymer according to a method described

- 376
previously.”’

The fluorescence spectra were recorded using a Varian Cary Eclipse
Fluorescence Spectrophotometer (Victoria, Australia). Emission wavelength and
excitation/emission slit were set at 390 and 5 nm, respectively. The intensity ratio of peaks at
338 nm to those at 333 nm was plotted against the logarithm of copolymer concentration.
The CMC was measured from a sharp rise in intensity ratios (/33s//333) at the onset of
micellization.

X-ray photoelectron spectroscopy (XPS) measurements were conducted on freeze-
dried sample of crosslinked micelles using an Axis-165 spectrometer (Kratos Analytical Inc,
USA) with a monochromatic Al Ko X-ray source at 1486.6 eV. The analyzer was operated
in constant resolution mode at a pass energy of 20 eV and charge referencing was

accomplished by setting the C 1s line of adventitious hydrocarbon on the specimen surface at

284.8 eV.
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4.2.6 Evaluation of Protein Adsorption on Micelles.

Measurement of the amount of protein adsorbed on the surface of the micelles was
carried out according to a method described previously.'* Briefly, non-crosslinked and
crosslinked micellar solutions (8 mg/mL) were mixed with equal volume of BSA solution
(45 g BSA/L in 0.01 M PBS) and incubated for 4 h at 37 °C. Micellar solutions with equal
volume of PBS were used as control and incubated for 4 h at 37 °C. After incubation,
solution samples of 20 uL were injected into a gel permeation chromatography (GPC)
system with a hydrogel column (Waters Inc., Milford, MA) at 25 °C. The elution pattern was
detected at 35 °C by light scattering detector (model 410, Waters Inc.). 0.01 M PBS (pH 7.4)
(1 mL/min) was used as eluent. Eluate containing the micellar fraction was collected and the
concentration of protein in the eluate was measured using the Bio-Rad Protein assay (Bio-

Rad, Hercules, CA).

4.2.7 Preparation of PTX loaded Micelles.

Encapsulation of PTX in non-crosslinked PEO-b-PPCL was accomplished as
reported before.''" *”” Briefly, the block copolymer and PTX were both dissolved in N-N-
dimethyl formamide (DMF) as the organic solvent. This solution was added to water in a
drop-wise manner followed by dialysis of the solution against water to remove DMF. For
PTX loading in crosslinked micelles, two different methods were used. In the first method
(method 1), PTX, PEO-b-PPCL and the crosslinking agent (tetracthylene glycol (bis)azide)
were all added to DMF and this solution was added to water containing sodium ascorbate

and CuSOy. In the second method (method II), PTX encapsulated micelles were prepared as
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described above. The crosslinking agent and other reagents were then added to micellar
aqueous solution. The applied drug to polymer weight ratio was 20 for all formulations. After
dialysis, the solution was centrifuged at 11,600 X g for 5 min to remove any precipitate, and
an aliquot (100 pL) of the micellar solution was diluted with acetonitrile. The solution was
analyzed for PTX content using HPLC. Reversed phase chromatography was carried out
using a Varian Prostar 210 HPLC system equipped with a Microsorb-MV 5 pm C18-100 A
column (4.6 mm x 250 mm), and Varian 335 Photodiode Array HPLC detector (Varian Inc.,
Australia). 20 pL of sample was injected in a gradient elution using 0.1% trifluoroacetic acid
aqueous solution and acetonitrile at a flow rate of 1.0 mL/min at room temperature. The
proportion of acetonitrile was 40% at time 0 and increased with elution time up to 100%
within 15 min."""*”® The detection was performed at 227 nm. The level of PTX loading (w/w

%) and encapsulation efficiency was calculated using the following equations:

amount of physically loaded PTX in mg

PTX loading (%) = - X 100 %
amount of copolymer in mg

) . amount of physically loaded PTX in mg
Encapsulation efficiency (%) = amount of PTX added in mg x 100%

4.2.8 Release of PTX from Polymeric Micelles.

Release of PTX from non-crosslinked and crosslinked micelles was determined in
0.01 M phosphate buffer (pH 7.4) containing 2M sodium salicylate at 37 oC 1379, 380 Tpe
experiment was initiated by the addition of free or micellar PTX solution to the buffer. The

PTX loaded non-crosslinked and crosslinked micelles were prepared at 20 pg/mL PTX
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concentration according to the previous mentioned method. Then, 10 mL (containing 200 pg
PTX) of the micellar solutions were transferred into a dialysis bag (Spectraphor, My cutoff
3500 g/mol). The dialysis bags were placed into 500 mL of 0.01 M phosphate buffer (pH
7.4). The release study was performed at 37 °C in a Julabo SW 22 shaking water bath
(Germany). At selected time intervals the whole release media was replaced with fresh one
and aliquots of 200 pL were withdrawn from the inside of the dialysis bag for HPLC
analysis. The amount of PTX released was calculated by subtracting the amount of PTX
remained in the dialysis bag from the initially added PTX. The release profiles were
compared using similarity factor, f,, and the profiles were considered significantly different if

£,<50.38
-0.5

n
1
f, = 50 x log 1+<Z)Z|R]-—Tj|2 x 100
j=1

Where n is the sampling number, R; and T; are the percent released of the reference and test

formulations at each time point ;.

4.3 Results and Discussion

4.3.1 Synthesis and Characterization of Block Copolymers.

Block copolymers of PEO-b-PPCL were developed by ring-opening polymerization
of oa-propargyl carboxylate-g-caprolactone monomer using PEO as initiator and stannous
octoate as catalyst.’” Our research group and others have previously reported on the
preparation of substituted lactone monomers such as a-benzyl carboxylate-e-caprolactone,*
384, 385

a-propargyl-8-valerolactone,*® o-allyl-8-valerolactone,*®® a-propargyl-g-caprolactone,
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% For this purpose, anionic activation of g-caprolactone

and a-iodo-g-caprolactone.
monomer was performed using freshly prepared non-nucleophilic strong base LDA to extract
a methylene proton from a-position (-CH,-C=0). The generated lithium carbanion was then
quenched with propargyl chloroformate to obtain oa-propargyl carboxylate-g-caprolactone
(Scheme 1).**” After column chromatography, a-propargyl carboxylate-g-caprolactone was
isolated as a slightly yellow thick oily liquid. The product produced a single spot at Ry value
of 0.37 in TLC. The yield of reaction was 49.2%. The structure was confirmed by combined
analysis of '"H NMR and IR. In 300 MHz 'H NMR spectroscopy in CDCL;, corresponding
proton peaks were observed at 6: 1.20-2.20 (m, 6H); &: 2.50 (s, 1H); 6: 3.75 (d, 1H); o: 4.15-
4.40 (m, 2H); o: 4.70-4.85 (q, 2H) (Figure 4.1A). The peak at 3.75 ppm for a-propargyl
carboxylate-g-caprolactone, which corresponds to a single proton instead of two protons of -
caprolactone monomer, indicates the successful substitution of the propargyl carboxylate on
g-caprolactone at the a-position. The presence of two negative peaks for carbonyl at 168.10
and 171.38 ppm and the generation of a new characteristic positive peak at 50.65 ppm in the
C NMR spectrum also confirm the chemical structure of the reaction product (Figure 4.2).
The presence of strong peak in the IR spectrum (Figure 4.1B) at 1725 cm™ corresponds to
the carbonyl groups in lactone and propargyl carboxylate. The presence of strong peak at

3270 cm™ and weak peak at 2120 cm™ corresponds to the alkyne group in the monomer.
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Figure 4.1 (A) 'H NMR spectrum of a-propargyl carboxylate-e-caprolactone (substituted
monomer) in CDCl; and peak assignments. (B) IR spectrum of a-propargyl carboxylate-¢-

caprolactone. Arrow indicates the presence of characteristic groups.
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Figure 4.2 “C NMR spectrum of a-propargyl carboxylate-e-caprolactone (substituted

monomer) in CDCl; and peak assignments.
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In 300 MHz 'H NMR spectroscopy conducted on PEO-H-PPCL in CDCL;
corresponding proton peaks for the product were observed at 6: 1.20-2.15 (m, 6H); &: 2.50 (s,
1H); & 3.30-3.45 (s, 3H; m, 1H); o 3.65 (s, 4H); 6. 4.05-4.25 (m, 2H); & 4.75 (s, 2H)
(Figure 4.3A). The presence of peaks at 2.50 and 4.75 ppm, which are due to the alkyne and
methylene protons of the propargyl carboxylate group, respectively, confirms the
polymerization of a-propargyl carboxylate-g-caprolactone and the presence of alkyne groups
in the structure of block copolymer. Furthermore, the characteristic downfield shift of the
methylene protons (-OCH,- of a-propargyl carboxylate-g-caprolactone) from 4.30 to 4.15
and O=C-CH- proton from 3.75 to 3.30 in the 'H NMR spectra (Figure 4.1A and 4.3A)
strongly indicates the ring-opening polymerization of the monomer and formation of block
copolymers. The characteristic terminal alkyne peak at 3270 cm™ and the -C=C- peak at
2120 cm™ in the IR spectrum of PEO-5-PPCL indicates the presence of terminal alkyne
group in the block copolymer (Figure 4.3B).

The molecular weight of prepared PEO-H-PPCL block copolymer, measured by
comparing the peak intensities of four methylene protons of PEO (&: 3.65) and one alkyne
proton of PPCL (& 2.50) in the 'H NMR spectrum, was calculated to be 8800 g/mol (equal
to a degree of a-propargyl carboxylate-e-caprolactone polymerization of 19 i.e. PEO4-b-
PPCL)9). The resulting block copolymer showed a broad polydispersity (My/M, = 1.50)

when measured by GPC analysis.
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Figure 4.3 (A) '"H NMR spectrum of PEO-b-PPCL in CDCl; and peak assignments. (B) IR

spectrum of PEO-b-PPCL.
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4.3.2 Micellization of Block Copolymers and Core-Crosslinking.

Synthesized block copolymers were assembled to polymeric micelles by a co-solvent

. - : 43, 308
evaporation method as described previously.™

In order to prevent the disassembly of
micelles in the high dilution conditions of the blood stream, the dissociation of the micellar
core must be prevented. This can be achieved by crosslinking the micelles at the core which
has proven to be an effective method in the past.”” ** 7> Crosslinking of the PPCL core was
carried out using bifunctional tetraecthylene glycol bis(azide) via copper-catalyzed azide-
alkyne cycloaddition (CuAAC) click chemistry reaction which has been previously used for
the preparation of block copolymers or polyesters with various functional groups.**® **

The presence of terminal alkyne group and azide group is necessary for the Cu(I)-
catalyzed Huisgen 1,3-dipolar cycloaddition reaction to take place. Cu(I) acts as a catalyst
for the reaction. Cu(l) is prepared in-situ by addition of Cu(Il) CuSOy4, and ascorbic acid,
which acts as a reducing agent, and reduces Cu(Il) to Cu(I).86 Preparation of crosslinked
micelles by this method has several major advantages to those previously reported: The
reaction is known to be carried out under ambient conditions and is highly specific. The
Cu(I), ascorbic acid, and unreacted azide can be removed by dialysis after completion of the
reaction. Finally, this method provides means for the introduction of crosslinks at desired
density through potentially degradable ester bonds to the poly(ester) core of micelles
ensuring ultimate removal of the micellar carrier from the biological system upon
degradation.

The size and morphology of the micelles were studied by DLS and TEM (Figure 4.4).

The average diameter for micelles was shown to decrease from 97.9 + 0.6 nm for non-
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crosslinked micelles to 82.6 + 0.3 nm for crosslinked micelles. The micellar population
showed a similar distribution in both cases (PI=0.43). The decrease in size can be a result of
the packing at the core due to covalent bond formations. The TEM picture for both micelles
shows the formation of true spherical-shaped colloidal particles having a clear boundary
(Figure 4.4A and 4.4B). The average diameter in the dry state based on TEM images was
shown to decrease from 19.5 nm for non-crosslinked micelles to 15.4 nm for crosslinked
micelles, which shows a similar trend to the DLS data. The difference in size measured by
these two methods (97.9 vs. 19.5 nm for non-crosslinked micelles and 82.6 vs. 15.4 nm for
crosslinked micelles) is attributed to the acquirement of the TEM images under a dry state as
opposed to DLS that measures particles in a hydrated state in aqueous solutions.'!¥% %!

To further verify the success of core-crosslinking, equal volume of acetone was
added to a 500 pg/mL micellar solution. DLS measurements were performed to compare the
stability of the crosslinked and non-crosslinked micelles (Figure 4.4C and 4.4D). The
crosslinked micelles did not dissolve in acetone thus confirming crosslinking of the core.*”?
The average size and polydispersity of the crosslinked micelles were slightly larger in
acetone which can be due to swelling of the core of the crosslinked micelles as a result of

46, 372 The non-crosslinked

being penetrated by solvent molecules in this case acetone.
micelles however, dissociated and did not give any reading on the DLS. Samples maintained
at 25 °C were analyzed by DLS after 21 days (data not shown). The crosslinked micelles still

maintained their nanostructure as opposed to the non-crosslinked micelles, but with slightly

larger size. This further verifies the stability of the core-crosslinked micelles.
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Figure 4.4 TEM picture of A) non-crosslinked micelles and B) crosslinked micelles
(magnification 18000X). Particle size distribution of C) non-crosslinked micelles and D)

crosslinked micelles by DLS in water and in acetone.

"H NMR spectroscopy was performed on the freeze-dried micelles in CDCl; (Figure
4.5). CDCL3 is a good solvent for the PEO-b-PPCL block copolymer. The signal for the
hydrophobic PCL block is clearly visible in the non-crosslinked micelles (1.20-2.00 ppm)
(Figure 4.5A). However, the signal has weakened considerably in case of the crosslinked
micelles (Figure 4.5B). Since the PCL segment is present in the interior of the micelle, the
covalent bond formed while crosslinking results in the rigidity of the hydrophobic core and

maintenance of micellar structure in organic solvents like CDCI;. Since the solvent is unable
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to penetrate the interior, the signal corresponding to the intensity of the PCL block at the

interior is weakened due to lack of mobility of core segments.””?

This confirms the stability
of crosslinked micelles over the non-crosslinked micelles.

The IR spectrum confirmed that click chemistry reaction has taken place (Figure 4.6).
The absence of peaks at 3270 cm™ and weak peak at 2120 cm™ corresponding to the alkyne
group in the PPCL core along with the appearance of sharp peak at 810 cm™ corresponding
to =C-H bending (characteristic of tri-substituted alkene) indicates the reaction of alkyne and
azide groups in the PPCL core and diazide crosslinker producing the triazole ring.

A) PEO
g-caprolactone

CDCl; proton peaks
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f ,
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Figure 4.5 'H NMR spectrum and peak assignments of (A) non-crosslinked micelles and (B)

crosslinked micelles in CDCls.
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Figure 4.6 IR spectrum of (A) crosslinked micelles and (B) non-crosslinked micelles.

The elemental analysis by XPS is showed in Table 4.1. The mass concentration of
Nitrogen in the sample calculated by XPS was found to be 3.65 %. Figure 4.7 shows a broad
N1s peak near 400 eV. By multipeak fitting, the peak can be separated into two peaks at
399.9 and 401.4 eV, which corresponds to the triazole ring. The absence of a peak at ~405

393395 This indicates the removal of

eV indicates the absence of azide group in the sample.
any excess azide from the crosslinked micelles. In addition, XPS revealed an extremely small
Cu2p peak denoting the presence of residual Cu”" ions, with a mass concentration of 0.20 %
in the crosslinked micelles. This indicates that Cu ion could not be completely removed from
the sample which may be due to the fact that the dialysis was not carried out in the presence

of 0.02M ethylenediaminetetraacetic acid disodium (EDTA).*”?
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Table 4.1 Elemental analysis by XPS giving atomic and mass concentrations (%) of the

following elements.

Peak Atomic Mass
Concentration Concentration

(%) (%)

Cls 69.87 63.20

Ols 25.66 30.93

N Is 3.46 3.65

Cu 2p 0.04 0.20

r 1100

~ 1000

- 900

- 800

Intensity (CPS)

- 700

+ 600
407 402 397 392

Binding Energy (eV)

Figure 4.7 XPS spectrum of nitrogen (N 1s) in core-crosslinked micellar sample. The dotted

line indicates the use of peak fitting software to identify two peaks within the N 1s spectrum.
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The CMC of PEO-b-PPCL block copolymer was determined by fluorescence
spectroscopy using pyrene as the fluorescent probe. Pyrene is a strong hydrophobic probe
with very low water solubility. Because of its hydrophobicity, it preferentially partitions into
the hydrophobic domain of the micellar core at concentrations above CMC, resulting in a
change in its photophysical properties. This property is used to measure the CMC of block
copolymers. A sharp rise in intensity ratio of peaks at 338 nm to those at 333 nm from the
excitation spectra of pyrene indicates the onset of micellization. Using this method, the
average CMC of PEO4-b-PPCL9 block copolymer was found to be 0.305 + 0.025 uM. This
value was found to be higher than that obtained for PEO;4-b-PBCL 9 (0.182 uM; previously
carried out in our laboratory).43 The increase in the CMC of PEO;4-b-PPCL ;9 compared to
PEO;14-b-PBCLy is attributed to the lower hydrophobicity of the core-forming block in
PEO-b-PPCL. With regards to crosslinked micelles, the concept of CMC is not applicable as
they have a covalently attached micellar structure and hence the CMC assessment for

crosslinked micelles was not carried out.

4.3.3 Protein Adsorption on Micelles.

Interaction with serum proteins is one of the factors that influence the fate of drug
delivery vehicles like liposomes,'> nanoparticles,”' and micelles'*® in the body. The amount
of protein adsorbed on the surface of the non-crosslinked and crosslinked micelles after
incubation in a BSA solution prepared at physiological concentration was assessed according
to a previously published method using gel permeation chromatography for the separation of

BSA adsorbed micelles from free BSA followed by Bio-Rad protein assay on the eluted
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sample containing BSA adsorbed micelles.'*® ' As shown in Figure 4.8A, crosslinked
micelles were found to elute from the column at 7-10 min. Non-crosslinked micelles were
found to have similar elution profile as crosslinked micelles (data not shown). The elution
time of BSA was found to be 10-12 min. After incubation for 4 h with BSA, the elution peak
for crosslinked and non-crosslinked micelles remained the same. The protein binding values
for crosslinked and non-crosslinked micelles were 12.6 + 0.7 and 19.1 £ 1.4 ng BSA/mg of
micelles (n = 3), respectively. Both crosslinked and non-crosslinked micelles showed
insignificant adsorption of BSA suggesting that the hydrophilic PEO block provides
sufficient coverage of the hydrophobic core of the micelles."*® Crosslinking of the micelles,
however, was shown to have caused a significant decrease (p < 0.05) in the adsorption of
proteins on the micellar surface. This can be due to the fact that the core of crosslinked
micelles is in a fixed and more compact state when compared to non-crosslinked micelles.
This may result in a higher density and extension of the PEO chains in the micellar shell
leading to a better steric effect by the hydrophilic shell in case of crosslinked micelles. Also,
the crosslinking block (tetrathylene glycol) is hydrophilic in nature which might be
decreasing the hydrophobicity of the core/shell interface region leading to less protein
adsorption. These results imply better in vivo stability of crosslinked micelles as compared to
non-crosslinked micelles in terms of preventing protein adsorption and further opsonization

in the biological system.
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Figure 4.8 A) Gel permeation chromotagram of a) BSA solution, b) crosslinked micelles,
and ¢) mixture of crosslinked micelles and BSA after incubation at 37 °C for 4 h; B) Protein

adsorption of crosslinked and non-crosslinked micelles (ug BSA/mg of micelles) (n = 3).

174



4.3.4 Preparation and Characterization of Polymeric Micelles Containing Physically

Encapsulated PTX.

A maximum PTX solubility of 20.99 pg/mL was achieved with non-crosslinked
PEO-b-PPCL micelles (Table 4.2). The PTX encapsulation for the PEO-b-PPCL micelles
was lower than that obtained by PEO-b-PCL micelles,''" which may be due to an increase in
the rigidity of the core with propargyl side chain in PEO-H-PPCL micelles and/or the

presence of shorter hydrophobic backbone in PEO-H-PPCL micelles studied here.

Table 4.2 Characteristics of PTX loaded copolymer micelles when DMF was used as the

solvent for micellization (n = 3)

Micelles  PTX loading content (%) = SD Encapsulation =~ Average Average PDI* PTX

PTX/polymer PTX/polymer efficiency(%)  diameter diameter released
(mol%) (Wt%) (nm) (nm) (PTX after 72 hrs
(empty) loaded) (%)°
Non- 9.37+0.13 0.92+0.01 18.34+025 57.1+£0.6 569+03 041 7517+443

crosslinked
Crosslinked  9.60 +0.12 0.94+0.01 18.80+0.23 57.5+0.5 564+04 038 72.20+2.01

*Polydispersity index of micellar size distribution.

" Release study was performed in phosphate buffer (pH 7.4) containing 2M sodium salicylate

For PTX loading in crosslinked micelles, better solubility was achieved when the
crosslinking agent was added in DMF containing polymer and drug (method I, PTX
solubility of 21.48 pg/mL) as opposed to the method in which crosslinking agent was added
to micellar solution of drug in water (method II, PTX solubility of 1.66 pg/mL). This may be
due to leaking out of the PTX from the micellar core during the crosslinking step after the

preparation of non-crosslinked micelles. Drug loading was expected to decrease in core-
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crosslinked micelles as a result of a reduction in the free-volume of the micellar core
however this was not the case for the crosslinked micelles prepared by method L.

The results of assessments on the in vitro release of PTX from non-crosslinked and
crosslinked micelles, and free PTX in phosphate buffer (pH 7.4, 0.01 M) containing 2M
sodium salicylate at 37 °C is illustrated in Figure 4.9. The maximum concentration of PTX in
the medium was 0.4 pg/mL, while the solubility of PTX in 2M sodium salicylate medium

3% thus sink conditions were respected in the release study condition. Free

was 333.1 pg/mL,
PTX was released from the dialysis bag at a rapid rate, which means that the transfer of PTX
through dialysis membrane to buffer solution is not a restricting factor and the release of
PTX from the micellar formulation is the rate limiting step in the process. Both non-
crosslinked and crosslinked micelles showed much slower release profiles when compared to
free PTX. Owing to a decrease in free volume in the micellar core as a result of crosslinking,
we expected to see a slower release of PTX from the core-crosslinked micelles. In reality;
however, the release profile of PTX at concentrations above the CMC of polymers was
similar for both structures. Similar release profiles of PTX between non-crosslinked and
crosslinked micelles were also seen in studies carried out previously by Kissel and group.*®
This could be due to the fact that although the core is stabilized by core-crosslinking, the
drug is easily diffusible from the micellar structure. The observation may also imply the
localization of PTX in core/shell interface rather than the micellar core in micellar structure.
Further investigations are needed to define the possible reason behind this observation. Even
without a difference in release, the stabilization of micelles by crosslinking is expected to
lead to lower rate and extent of drug release in vivo because dissociation of micellar structure

is now prevented by crosslinking. This hypothesis is under further investigation in our

176



research group through in vivo studies comparing the pharmacokinetics of PTX formulated

using crosslinked and non-crosslinked micelles.
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Figure 4.9 In vitro release profile of physically encapsulated PTX from different micellar
formulations in phosphate buffer (pH 7.4) containing 2M sodium salicylate at 37 °C. Each

point represents mean + SD (n = 3).

4.4 Conclusion

Diblock copolymers of poly(ethylene oxide) and terminal alkyne bearing a-propargyl
carboxylate-g-caprolactone were successfully synthesized via ring-opening polymerization.
The process of self-association of block copolymer to micelles was followed by crosslinking

of the core using bifunctional tetraethylene glycol bis(azide) via the Cu(I)-catalyzed 1,3-

Huisgen cycloaddition click reaction. The crosslinked micelles were characterized by 'H
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NMR and IR spectroscopy, XPS, DLS, and TEM which confirmed the formation of stable
crosslinked micelles by the mentioned procedures. Protein adsorption study revealed low
adsorption of BSA on crosslinked micelles implying better in vivo stability of these
structures against opsonization. The crosslinking did not influence the size distribution,
loading and in vitro release of PTX from the micelles significantly. Overall, the results points
to the suitability of prepared core-crosslinked polymeric micelles for use as more stable

nano-delivery vehicles.
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Chapter Five
Self-associating Poly(ethylene oxide)-block-poly(e-caprolactone (PEO-b-
PCL) Drug Conjugates for the Delivery of STAT3 Inhibitor JSI-124:

Application in Cancer Immunotherapy
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5.1 Introduction

Signal transducer and activator of transcription 3 (STAT3) is a transcription factor
responsible for relaying biological information from the cell surface into the nucleus, for
activation of gene expression in many different cells.””® Constitutive activation of STAT3 is
found to play a major role in the progression of various cancers, including melanoma, by
modulating expression of genes involved in cell proliferation, survival, angiogenesis, and
metastasis. Activation of STAT3 also induces the release of various immunosuppressive
tumor-derived factors in the tumor microenvironment such as IL-10 and VEGF.?*" "%
Recent evidence suggests these factors activate STAT3 in various immune cells including
dendritic cells (DCs) in the tumor microenvironment. In DCs, activated STAT3 has been
linked to abnormal differentiation and inhibition of maturation/activation in response to
various stimuli, thus suppressing their ability to create an effective anti-tumor immune
response.”'" 22"+ 32 Multiple lines of evidence suggest that inhibition of STAT3 activation in
tumor cells and DCs can result in tumor regression directly and can modulate bystander anti-
cancer immune responses, 225 225 229. 231,255, 256,400, 401

JSI-124 has been the subject of several studies as a potent inhibitor of the
JAK/STATS3 pathway both in tumor cells as well as immunosuppressed DCs. % 231: 249 235258
JSI-124 is shown to have direct anti-cancer activity on tumor cells that over-express
activated STAT3.2*% 26492 [t can also activate the anti-tumor immune response by inhibiting
the tumor-induced activated STAT3 in DCs, in vitro 226228 231,257
Despite high potency of JSI-124 in inhibition of STAT3 activation in both, tumor

cells and immune suppressed DCs, its use in pre-clinical and clinical models has been limited

because of the poor water solubility of JSI-124, as well as its non-specificity for tumor cells
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and/or tumor microenvironment. In this context, development of formulations that can
effectively solubilize JSI-124, avoid its distribution to normal cells where STAT3 expression
is vital, and direct it towards tumor and its microenvironment is of great interest.

Our research group has previously reported on the development of polymeric micellar
formulations of JSI-124 that were successful in increasing its water solubility while
maintaining its cytotoxicity towards B16 melanoma cells. The developed polymeric micellar
formulations, however, were unable to significantly sustain the release of JSI-124 in vitro

under sink condition.?®" 3!

For tumor targeted drug delivery following intravenous
administration of the nanocarrier, the delivery system is required to keep the encapsulated
drug inside under sink conditions mimicking that of plasma. In the current study, we report
on the successful conjugation of JSI-124 to pendent COOH groups of self-associating
poly(ethylene oxide)-block-poly(a—carboxylate-g-caprolactone) (PEO-b-PCCL) in order to

achieve a nano-carrier for solubilisation and passive targeting of JSI-124 to tumor cells and

tumor associated DCs following intravenous administration.

5.2 Experimental Section

5.2.1 Materials

Methoxy-poly(ethylene oxide) (PEO) (average molecular weight of 5000 g/mol),
palladium on charcoal, oxalyl chloride, lipopolysaccharide (LPS) and bovine serum albumin
(BSA) powder were purchased from Sigma (St. Louis, MO). a-Benzyl carboxylate-¢-
caprolactone monomer was synthesized by Alberta Research Chemicals Inc (Edmonton, AB)

according to a previously published procedure.”’ Stannous octoate was purchased from MP
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Biomedicals Inc. (Santa Ana, CA). Cell culture media RPMI 1640, fetal bovine serum (FBS),
and penicillin-streptomycin-L-glutamine were purchased from GIBCO, Life Technologies
Inc. (Carlsbad, CA). Murine interleukin-12 (IL-12) p70, IL-2, IL-6, transforming growth
factor-B1 (TGF-B1), interferon-y (IFN-y) ELISA (enzyme-linked immunosorbent assay)
Ready-SET-Go® kits, Fluorescein isothiocyanate (FITC) conjugated anti-mouse CD-86 (B7-
2) (GL7) mAb, Phycoerythrin-Cy5 (PE-Cy5) conjugated anti-mouse CD40 mAb, and
purified anti-mouse CD16/CD32 (Fcy-1II/II receptor) were purchased from e-Biosciences
(San Diego, CA). JSI-124 was purchased from ABCR GmbH and Co. KG (Karlsruhe,
Germany). Recombinant murine granulocyte-macrophage colony-stimulating factor (GM-
CSF) was purchased from Peprotech (Rocky Hill, NJ). Anti-p-STAT3 antibody and its
respective isotype control were purchased from Santa Cruz Biotechnology (Dallas, TX).
CpG (ODN#1826) was obtained from InvivoGen (San Diego, CA). All other chemicals were

reagent grade.

5.2.2 Mice

C57Bl/6 mice and BALB/c mice were purchased from Charles River Laboratories
(Wilmington, MA). All experiments were performed using 6 - 12 week old female mice. All
experiments were performed in accordance with the University of Alberta guidelines for the

care and use of laboratory animals.
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5.2.3 Cell line

The murine melanoma cancer cell line B16.F10 of C57BL/6 origin was obtained
from American Type Culture Collection (ATCC) (Manassas, VA). The B16 cells were

grown in RPMI-1640 supplemented with 10% FBS, 2 mM L-glutamine and 100 IU/mL

penicillin/streptomycin at 37 °C in 5% CO, atmosphere.

5.2.4 Synthesis of PEO-b-poly(a-JSI-124-carboxylate-g-caprolactone) (PEO-b-P(CL-

JSI-124))

The polymer-JSI-124 conjugate was prepared in three steps. First, block copolymers
of PEO-b-poly(a-benzyl carboxylate-g-caprolactone) (PEO-b6-PBCL) were synthesized by
ring-opening polymerization of a-benzyl carboxylate-e-caprolactone using methoxy-PEO as
initiator and stannous octoate as catalyst according to published procedures.’*® ** Briefly,
methoxy PEO (MW: 5000 g/mol) (1 g), a-benzyl carboxylate-e-caprolactone (1 g), and
stannous octoate (0.002 equiv of monomer) were added to a 10 mL previously flamed
ampoule and sealed under vacuum. The polymerization reaction was allowed to proceed for
4h at 140 °C in oven. The reaction was terminated by cooling the product to room
temperature.

In the second step, block copolymers of PEO-b-poly(a-carboxyl-e-caprolactone)
(PEO-b-PCCL) were synthesized by catalytic debenzylation of PEO-b-PBCL in the presence
of H, to obtain PEO-b-PCCL according to a method described previously with slight
modifications.* Briefly, a solution of PEO-5-PBCL (1g in 50 mL dry THF) was placed into

a cylindrical flask. Palladium on charcoal (300 mg) was dispersed in the solution. The
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mixture was stirred vigorously with a magnetic stirrer under the continuous supply of
hydrogen gas for 12 h at room temperature. The reaction mixture was centrifuged at 11,600 x
g to remove the catalyst. The supernatant was collected, condensed under reduced pressure
and precipitated in hexane and washed with diethyl ether. The final product was dried under
vacuum for further use.

For the conjugation of JSI-124 to PEO-b-PCCL, block copolymer containing pendent
COOH groups on the PCCL backbone, PEO-6-PCCL (100 mg, 0.2 mmol of COOH) was
dissolved in 10 mL of dry dichloromethane in a 25 mL round-bottom flask fixed with a
drierite stopper. The flask was cooled using dry ice, oxalyl chloride (30 mg, 0.2 mmol) was
added with constant stirring to the reaction mixture and allowed to dissolve. Then two drops
of dimethyl formamide were added after which the color of the reaction mixture turned
yellow. The progress of the reaction was checked by the removal of HCI gas during the
reaction using a pH paper. After the reaction mixture was stirred for 24 hrs, dichloromethane
was removed under vacuum and the resulting crude polymer was washed twice with dry
hexane to remove excess oxalyl chloride. The crude polymer was then re-dissolved in dry
dichloromethane and excess triethylamine (0.1 mL) was added. The flask was cooled in dry
ice and a solution of JSI-124 (10 mg, 0.02 mmol) in dry dicholoromethane was added with
constant stirring and the reaction was stirred overnight. Evaporation of the reaction mixture
gave a residue that was dissolved in toluene and centrifuged at 11,600 x g to remove other
by-products. The supernatant was then precipitated in hexane and washed with ether to
remove any unreacted JSI-124. PEO-b-P(CL-JSI-124) was then dried in vacuum to a bright
yellow solid for further use. TLC analysis of the conjugate compared to free drug using ethyl
acetate as the mobile phase and vanillin/phosphoric acid as a JSI-124 indicator confirmed the
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conjugation of JSI-124 to PEO-b-PCCL and the absence of free JSI-124 in the purified
product.””*® To further confirm the absence of free JSI-124 in the drug-polymer conjugate,
PEO-b-P(CL-JSI-124) was dissolved in 1:4 methanol:chloroform and analyzed by liquid
chromatography/mass spectrometry (LC-MS) for the presence of free JSI-124. A Waters
Micromass ZQ 4000 spectrometer, coupled to a Waters 2795 separations module with an
autosampler (Milford, MA) was used for LC-MS analysis. No peak corresponding to the
molecular ion of JSI-124 was observed in the SIR chromatogram of PEO-b-P(CL-JSI-124),
indicating the absence of free drug in the conjugate. PEO-b-P(CL-JSI-124) was further
characterized by 'H NMR using deuterated chloroform (CDCl;) as the solvent and

tetramethylsilane as an internal reference.

5.2.5 Characterization of PEO-b-P(CL-JSI-124)

The JSI-124 content in the conjugate was calculated by gradient reversed phase
HPLC method described previously.*** A p Bondapak (Waters Corp., United States) C18
analytical column (10 um 3.9x300 mm) was used. Gradient elution was performed at a flow
rate of 1 mL/min using a Varian Prostar 210 HPLC System. Detection was performed at
230 nm using a Varian 335 detector (Varian Inc., Australia). The mobile phase consisted of
acetonitrile (solution A) and water (solution B). The mobile phase was programmed as
follows: (1) 0 - 35 min linear gradient from 20% A to 40% A (2) 35 - 40 min linear gradient
from 40% A to 20% A (3) hold for 5 min at 20% A. The column temperature was 25 °C and
the injection volume was 20 pL. The concentration of unreacted JSI-124 was calculated

based on a calibration curve for the peak height of known concentrations of JSI-124 in
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acetonitrile. The amount of conjugated JSI-124 was calculated by subtracting the amount of
unreacted JSI-124 from the initial JSI-124 added to the reaction, and was expressed as
percentage by weight of the polymer. Conjugation reaction with JSI-124 in the absence of
PEO-b-PCCL was used as the control. Conjugation of JSI-124 was also measured by 'H
NMR spectrum by comparing the peak intensity of JSI-124 (-CH=, 6 = 5.5-7.1 ppm) to that

of PEO (-CH,CH,0-, = 3.65 ppm).

5.2.6 Self Assembly of PEO-b-P(CL-JSI-124) and characterization of assembled

structures

Self-assembly of PEO-b-P(CL-JSI-124) was accomplished by solvent evaporation
method. The block copolymer (3 mg) was dissolved in acetone (0.5 mL). This solution was
added to doubly distilled water (3 mL) in a drop-wise manner under moderate stirring at
room temperature, followed by the evaporation of acetone under vacuum. The prepared
micellar solution was then centrifuged at 11,600 % g for 5 min to remove any precipitate.

The Z-average particle diameter and size distribution of prepared micelles were
estimated by dynamic light scattering (DLS) using a commercial Zetasizer Nano-ZS
(Malvern Instruments, Worcestershire, UK). All DLS measurements were made at 25.0 + 0.1
°C with a 173° scattering angle. The samples were prepared in deionized water at a
concentration of 1 mg/mL of polymer and centrifuged prior to analysis.

The CMC of polymeric micelles was determined using light scattering according to a
previously published procedure.'?’ Briefly, micellar solutions of PEO-b-P(CL-JSI-124) and

PEO-b-PCCL, having concentrations ranging from 800-0.20 ng/mL were prepared in a black
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opaque 96-well plate. Light scattering was measured by a fluorescence spectrophotometer
using a SpectraMax M4 microplate reader (Molecular Devices, Sunnyvale, CA), with
excitation and emission wavelengths set at 450 nm. The average intensity of scattered light
from three measurements was plotted against the logarithm of copolymer concentration. The
CMC was measured from a sharp rise in intensity of scattered light at the onset of
micellization.

To measure the stability of the JSI-124 conjugation, PEO-b-P(CL-JSI-124) or free
JSI-124 were dissolved in ethanol and then suspended in a formic acid solution at pH=2.0 at
a concentration of 0.5 mg/mL (such that final concentration of ethanol was 20% in the
solution). The mixture was incubated in water bath at 37 °C for 24 h. After incubation the
solution was centrifuged, but no precipitation was observed. The level of free JSI-124 in the

supernatant was measured by LC-MS method as described previously.**®

5.2.7 Release of JSI-124 from PEO-b-P(CL-JSI-124)

To assess the release profile of JSI-124 from the block copolymer conjugate, PEO-b-
P(CL-JSI-124) was dissolved in ethanol, and then suspended in deionized water at a
concentration of 0.5 mg/mL (such that final concentration of ethanol is 20% in the solution).
The solution was then aliquoted into 8 samples of 1 mL in microcentrifuge tubes. The
samples were incubated in a Julabo SW 22 shaking water bath (Seelbach, Germany) at 37
°C. At predetermined time intervals, the supernatant of one sample was collected by
centrifugation (11,600 x g for 10 min) and analyzed for the level of released JSI-124 by LC-

MS.
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Release of free JSI-124 or JSI-124 physically encapsulated into PEO-b-PCCL micelles was
assessed in deionized water at 37 °C according to a previous method with slight
modification.’'® Free or micellar JSI-124 (5 mL solution containing 1 mg JSI-124) was
prepared and transferred to a dialysis bag (MWCO - 3.5 kDa). The dialysis bag was placed in
500 mL of deionized water and release study was performed in a shaking water bath at 37
°C. At selected time intervals, the release media was replaced, and aliquots of 200 uL were
withdrawn from the inside of the dialysis bag and analyzed by LC-MS. The release profiles
were compared using similarity factor, f>, and the profiles were considered significantly

different if f, < 50.%*'

-0.5

n
1
f, = 50 x log 1+<5)Z|R]-—Tj|2 x 100
j=1

Where 7 is the sampling number, R; and T; are the percent released of the reference

and test formulations at each time point ;.

5.2.8 Generation of bone marrow derived dendritic cells (BMDCs)

DC primary cultures were generated from murine bone marrow precursors from
femurs of C57Bl/6 mice in complete media in the presence of GM-CSF as described
previously with minor modifications.”* Briefly, femurs were removed and purified from
surrounding tissue. Both ends of the intact bone were cut with scissors and the bone marrow
was flushed with sterile PBS using an insulin syringe. Leukocytes were triturated and filtered
through a nylon screen (40 um cell strainer) to obtain a single cell suspension. Bone marrow

leukocytes were washed and 2 x 10° cells were seeded in 100 mm non-treated cell culture
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dishes with 10 mL DC complete medium (RPMI-1640 with penicillin-streptomycin-L-
glutamine, 10 % heat-inactivated FBS supplemented with 20 ng/mL of GM-CSF). At day 3,
another 10 mL complete medium was added to the plates. At day 6, 10 mL of culture media
was replaced with 10 mL fresh complete medium. At day 7, the cells were ready for use. The
purity of the DC population on day 7 was found to be between 70 and 75% based on flow
cytometric analysis of the expression of CD11c on the semi-adherent and non-adherent cell

populations.

5.2.9 Cell viability studies

The cytotoxicity of free JSI-124 and PEO-b-P(CL-JSI-124) micelles against murine
B16.F10 cancer cells and BMDCs was monitored using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide (MTT) assay.*"®

B16 cells were seeded at a density of 5000
cells/well in a 96-well plate and grown in RPMI-1640 supplemented with 10% FBS, 2 mM
L-glutamine and 100 IU/mL penicillin/streptomycin at 37 °C in 5% CO, atmosphere. After
24 h incubation, the cells were treated with different concentrations of free JSI-124 or PEO-
b-P(CL-JSI-124) micelles and incubated for 24 and 48 h. Untreated cells were used as
control. After incubation, 20 puLL MTT solution (5 mg/mL sterile-filtered solution in PBS)
was added to each well and the plates were re-incubated for 4 h. The residual MTT solution
was removed from the wells, and the formazan crystals were dissolved in 150 pL DMSO and
cell viability was determined by measuring the optical absorbance at 570 nm using a Power

Wave X 340 microplate reader (Bio-Tek Instruments, Inc., USA). The mean and the standard

deviation of cell viability for each treatment was determined by converting to the percentage
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of viable cells relative to the control. The ICsy was calculated from the plot of the % of viable
cells vs. log JSI-124 concentration.

In case of BMDC:s, cells were seeded on day 6 (Section 5.2.8) at a density of 8000
cells/well in a 96-well plate. After 24 h incubation, the cells were treated with different
concentrations of free JSI-124 or PEO-b-P(CL-JSI-124) micelles and incubated for 24 h.
Untreated cells were used as control. After incubation, 20 uL MTT solution (5 mg/mL
sterile-filtered solution in PBS) was added to each well and the plates were re-incubated for 4
h. The plates were then centrifuged at 600 x g for 5 min and the residual MTT solution was
removed from the wells. The formazan crystals were dissolved in 150 pnLL. DMSO and cell
viability and ICsy, were determined according to the method above. The selectivity index (SI)

was defined as the ratio of the measured ICsg in BMDCs to the ICsy in B16.F10 cells.

5.2.10 Cell cycle analysis

Cell cycle of B16 cells treated with JSI-124 was analyzed by flow cytometry using
propidium iodide according to the manufacturer's instructions. Briefly, B16 cells were seeded
at a density of 3 x 10° cells/well in a 6-well plate and grown in RPMI-1640 supplemented
with 10% FBS, 2 mM L-glutamine and 100 IU/mL penicillin/streptomycin at 37 °C in 5%
CO; atmosphere. After 24-48 h incubation (60% confluency), the cells were treated with
different concentrations of free JSI-124 or PEO-b-P(CL-JSI-124) micelles (5-20 uM) and
incubated for 24 or 48 h. Untreated cells were used as control. After incubation, the cells
were trypsanized, washed with PBS, and then fixed with ice-cold 70% ethanol for 30 min at

4 °C. After two washes with PBS, cells were stained with propidium iodide
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(FxCycle™PI/RNase Staining Solution, Molecular Probes) for 30 min in the dark. DNA
content was acquired on a BD FACSCalibur flow cytometer (BD Biosciences, Franklin

Lakes, NJ) and analyzed using BD Cell-Quest software.

5.2.11 Generation of tumor-induced immunosuppressed DCs

Tumor-induced immunosuppressed DCs were generated according to a method
described previously with some modifications.”>’ Bone marrow leukocytes were obtained
from C57BL/6 mice according to the method described in section 5.2.8 above. 2 x 10° cells
were seeded in 100 mm non-treated cell culture dishes with 10 mL of a 1:1 mixture of DC
complete medium (RPMI-1640 with penicillin-streptomycin-L-glutamine, 10 % heat-
inactivated FBS supplemented with 20 ng/mL of GM-CSF), and conditioned media from
B16 cells. At day 3, another 10 mL of the mixture was added to the plates. At day 6, 10 mL
of culture media was replaced with 10 mL fresh 1:1 mixture of DC complete medium and
conditioned media. At day 7, the cells were ready for use. To make B16 conditioned media,
B16 cells were grown in 75 cm® culture flasks containing RPMI-1640 supplemented with
10% FBS, 2 mM L-glutamine and 100 IU/mL penicillin/streptomycin at 37 °C in 5% CO,
for 48 h. The supernatants were then collected, filtered, supplemented with 20 ng/mL of GM-

CSF and used in the experiments.

5.2.12 Analysis of p-STAT3 level by flow cytometry

Intracellular staining of p-STAT3 (phosphorylated STAT3) of B16 cells or DCs was
done using PE labeled-anti-pSTAT3 antibody or isotype control according to a previous
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method with modifications.”>’ Briefly, B16 cells were seeded at a density of 3 x 10
cells/well in a 6-well plate and grown in RPMI-1640 supplemented with 10% FBS, 2 mM L-
glutamine and 100 IU/mL penicillin/streptomycin at 37 °C in 5% CO, atmosphere. After 24-
48 h incubation (60% confluency), the cells were treated with different concentrations of free
JSI-124 or PEO-b-P(CL-JSI-124) micelles (1-20 uM) and incubated for 24 or 48 h.
Untreated cells and empty PEO-b-PCCL micelles were used as control. After incubation, the
cells were trypsanized, washed with PBS, and then fixed with paraformaldehyde (4%
paraformaldehyde solution in PBS) at 37 °C for 15 min. After two washes, the cells were
permeabilized using ice-cold 90% methanol and incubated for 30 min at -20° C. Intracellular
staining was then performed according to the manufacturer's instructions. Cells were washed
twice and then blocked for 10 min with incubation buffer (0.5% w/v bovine serum albumin
(BSA) in PBS) followed by staining with PE labeled-anti-pSTAT3 antibody or isotype
control (2 pg/10° cells) for 60 min at room temperature. Cells were washed twice with
incubation buffer and examined on a BD FACSCalibur flow cytometer. Ten thousand cells
were counted with logarithmic settings. Results were analyzed using FCS Express software
(De Novo Software, Los Angeles, CA).

In the case of BMDCs, tumor-induced immunosuppressed DCs were prepared
according to the method described in section 5.2.11 above. On day 6, the cells were
transferred to 6-well plates at a density of 3 x 10° cells/well and grown in 1:1 mixture of DC
complete medium and conditioned media. BMDCs grown in DC complete medium without
conditioned media was used as control. On day 7, cells were treated with different
concentrations of free JSI-124 or PEO-H-P(CL-JSI-124) micelles (0.5-2 uM) and incubated
for 24 or 48 h. Untreated cells were used as control. After incubation, the non-adherent and
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semi-adherent cells were collected, and then analyzed for p-STAT3 level according to the

procedure described above.

5.2.13 Assessment of the functional characteristics of DCs by flow cytometry and

ELISA

Tumor-induced immunosuppressed DCs were obtained according to the method
described in section 5.2.11 above and treated with free JSI-124 or PEO-b-P(CL-JSI-124)
(200 nM) on day 6 of their culture. After 12 hrs incubation (on day 7), cells were treated with
100 ng/mL of lipopolysaccharide (LPS) or PBS. BMDCs grown in DC complete medium
without conditioned media and treated on day 7 with 100 ng/mL of lipopolysaccharide (LPS)
or PBS were used as control. After 24 h treatment, cells were harvested and the supernatant
was collected and stored in -20 °C until further use. The cells were then washed twice with
sterile PBS. Cell suspensions consisting of 5 x 10° cells/100 pL were prepared in FACS
buffer (PBS containing 2% FBS) and incubated with anti-mouse CD16/CD32 mAb to block
Fcy receptors for 15 min before incubating with anti-CD86 with FITC-conjugated secondary
antibody, or anti-CD40 with PE-Cy5-conjugated secondary antibody for 30 min. The cells
were then washed twice with FACS buffer. The samples were acquired on a BD
FACSCalibur flow cytometer and the data was analyzed with FCS Express software.

The previously collected supernatants were analyzed for the level of IL-12, IL-6, and
TGF-B1 by ELISA using the commercially available ELISA kits in a 96-well microplate
according to the manufacturer's instructions. The samples were analyzed using a microplate

reader Powerwave with KC Junior Software (BioTek, Winooski, VT) at OD of 450 nm. The
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minimum detection level of the cytokines were: IL-12, 15 pg/mL; IL-6, 4 pg/mL; and TGF-

B1, 8 pg/mL.

5.2.14 Assessment of the functional characteristics of DCs by MLR

Tumor-induced immunosuppressed DCs were obtained according to the method
described in section 5.2.11 above and treated with free JSI-124 or PEO-b-P(CL-JSI-124)
(500-1000 nM) on day 6 of their culture. After 12 hrs incubation (on day 7), cells were
treated with 250 ng/mL of CpG ODN or PBS. BMDCs grown in DC complete medium
without conditioned media and treated on day 7 with 250 ng/mL of CpG ODN or PBS were
used as control. After 24 h treatment, cells were harvested, washed, and irradiated (2000
rads). CD4+ T-cells were isolated from the spleen of Balb/c mice using the EasySep mouse
CD4+ T-cell enrichment kit (Stem Cell Technologies, Vancouver, BC). The irradiated DCs
were co-cultured with CD4+ T-cells (1:5, 1:10, and 1:20 ratio) for 72 h in a 96-well plate.
The plate was then centrifuged at 1000 x g for 5 min and the supernatant was analyzed for
IL-2, and IFN-y by ELISA using the commercially available ELISA kits according to the
manufacturer's instructions. The samples were analyzed using a microplate reader
Powerwave with KC Junior Software (BioTek, Winooski, VT) at OD of 450 nm. The

minimum detection level of the cytokines were: IL-2, 2 pg/mL; and IFN-y, 15 pg/mL.
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5.3 Results

5.3.1 Synthesis and characterization of PEO-b-P(CL-JSI-124) block copolymer

The conversion of a-benzyl carboxylate-g-caprolactone monomer to its respective
copolymer, i.e., PEO-b-PBCL, and its catalytic hydrogenolysis to PEO-6-PCCL was
confirmed by '"H NMR as reported before (Figure 5.1B).***® The degree of polymerization
(DP) of the PCCL block was found to be 20 by 'H NMR, i.e. PEO;14-b-PCCL,g. JSI-124 was
conjugated to PEO-H-PCCL by forming an ester bond between the hydroxyl group of JSI-
124 and the pendent carboxyl groups of PEO-b-PCCL (Scheme 1). Conjugation of JSI-124 to
PEO-b-PCCL led to chain cleavage of the PCCL block resulting in a decrease in the DP of
the PCCL block from 20 to 16. The successful conjugation of JSI-124 to PEO-b-PCCL was
confirmed by a combination of TLC, "H NMR, and HPLC (Figure 5.1). No spot for free JSI-
124 has been visualized in the TLC for the PEO-b-P(CL-JSI-124) (Figure 5.1F). Whereas in
the '"H NMR spectra of PEO-b-P(CL-JSI-124), on the other hand, characteristic peaks of
PEO-b-PCCL and JSI-124 were observed (Figure 5.1C). Also, in the HPLC chromatogram
of PEO-b-P(CL-JSI-124) block copolymer, no peak for free JSI-124 was observed (Figure
5.1E). Together, the results of TLC, '"H NMR, and HPLC provide strong evidence for the
conjugation of JSI-124 to PEO-b-PCCL and efficient removal of free JSI-124 after the

purification step.
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Figure 5.1 Characterization of PEO-b-P(CL-JSI-124). 'H NMR spectrum of A) JSI-124, B) PEO-b-PCCL, and C) PEO-b-P(CL-JSI-

124) in CDCl;3; HPLC Chromatogram of D) Free JSI-124 and E) PEO-b-P(CL-JSI-124); F) TLC analysis of free JSI-124, PEO-b-

PCCL, and PEO-b-P(CL-JSI-124).
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The content of JSI-124 in the conjugate was calculated by determining the amount of
unreacted JSI-124 after the conjugation reaction by HPLC. Conjugation reaction with JSI-
124 in the absence of PEO-b-PCCL was used as the control. The level of JSI-124
conjugation was calculated to be 8.89% w/w of the polymer, on average, based on HPLC
results. The content of JSI-124 in the conjugate was also calculated by 'H NMR by
comparing the peak intensity of JSI-124 (-CH=, 6 = 5.5-7.1 ppm) to that of PEO (-
CH,CH;0-, 6 = 3.65 ppm) and was found to be ~8.75% w/w of the polymer. The substitution
level of JSI-124 on PEO-b-P(CL-JSI-124) was ~8.1% (moles JSI-124/moles monomer). This
corresponds to 1.3 JSI-124 molecules per PEO,4-b-P(CL-JSI-124),6 chain on average, i.e.
PEO14-b-P(CL-JSI-124)6.1 3. The conjugation efficiency of the reaction was 88.9% w/w, on

average.

5.3.2 Characterization of PEO-b-P(CL-JSI-124) micelles

Synthesized block copolymers were assembled to polymeric micelles by a cosolvent
evaporation method as previously described.* **® The average hydrodynamic diameter and
polydispersity of PEO-b-P(CL-JSI-124) was 41.42 = 0.78 nm and 0.357 £ 0.025 as
determined by DLS technique, respectively (Table 5.1). This was smaller than the size of
PEO-b-PCCL micelles formed through a similar assembly process.

The CMC of PEO-b-PCCL, and PEO-H-P(CL-JSI-124) in aqueous media as
determined by light scattering method is shown in Table 5.1. PEO-b-P(CL-JSI-124)

conjugate showed significantly lower CMC than PEO-b-PCCL block copolymer, which is
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attributed to an increase in the hydrophobicity of the core forming block upon JSI-124

conjugation.'"!

Table 5.1 Characteristics of prepared block copolymers and block copolymer micelles

Block M, Polydispersity Average micellar PDI+SD° CMC +SD
Copolymer * (g/mol)”  (M,/M,)¢  size+ SD (nm)“ (uM)’
PEO-b-PCCL 8020 1.938 70.7 £ 0.50 0.305+0.003 9.055+0.213

PEO-b-P(CL-JSI-124) 8280 1.400 41.4+0.78*  0.357+£0.025 5.073 +£0.276*

“ The number shown in the subscript indicates the polymerization degree of each block determined by 'H NMR
spectroscopy

”Number-average molecular weight measured by 'H NMR

“Polydispersity index measured by GPC

4 Average micellar size estimated by the DLS technique (1 = 3).

“Polydispersity index (PDI) of micellar size distribution estimated by DLS technique (n = 3)

/Measured from the onset of rise in the intensity values of scattered light as a function of concentration of block
copolymer (n = 3)

*Indicates statistical significance between PEO-b-P(CL-JSI-124) and PEO-b-PCCL (student's ¢-test; P < 0.05)

The ester bond between PEO-b-PCCL and JSI-124 in the conjugate was found to be
highly stable to acid hydrolysis when PEO-H-P(CL-JSI-124) was suspended in a formic acid
solution at pH=2 for 24 h. The level of JSI-124 released from the conjugate was 2.52 % +
0.01 under this condition. Incubation in free formic acid for 48 and 72 h; however, resulted
in the degradation of free JSI-124. Hence, the amount of JSI-124 released from the conjugate

in acidic condition could not be accurately calculated at longer incubation times.

5.3.3 Release of JSI-124 from PEO-b-P(CL-JSI-124)

PEO-b-P(CL-JSI-124) showed an extremely slow release profile of JSI-124 which
was significantly different from free JSI-124 or physically encapsulated JSI-124 (f, < 50).

The JSI-124 conjugate followed a biphasic release pattern with an initial release of 5.3% of
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JSI-124 within the first 7 days followed by an extremely slow release of 6.1% of conjugated
JSI-124 within 28 days (Figure 5.2). For free JSI-124, however, > 93 % of the drug was
released to the media within 4 h, implying the existence of sink condition in the study.
Similar burst release results profile was also seen in the case of JSI-124 physically

encapsulated in PEO-b5-PCCL micelles.

8 100

0

©

]

&

g 50 -~ Free JSI-124

- - JSI|-124 in PEO-b-PCCL

g -a= PEO-b-P(CL-JSI-124)

N 0  hmmmAmmm———— -
0 510152025 200 400 600

Hours

Figure 5.2 In vitro release profile of JSI-124 from PEO-b-PCCL or PEO-b-P(CL-JSI-124)

micelles in phosphate buffer (pH 7.4) at 37 °C. Each point represents mean + SD (n = 3).

200



5.3.4 Cell viability studies

The anti-cancer activity of free JSI-124, and PEO-b-P(CL-JSI-124) against murine
B16-F10 melanoma cell lines using MTT assay is shown in Figure 5.3. Treatment of B16
cells with increasing concentrations of free or conjugated JSI-124 resulted in a significant
loss of cell viability at both 24 and 48 h. PEO-b-P(CL-JSI-124) showed about ~3 times less
cytotoxicity than free JSI-124 as judged by the I1Csy values after 24 h. PEO-b-PCCL did not
show any noticeable cytotoxicity and resulted in a cell viability of 89.4% + 2.7 at

concentrations equivalent to the highest concentrations for PEO-b-P(CL-JSI-124).
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Figure 5.3 Assessment of the anticancer activity of PEO-b-P(CL-JSI-124) micelles against B16 melanoma cell line. A) In vitro
anticancer activity of free JSI-124 and PEO-b-P(CL-JSI-124) against B16 melanoma cell line after 24 and 48 h incubation. B16 cells
were treated with different concentrations of free or conjugated JSI-124. After 24 and 48 h incubation, cell viability was estimated by
MTT assay and expressed as percentage of untreated controls. Each point represents mean + SD (n = 6). B) Estimation of relative ICs
of free JSI-124 and PEO-b-P(CL-JSI-124) against B16 melanoma cell line after 24 h incubation. Each bar represents mean = SD (n =

6). *Indicates statistically different from free JSI-124 (P < 0.05; Student's #-test).
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Figure 5.4 Assessment of the cytotoxicity of PEO-b-P(CL-JSI-124) micelles to BMDCs. A) In vitro cytotoxicity of free JSI-124 and
PEO-b-P(CL-JSI-124) to BMDCs after 24 h incubation. BMDCs were treated with different concentrations of free or conjugated JSI-
124. After 24 h incubation, cell viability was estimated by MTT assay and expressed as percentage of untreated controls. Each point
represents mean + SD (n = 6). B) Estimation of the relative 1Csg of free JSI-124 and PEO-b-P(CL-JSI-124) against BMDCs after 24 h

incubation. Each bar represents mean = SD (n = 6). *Indicates statistically different from free JSI-124 (P < 0.05; Student's #-test).

203



The cytotoxicity of free JSI-124, and PEO-b-P(CL-JSI-124) was also studied against
BMDCs using MTT assay as shown in Figure 5.4. Treatment of BMDCs with increasing
concentrations of free or conjugated JSI-124 resulted in a significant loss of cell viability
after 24 h. PEO-b-P(CL-JSI-124) showed significantly less cytotoxicity than free JSI-124. At
an equivalent concentration of 40 uM JSI-124 for PEO-b-P(CL-JSI-124), 40% viable
BMDCs were present. For free JSI-124, BMDCs reached 40 % viability at concentrations as
low as 0.15 pM. In the case of BMDCs, the relative ICsy of PEO-b-P(CL-JSI-124) was ~63
times higher than free JSI-124 after 24 h incubation. Both, free JSI-124 and PEO-b-P(CL-
JSI-124) were more cytotoxic to BMDCs than B16 cells showing lower ICsos in BMDCs.
However, the selectivity index of conjugated JSI-124 for B16 cells was ~20-fold higher than

that of free drug. (Figure 5.5)
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Figure 5.5 Selectivity index (SI) of free JSI-124 and PEO-b-P(CL-JSI-124) micelles by
B16-F10 cells vs. BMDCs. Each bar represents mean +£ SD (rn = 6). *Indicates statistically

different from free JSI-124 (P < 0.05; Student's z-test).
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5.3.5 Cell cycle analysis

STAT3 plays a key role in the regulation of cell cycle since it controls several genes
associated with cell cycle progression.>”® *’ JSI-124 has been previously shown to inhibit
cell growth, at least in part, via cell-cycle arrest in the G2/M phase for other cancer cell
lines.*®*1° Similar results were seen for murine B16 melanoma cells. Treatment with both,
JSI-124 or PEO-b-P(CL-JSI-124), led to cell-cycle arrest in the G2/M phase followed by
apoptosis (sub GO/G1) as seen in Figure 5.6. The percentage of B16 cells in the G2/M phase
increased from 13.9 % for untreated B16 cells to 33.6 % and 18.9 %, after 24 h treatment
with 5 uM of free JSI-124 or PEO-b-P(CL-JSI-124), respectively. The percentage of cells in
the sub GO/G1 phase increased from 5.3 % for untreated B16 cells to 29.9 % and 13.6 %,
after 24 h treatment with 20 uM of free JSI-124 or PEO-b-P(CL-JSI-124), respectively.
PEO-b-P(CL-JSI-124) was less effective in terms of cell cycle arrest in the G2/M phase and
apoptosis (sub GO/G1) than free JSI-124 at similar concentrations. The percentage of cells in
the G2/M phase and sub GO/G1 phase after 48 h treatment with 5 uM of free JSI-124, was
similar to that for 20 uM of PEO-b-P(CL-JSI-124) implying a 4-fold decrease in the potency

of drug in terms of B16 cell cycle arrest as a result of polymer conjugation.
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Figure 5.6 Representative cell cycle analysis of B16 cells exposed to free or conjugated JSI-
124. JSI-124 causes accumulation of B16 cells in G,/M phase and apoptosis (sub GO/G1) in a
dose-dependent manner. Cells were treated with the indicated concentrations of JSI-124 for
24 hand 48 h, after which the cells were subjected cell cycle analysis using a flow cytometer.

The data represents one out of three independent experiments which showed similar results.
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5.3.6 STAT3 inhibitory activity

The STAT3 inhibitory activity of free JSI-124, and PEO-b-P(CL-JSI-124) against
murine B16-F10 melanoma cell line is shown in Figure 5.7. Treatment of B16 cells with
increasing concentrations of free or conjugated JSI-124 resulted in a significant suppression
of p-STAT3 levels at 24 and 48 h treatment. The level of p-STAT3 down-regulation for free
JSI-124 at a concentration of 5 uM was similar to that of PEO-b-P(CL-JSI-124) at 20 uM (p
> 0.05, one-way ANOVA; Tukey's post-hoc test) implying a 4 times less potency in terms of
inhibition of STAT3 activation for the conjugated versus free drug. Free JSI-124
concentrations at 10 and 20 uM resulted in significant cell death leading to inaccurate
readings. Empty PEO-b-PCCL micelles however, showed no significant decrease in the level
of p-STAT3 indicating that the STAT3 inhibitory activity was due to JSI-124 and not due to
the PEO-H-PCCL block copolymer itself.

In the case of BMDCs; however, PEO-b-P(CL-JSI-124) was found to be more potent
than free JSI-124 in suppressing p-STAT3 levels after treatment for 24 hrs (Figure 5.8).
Treatment of BMDCs with conjugated JSI-124 at concentrations of 100, 500, 1000, and 2000
nM for 24 h suppressed p-STAT3 positive cells to 34.2, 28.4, 23.3, and 13.7 %, respectively
as compared to 53.9, 70.1, 60.1, and 54.0 % in the case of free JSI-124. Treatment with 1 uM
of free JSI-124 or PEO-b-P(CL-JSI-124) resulted in a ~1.8-fold and ~1.3 fold decrease in %
p-STAT3 positive B16 cells, as compared to a ~1.5-fold and 3.8-fold decrease in % p-
STAT3 positive BMDCs, respectively, pointing to better p-STAT3 inhibitory activity for
polymer-JSI-124 conjugates in BMDCs compared to free drug. Empty PEO-b-PCCL

micelles however, showed no significant decrease in the level of p-STAT3 compared to

207



B16/DC indicating that the STAT3 inhibitory activity was due to JSI-124 and not due to the

PEO-b-PCCL block copolymer itself.
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Figure 5.7 Assessment of the p-STAT3 inhibitory activity of PEO-b-P(CL-JSI-124) in B16
melanoma cells. A) % p-STAT3 positive and B) MFI of B16 cells treated with different
concentrations of free or conjugated JSI-124 after 24 h incubation. Each bar represents mean
+ SD (n = 3). *Indicates statistically different from untreated group (P < 0.05; one-way
ANOVA with Tukey's post-hoc test). "Indicates statistically different from free JSI-124 at

similar concentration (P < 0.05; one-way ANOVA with Tukey's post-hoc test).
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Figure 5.8 Assessment of the p-STAT3 inhibitory activity of PEO-b-P(CL-JSI-124) in
BMDCs. A) % p-STAT3 positive and B) MFI of BMDCs treated with different
concentrations of free or conjugated JSI-124 after 24 h incubation. Each bar represents mean
+ SD (n=3). *Indicates statistically different from untreated group (P < 0.05; one-way
ANOVA with Tukey's post-hoc test). “Indicates statistically different from free JSI-124 at

similar concentration (P < 0.05; one-way ANOVA with Tukey's post-hoc test).
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5.3.7 Immunomodulatory effects of JSI-124 and its polymer conjugate on B16 tumor

induced immune-suppressed BMDCs

In contrast to untreated BMDCs, the BMDCs pretreated with B16 tumor supernatant,
showed decrease in the expression of maturation markers, i.e., CD40 and CD86, and
secretion of IL-12 following LPS exposure (P < 0.05, one way ANOVA; Tukey's post-hoc
test) (Figure 5.9A, B, and C). Both, free and conjugated JSI-124 were able to reverse the
suppressive effects of tumor on CD86 expression in LPS exposed BMDCs (P < 0.05, one-
way ANOVA; Tukey's post-hoc test). No significant difference in CD40 expression was
observed for the same treatment groups, however (P > 0.05, one-way ANOVA; Tukey's
post-hoc test).

IL-12 is produced by mature DCs and plays an important role in Thl immune

' Treatment with conjugated JSI-124

responses by augmenting IFN-y production.*!
significantly increased the secretion of IL-12 from tumor suppressed BDMCs in the presence
of LPS (P < 0.05, one-way ANOVA; Tukey's post-hoc test). On the other hand, treatment
with free JSI-124 significantly decreased the secretion of IL-12 in the same treatment groups
(P < 0.05, one-way ANOVA; Tukey's post-hoc test). The results points to the Thl polarized

immune-stimulating effects of polymer-JSI-124 conjugate in tumor suppressed BMDCs.

Interestingly, this effect was only seen for the JSI-124 conjugate and not the free drug.
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Figure 5.9 The effects of JSI-124 and PEO-b-P(CL-JSI-124) on the maturation and activation of B16 tumor induced immune-
suppressed BMDCs. BMDCs treated with B16 tumor supernatant were incubated with different formulations for 24 h and analyzed by
flow cytometry for upregulation of A) CD86 and B) CD40, and by ELISA for secretion of C) IL-12. D) IL-6, and E) TGF-B1. Each
bar represents mean + SD (n=3). For (A), (B), and (C), *Indicates statistically different from B16/DC/LPS (P < 0.05). “Indicates
statistically not different from B16/DC/LPS (P > 0.05). “Indicates statistically different from corresponding free JSI-124 group (P <
0.05; one-way ANOVA with Tukey's post-test). For (D) and (E), *Indicates statistically different from B16/DC (P < 0.05). "Indicates

statistically different from corresponding free JSI-124 group (P < 0.05; one-way ANOVA with Tukey's post-test).
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IL-6 mediates inflammation and its increased secretion has found to play a role in the
pathogenesis of many cancers.*'? Treatment of untreated BMDCs with B16 tumor
supernatant shows increased secretion of IL-6 as seen in Figure 5.9D. Treatment of immune-
suppressed BMDCs with PEO-b-P(CL-JSI-124) was able to reverse the effect of tumor and
resulted in a 1.7-fold reduction in IL-6 secretion from immunosuppressed BMDCs (P < 0.05,
one-way ANOVA; Tukey's post-hoc test). Free JSI-124, however, increased secretion of IL-
6 further to what was seen for tumor suppressed BMDCs (P < 0.05, one-way ANOVA;
Tukey's post-hoc test).

TGF-B1 has been found to play a role in immune suppression by polarizing T cell
responses towards Th2 phenotype. Its over-expression is shown to play a role in tumor
progression.412 Treatment of BMDCs with B16 tumor supernatant was found to increase
secretion of TGF-B1 (Figure 5.9E). Treatment of tumor-suppressed BMDCs (B16/DC) with
free or conjugated JSI-124, reversed this effect and significantly reduced the secretion of
TGF-B1 (P < 0.05, one-way ANOVA; Tukey's post-hoc test). This effect of conjugated JSI-
124 in decreasing TGF-B1 secretion from BMDCs was significantly more than free drug (P <
0.05, one-way ANOVA; Tukey's post-hoc test).

The functional effects of JSI-124 and its polymer conjugate on the reversal of tumor
induced immunosuppression in BMDCs were assessed by MLR study. BMDCs treated with
B16 tumor supernatant were found to be dysfunctional in stimulating T-cells even in the
presence of CPG as evidenced by a reduction in the IL-2 and IFN-y production (Figure 5.10).
IL-2 is a major cytokine produced by T cells in a primary response, facilitating their
differentiation into one of the two types of effector cells.*"> PEO-b-P(CL-JSI-124) at a
concentration of 1000 nM was able to significantly reverse the suppressive effect of tumor
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supernatant in terms of the IL-2 production in the presence of CPG at both BMDC:T-cell
ratios of 1:10 and 1:20 (P < 0.05, one-way ANOVA). In contrast, free JSI-124 at both
concentrations did not significantly increase the production of IL-2 from T-cells (P > 0.05,
one-way ANOVA) (Figure 5.10A and B).

Over-expression of IFN-y promotes Thl differentiation of CD4+ T-cells and plays an
important role in coordinating tumor immune responses.’’* Compared to tumor
immunosuppressed BMDCs treated with CPG alone, Immunosuppressed BMDCs treated
with CPG + PEO-b-P(CL-JSI-124) (500 and 1000 nM) showed significant increase in IFN-y
production upon exposure to T cells at 1:10 cell ratios (P < 0.05, one-way ANOVA) by 2.3-
fold and 3.3-fold, respectively. In the case of BMDC:T-cell ratios of 1:20, PEO-b-P(CL-JSI-
124) at 1000 nM concentration was effective in increasing the expression of IFN-y by 1.9-
fold (P < 0.05, one-way ANOVA). In contrast, free JSI-124 at both concentrations did not
significantly increase the IFN-y production from T-cells exposed to tumor

immunosuppressed BMDCs.
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Figure 5.10 The effects of JSI-124 and PEO-b-P(CL-JSI-124) on the function of B16 tumor
induced immune-suppressed BMDCs in activating T-cells. BMDCs treated with B16 tumor
supernatant were incubated with different formulations for 24 h and then co-cultured with
CD4+ T-cells in DC:T-cell ratios of 1:10 and 1:20 and analyzed by ELISA for secretion of
A) IL-2 (1:10), B) IL-2 (1:20), C) IFN-y (1:10), and D) IFN-y (1:20). Each bar represents
mean + SD (n=3). *Indicates statistically different from B16/DC/CPG (P < 0.05). “Indicates
statistically different from corresponding free JSI-124 group (P < 0.05; one-way ANOVA

with Tukey's post-test).
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5.4 Discussion

Constitutive activation of STAT3 is a major contributor to tumor cell proliferation,
survival, invasion, and angiogenesis, and cancer immune evasion in many cancers.”” *1°
STAT3 activation is implicated in tumor cell immune evasion through two mechanisms;
first, by the inhibition of pro-inflammatory cytokines and chemokines which are important to
enhance the antigen-presenting capacity of dendritic cells; and second, by release of certain
tumor-derived soluble factors which increase the activation of STAT3 in DCs.*?
Hyperactivation of STAT3 in DCs has found to suppress myeloid differentiation into DCs,
inhibit DC functional maturation and induce the activation of tolerogenic DCs.??72%% #!- 232
Inhibition of DC maturation inhibits their ability to induce T-cell activation whereas
activation of tolerogenic DCs can induce the activation of Ty, cells which further inhibit the
function of DCs and effector T-cells.”* Therefore, inhibition of STAT3 in tumor cells as
well as tumor associated DCs is expected to result in direct inhibition of tumor proliferation
and metastasis, and by-stander effect in modulating the immunosuppressive micro-
environment of tumor in favor of anti-cancer immune response, respectively.”'”: 2! 227 401
STAT3 activation is, however, also essential for regular function of several vital cells
including keratinocytes, embryonic stem cells, mammary and thymic epithelium, sensory and
motor neurons, neutrophils, macrophages and pancreatic p cells.*'®*"* Therefore, selective
inhibition of STAT3 function in tumor and tumor microenvironment is of particular interest.

The main objective of this research is to develop a nano-delivery system for tumor
targeted delivery of STAT3 inhibitors as means to enhance anti-cancer immune responses.

JSI-124 is a potent JAK-STAT3 inhibitor, and a member of the cucurbitacin family of

compounds. It has been studied extensively for its direct anti-tumor \activity and effects in
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. . . . . . 226. 22 B
enhancing anti-cancer immunity in several human and murine models.?® 227> 231. 249, 255258

Our research group has previously reported on the development of polymeric micellar
formulations that were successful in increasing the solubility of JSI-124 and maintaining its
cytotoxicity towards B16 melanoma cells, but were unable to significantly hold on their

encapsulated JSI-124 for a long time, in vitro. 21 3!

To enhance the properties of JSI-124
nanodelivery systems in this regard, we pursued chemical conjugation of JSI-124 to the
micellar core in self-associating PEO-b-PCCL through an ester linkage. Previously, our
research group has successfully conjugated JSI-124 to PLGA nanoparticles for delivery of
JSI-124 to immunosuppressed DCs.””” PLGA nanoparticles can be naturally taken up by DCs
through phagocytosis due to their larger size and unprotected surface,**’ however, the size of
developed PLGA particles was larger than what is required for passive drug targeting to the
tumor. Polymeric micelles, on the other hand, have the ideal size (i.e., ~ 100 nm) for
preferential accumulation in the tumor via the enhanced permeability and retention (EPR)
effect’?' where they can be taken up by tumor cells and tumor-associated DCs (Evidence for
the uptake of polymeric micelles by DCs is provided in appendix C).

PEO-b-P(CL-JSI-124) micelles exhibited a decrease in CMC when compared with
PEO-b-PCCL micelles which clearly indicates that the introduction of hydrophobic JSI-124
makes self-association of the block copolymers thermodynamically more favorable.''" *%’
PEO-b-P(CL-JSI-124) also exhibited a smaller size as compared to PEO-b-PCCL even after
the introduction of a bulky JSI-124 substituent. This might be due to increased hydrogen

bonding between the -COOH group of PCCL and the -OH group of JSI-124 resulting in

increased packing of the block copolymer chains in the core.
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Free JSI-124 was released from the dialysis bag rapidly within 6 h indicating that the
transfer of JSI-124 from the dialysis bag to the buffer solution is not a restricting factor.
Hence, the release of JSI-124 from the micelles is the rate-limiting step in the process.
Release of free JSI-124 from PEO-b-P(CL-JSI-124) was very slow, pointing to the stability
of ester linkage between COOH group on the polymer backbone and the drug. This
observation is in line with previous findings on paclitaxel conjugated PEO-b-PCCL where
5.0 % drug release after 3 days was observed.*> ™

In general, in in vitro biological studies, we observed contrasting effects between
comparative effects of free and conjugated JSI-124 in B16 versus tumor suppressed BMDCs.
Constitutively activated STAT3 in B16 melanoma cells is a major contributor in their
growth, survival, and resistance to apoptosis.*®*’ Inhibition of STAT3 activation by small
molecules like JSI-124 can lead to apoptosis of B16 melanoma cells.”>* %" %! Conjugation
of JSI-124 to PEO-b-PCCL decreased its cytotoxicity against B16 melanoma cells by 3-
folds. The lower potency of the drug-polymer conjugate is either caused by slow release of
free drug from the conjugate in tumor cells and/or the activity of the polymer-drug conjugate
at lower potency itself. Free JSI-124 is taken up quickly by diffusion process, whereas
polymeric micellar JSI-124 conjugates were either expected to release the drug in the acidic
extracellular tumor environment followed by diffusion of the free drug to the tumor cells, or
the polymeric micelles are taken up by endocytosis by tumor cells and then release of the
drug in the acidic environment of the endosome.*** Our studies; however, has shown that the
bond between PEO-b-PCCL and JSI-124 in the conjugate was very stable to acid hydrolysis.
Similar to cytotoxicity studies, conjugation of JSI-124 to PEO-b-PCCL showed a significant

decrease in the cell-cycle arrest in the G2/M phase for B16 melanoma cells when compared
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with free JSI-124, perhaps as a result of slow uptake and/or release of JSI-124 from the
micelles.

In the case of BMDCs, conjugation of JSI-124 to PEO-h-PCCL led to a 63-fold
decrease in the cytotoxicity of JSI-124 to BMDCs. The significantly lower cytotoxicity of
PEO-b-P(CL-JSI-124) in BDMCs compared to free drug may reflect the slow uptake of
polymeric-JSI-124 micelles due to the protective effect of the PEG shell. 7423

The activity of polymer-JSI-124 conjugate in rescuing the tumor suppressed BMDCs
to the favorable immune-active state was shown to be higher than the free drug in several ex
vivo studies performed here. Constitutive activation of STAT3 in tumors like B16 melanoma
promotes the release of soluble tumor-derived factors like IL-10, IL-6, M-CSF, and VEGF
into the tumor microenvironment. Interaction of cytokines with cytokine receptors indirectly
activates STAT3 by first activating receptor-associated tyrosine kinases like JAK which then
activates STAT3. Growth factors, on the other hand, can interact with growth factor receptor
to either directly activate STAT3 through intrinsic tyrosine kinase activity or indirectly via

activation of JAK 2!% 424

This leads to upregulation of STAT3 expression in DCs which
suppresses their immune activity against cancer.”*> **" #*° Similar to previous literature, our
studies showed that exposure of BMDCs to tumor-conditioned media from B16 melanoma
cells resulted in increased activation of STAT3 and expression of pSTAT3 in BMDCs. As
expected, treatment of BMDCs pre-exposed to tumor supernatant with JSI-124, reduced the
p-STAT3 expression (MFI) and the percentage of p-STAT3 positive cells. Interestingly,
compared to the free drug, polymer conjugated JSI-124 decreased the p-STAT3 expression
and the percentage of pSTAT3 positive BMDCs further by 2- and 4-folds, respectively. The

reason for increased effect of polymer conjugated JSI-124 versus free drug on the inhibition
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of p-STAT3 expression in tumor suppressed BMDCs is not clear and needs further
investigation.

Previous studies have shown that up-regulation of STAT3 in DCs as a result of
exposure to tumor supernatant, inhibit their differentiation into mature DCs even in the
presence of TLR ligands like LPS or CPG.**"#*! %% Tumor suppressed BMDCs were also
unable to efficiently stimulate T-cell proliferation, or show Thl-dependent immune
responses reflected by IFN-y production by CD4+ T-cells**® even in the presence of immune
adjuvants.”® 2" 27 n line with previous reports, in our studies, exposure of BMDCs to
tumor-conditioned media from B16 melanoma cells resulted in a decrease in the expression
of co-stimulatory molecules like CD86, CD40, and secretion of IL-12, as well as a decrease
in the secretion of IFN-y and IL-2 by CD4+ T-cells. Exposure to free and conjugated JSI-124
reversed the effect of tumor supernatant on DCs with regards to CD86 expression, but no
effect on CD40 expression was observed. PEO-b-P(CL-JSI-124) was able to show better up-
regulation of IL-12 by tumor suppressed BMDCs compared to free drug. PEO-b-P(CL-JSI-
124) also improved production of IFN-y by CD4+ T-cells in the presence of TLR ligand
when compared to free JSI-124. These observations are in line with the improved STAT3
inhibitory activity of PEO-b-P(CL-JSI-124) compared to free drug in tumor suppressed
BMDCs. IL-12 is mainly produced by BMDCs promoting Thl differentiation of CD4+ T-

12 TGF-B1 is a cytokine known to regulate multiple

cells and production of IFN-y.
physiological events. In cancer cells, it has found to promote invasion and metastasis,*"
whereas in BMDC:s, it inhibits activation and maturation of immature DCs and can affect the
trafficking of mature DCs into lymph nodes.*”’” There has been evidence of cross-talk

between TGF-B1 and STAT3 in both cancer cells and DCs *** ****° In our study, inhibition
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of STAT3 in BMDCs by JSI-124 and its polymer conjugate resulted in down-regulation of
TGF-B1. In line with previous results, conjugated JSI-124 showed better down-regulation of
TGF-B1 compared to free JSI-124.

Another cytokine IL-6, has found to play a role in the pathogenesis of many
cancers.’'? IL-6 has also shown to play a major role in maintaining immature DCs and
interference with their ability to mount Thl-type immune responses.*' In our studies, PEO-
b-P(CL-JSI-124) was able to down-regulate IL-6 production by tumor suppressed BMDCs.
This was in contrast with free JSI-124 which exhibited upregulation of IL-6 production by
BMDC:s.

Both, IFN-y and IL-2, are cytokines produced by Thl cells that play an important role

414, 432

in coordinating immune responses against cancer. IFN-y has shown to regulate the anti-

tumor activity of IL-12 and IL-2. IL-2 has previously been shown to play an important role
in creating an effective immune response in patients suffering from metastatic melanoma.*'?
Hence, up-regulation of both IL-2 and IFN-y by CD4+ T-cells when treated with PEO-b-
P(CL-JSI-124) indicates the development of a Th1 immune response against cancer which is
required for cancer rejection. Free JSI-124, on the other hand, showed a decreased secretion
of IL-2, IFN-y, and IL-12 indicating a lack of Thl immune response against cancer. The

reason for this opposing effect by free versus conjugated JSI-124 in tumor suppressed

BDMCs is not clear and needs further investigation.

5.5 Conclusion

JSI-124 was successfully conjugated in to the core of PEO-H-PCL based block

copolymer micelles to generate an efficient nanocarrier for JSI-124 having sustained release
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properties. Conjugation of JSI-124 to PEO-b-PCCL was found to maintain its STAT3
inhibitory activity in B16 melanoma cells at a lower potency, in vitro. This approach,
however, increased the STAT3 inhibitor activity of JSI-124 in immune suppressed BMDCs
and also improved their function in initiating a Th1 immune response when compared to free
JSI-124. These findings point to the potential of polymeric micelles based on PEO-b-PCL for
efficient delivery of STAT3 inhibitor, JSI-124 to the tumor cells and tumor-suppressed DCs
in the tumor microenvironment. The results also point to the potential of these nanocarriers

in improving the efficacy of cancer immunotherapy in the future.
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6.1 Introduction

Despite great promise of gene silencing entities like siRNA, translation of this
approach to clinical practice particularly following systemic administration has been
challenging. This is mostly due to the instability of siRNA and other gene silencing materials
in plasma, poor distribution in diseased tissue and inadequate access to their molecular
targets within the target cells. Several delivery systems developed to address these issues,
are mostly successful in siRNA delivery in vitro or following localized in vivo
administration.””" #* % Success in the targeted delivery of siRNA following systemic
administration has been limited mostly because of the non-specific toxicity imposed by the
siRNA carrier, uptake by the reticuloendothelial system, insufficient stability in blood, and/or
lack of specific interaction and distribution in the target tissue and cells.”'

Amphiphilic block copolymers with poly(ethylene oxide) (PEO) as the shell-forming
block and polyesters like poly(e-caprolactone) (PCL),**™ % poly(lactide) (PLA),*" or
poly(lactide-co-glycolide) (PLGA)'** *'* as the core-forming block have shown tremendous
potential in drug delivery." '® This is due to the biocompatibility of PEO and polyesters as
well as the biodegradability of polyesters, making them safe for human administration.*’
However, the lack of cationic moieties in PEO-polyester block copolymers limits their use in
siRNA delivery. Our research group has previously reported on the development of a
biodegradable and biocompatible siRNA delivery system based on self-associating PEO-b-
PCL block copolymers bearing spermine (SP) on the a-carbons of e-caprolactone in the PCL
block. The PEO-b-P(CL-g-SP) micelles were able to protect siRNA from degradation by
serum nucleases, be taken up by cancer cells and effectively down-regulate MDR-1 through

delivery of its siRNA leading to significant decrease in the expression of P-glycoprotein in
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MDA-MB-435 cells.'* Further modification of PEO-b-P(CL-g-SP) micellar shell with
cancer targeting and cell penetrating peptides, i.e., RGD4C and TAT, respectively, increased
the transfection efficiency of the MDR-1 siRNA, in vitro.””" Systemic administration of
RGD4C modified PEO-b-P(CL-g-SP) enhanced the localization of siRNA in tumor in an
MDA-MB-435 xenograft model pointing to the potential of this nanocarrier for siRNA
delivery following systemic administration.'*

Hydrophobic or lipid modification of polymeric complexes has previously been
pursued as a method in improving the efficacy of non-viral gene delivery vectors. Lipid
modification is expected to enhance the interaction between the polymer/siRNA complexes

and the hydrophobic domains of the plasma membrane facilitating cell uptake.**® ** F

or
instance, cholesteryl modification of linear branched polyethyleneimine (PEI) has
significantly enhanced cellular uptake and also decreased the toxicity of the linear PEI-
cholesterol/pDNA and branched PEI-cholesterol/anti-EGFP siRNA complexes in B16-F0
murine melanoma cells and enhanced green fluorescent protein (EGFP) gene expressing
BHK-IR780 cancer cells, respectively. The studies suggested the improved transfection and
reduced toxicity to be due to the sequestering of charged secondary amines on PEI by

434-436
cholesterol.

In another study, Wang et. al. showed efficient transfection of Bcl-2 siRNA
in MDA-MB-231 breast cancer cells by core/shell nanoparticles containing amine groups
modified by up to 40 % of cholesterol.”” The role of cholesteryl moiety could not be
specifically assessed because control studies with unmodified nanoparticles were not

included. In previous studies from our lab, we have modified the spermine groups of PEO-b-

P(CL-g-SP) micelles with different levels of cholesterol substitution. A cholesteryl
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substitution of 40% on SP was optimal to improve the siRNA delivery and silencing of
myeloid cell leukemia-1 (MCL-1) mRNA in human MDA-MB-435 cancer cells in vitro. 2"

In the current study, we modified 40% of the spermine groups of PEO-b-P(CL-g-SP)
micelles with cholesterol and studied the effect of this approach in plain and/or RGD4C
modified micelles on siRNA delivery and silencing of (MCL-1) mRNA in human MDA-
MB-435 tumor models, in vivo.

Myeloid cell leukemia-1 (MCL-1) is an anti-apoptotic member of the Bcl-2 family of
proteins, which maintains survival of cells by inhibiting cytochrome c release via binding
and sequestering pro-apoptotic Bcl-2 proteins.”*® 2***7! Up-regulation of MCL-1 is

1266, 272

implicated in cancer survival in a variety of human hematologica as well as solid

cancers. 26827 Down-regulation of MCL-1, on the other hand, is implicated in the induction
of apoptosis.264 Many synthetic and natural chemicals were shown to inhibit MCL-1
expression either at pre- or post-transcription stages. This includes cyclin-dependent kinase
inhibitors like flavopiridol,”’* tyrosine kinase inhibitors like sorafenib,””> and STAT3
inhibitors like resveratrol.”’”” However, these compounds lack specificity for MCL-1 and
affect multiple molecular targets.*®* Specific inhibitors of MCL-1 are divided to two classes
of compounds: BH3 mimetics and gene-silencing treatments. BH3 mimetics like Obatoclax
and Bims2A can antagonize the interaction of MCL-1 with pro-apoptotic proteins.?** 26% 276
" However, many of these compounds have shown to cause nonspecific cytotoxicity by
damaging mitochondria.*® An alternative and more specific approach is down-regulation of

MCL-1 expression through the wuse of gene silencing entities like antisense

oligonucleotides™® or siRNA.
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In previous studies, knockdown of MCL-1 using siRNA in resistant melanoma cells
is shown to sensitize these cells towards Fas-mediated apoptosis.*’ Modugno et. al. tested 44
solid cancer cell lines with MCL-1 siRNA and found silencing of MCL-1 expression to
induce apoptosis in 30% of the tested cell lines.”®® Suppression of MCL-1 via siRNA in
hepatocellular carcinoma cells also sensitized these chemoresistant cells towards
chemotherapeutic drugs.**® Previous studies of MCL-1 silencing in MDA-MB-435 have
shown that PEIl-linoleic acid (PEI-LA) complexes with 18 nM MCL-1 siRNA at
siRNA:polymer ratios (w/w) of 1:8 were able to decrease the MCL-1 mRNA expression by
~80% and also reduced cell viability by up to ~50% in vitro. In vivo studies in MDA-MB-
435 xenografts showed a ~35% decrease in MCL-1 mRNA expression and delayed tumor
growth after intratumoral injections with PEI-LA/MCL-1 siRNA complexes, however, after
intraperitoneal injections, MCL-1 mRNA expression decreased by ~20% but did not result in

any significant tumor retardation.**!

6.2 Experimental Section

6.2.1 Materials

Ethylene oxide, 3,3-diethoxy-1-propanol (DEP), naphthalene, methoxy polyethylene
oxide (Mw 5000 Da), N,N-dicylcohexyl carbodiimide (DCC), N-hydroxysuccinimide
(NHS), spermine, cholesteryl chloroformate, and anhydrous dimethylsulfoxide (DMSO)
were obtained from Sigma (St. Louis, MO). a-Benzyl carboxylate-e-caprolactone monomer
was synthesized by Alberta Research Chemicals Inc (Edmonton, AB) according to a

previously published procedure.” Stannous octoate was purchased from MP Biomedicals
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Inc. (Eschwege, Germany). Acetone, THF and DMF were obtained from Caledon
Laboratories Ltd. (Ontario, Canada). RGD4C (KACDCRGDCFCG, MW 1273.9) was
purchased from Anaspec Inc. (Torrence, CA). All other chemicals were reagent grade. Cell
culture media RPMI 1640, penicillin-streptomycin-glutamine, fetal bovine serum, HEPES
buffer solution (1M) and trypsin/ethylenediaminetetraacetate (EDTA) were purchased from
GIBCO, Invitrogen Corp (USA). The scrambled siRNA used as control was supplied from
Ambion (catalog number: AM4636). The Silencer siRNA against MCL-1 was purchased
from Qiagen (catalog numbers: S102781205, sequence:

CGCCGAAUUCAUUAAUUUATT).

6.2.2 Cell lines

The wild-type MDA-MB-435 (MDA-MB-435 WT) cells were originally obtained as
a gift from the laboratory of Dr. Robert Clark (Georgetown University, USA). MDA-MB-
435 WT cells were cultured in RPMI 1640 media supplemented with 10% FBS, 100 U/mL
penicillin, and 100 mg/mL streptomycin in 37 °C and 5% CO,. Cell cultures were considered
confluent when a monolayer of cells covered more than 80% of the flask surface. To
propagate the cells, a monolayer was washed with sterile PBS, and subsequently incubated
with 0.25% trypsin/EDTA for 3 min at 37 °C. The suspended cells were centrifuged at 500xg
for 5 min, and were re-suspended in the medium after removal of the supernatant. The

suspended cells were sub-cultured at 10% of the original count.
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6.2.3 Synthesis of Cholesteryl Substituted PEO-b-P(CL-g-SP) Block Copolymers

Methoxy-poly(ethylene oxide)-b-poly(e-caprolactone-g-N-(spermine)-cholesteryl
carboxylate) (PEO-b-P(CL-g-SP-Chol)) were prepared as described previously.**’ Spermine
was conjugated to PEO-b-PCCL forming Methoxy-poly(ethylene oxide)-block-poly(e-
caprolactone-g-N-(spermine)) (PEO-b-P(CL-g-SP)) according to a previously published
procedure with slight modification.'* Briefly, PEO-b-PCCL (200 mg, ~0.01 mmol) was
dissolved in 10 mL of dry THF. After addition of DCC and NHS in THF, the solution was
stirred for 2 h until a precipitate was formed. The precipitate was removed by filtration. THF
was removed under vacuum. The remaining solid product was dissolved in DMF. Spermine
was dissolved in DMF and added drop-wise to the polymer solution. The reaction proceeded
for another 24 h under stirring at room temperature. The resulting solution was centrifuged to
remove the precipitate. The resulting solution was then dialyzed (molecular weight cut-off of
3500 Da) extensively against DMF (24 h) and then water (7 h). The polymer solution was
then freeze-dried for further use. After purification, the synthesis of PEO-b-P(CL-g-SP) was
confirmed by '"H NMR (Bruker Avance III spectrometer, Bruker BioSpin Corporation,
Billerica, MA). The spermine substitution level of the synthesized copolymer was estimated
based on peak intensity ratio of the methylene protons from polyamine (-CH,-NH-) and PEO
(-CH,CH,O-). The degree of polymerization was estimated based on peak intensity ratio of
proton from PCL (-OCHa;- proton, d = 4.1 ppm) to the intensity of specific peak in PEO ((-
CH,CH,0-) proton, & = 3.65 ppm).

PEO-b-P(CL-g-SP-Chol) was synthesized by attaching pendant cholesteryl groups to

the polyamine section of PEO-b-P(CL-g-SP). Briefly, a solution of 0.3 g of PEO-b-P(CL-g-
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SP) in 6 mL dried DMF was placed in a round bottom flask under argon atmosphere. This
flask was cooled down to 0 °C by an ice-water bath. A solution of cholesteryl chloroformate
(0.074 g) in 6 mL of dry DMF was added dropwise to previous solution over a period of 45
s. The reaction was left for 24 h at room temperature under argon atmosphere. Finally, the
resulting solution was poured into a large amount of ether to precipitate the product. The
separated solid product was completely washed by ether and dried under vacuum. The degree
of polymerization of poly (e-caprolactone) (PCL) backbone after reaction with cholesteryl
chloroformate was estimated as described for PEO-b-P(CL-g-SP). Cholesteryl substitution
level was estimated by comparing the peak intensity of (-CHjz proton, 6 = 0.9 ppm)
cholesteryl moiety to the intensity of specific peak in PEO ((-CH,CH,O-) proton, 6 = 3.65

ppm) (Table 6.1).

6.2.4 Synthesis of RGD4C-PEO-b-PCCL with pendant N,N-dimethyldipropylene-

triamine (DP) (RGD4C-PEO-b-P(CL-g-DP))

For in vivo studies, acetal-PEO-b-PCCL was synthesized according to a previously
reported method."””' Acetal-PEO-b-P(CL-g-DP) was synthesized from acetal-PEO-5-PCCL
as reported previously.'*” RGD4C-attached PEO-b-P(CL-g-DP) was synthesized from acetal-
PEO-b-P(CL-g-DP) according a method reported previously with slight modification.'** '*®
RGD4C was conjugated to the micelles at an RGD4C:polymer molar ratio of 1:5. The
conjugation efficiency of RGD4C peptide to polymeric micelles was determined by a reverse

102, 198

gradient HPLC method as described previously (Table 6.1). The resulting micellar

solution was dialyzed against distilled water and lyophilized.
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6.2.5 Preparation of polymeric micellar siRNA complexes for in vivo study

Preparation of micellar siRNA complex compositions are shown in Table 6.2. For
intratumoral injections, 200 uM solution of scrambled or MCL-1 siRNA in RNAse free
water was added to HEPES solution in an eppendorf tube. PEO-b-P(CL-g-SP) or PEO-b-
P(CL-g-SP-Chol) was prepared as a solution of 20 mg/mL in HEPES buffer and added to the
siRNA solution in HEPES such that the final concentration of siRNA or polymer in 50 puL of
HEPES is 10 pg and 160 pg, respectively. The solution is allowed to incubate for 20 m
before injection. For intravenous injection, 200 uM solution of MCL-1 siRNA in RNAse free
water was added to a solution of dextrose in an eppendorf tube. PEO-b-P(CL-g-SP) or PEO-
b-P(CL-g-SP-Chol) was prepared as a solution of 20 mg/mL in RNAse free water and added
to the siRNA solution. Acetal-PEO-b-P(CL-g-DP) or RGD4C-PEO-b-P(CL-g-DP) was
prepared as a solution of 40 mg/mL in RNAse free water and added to the siRNA solution.
The final concentration in 100 puL of 5% dextrose solution was 40 ug of MCL-1 siRNA, 640
png of PEO-b-P(CL-g-SP) or PEO-b-P(CL-g-SP-Chol), and 1280 pg of acetal-PEO-b-P(CL-

g-DP) or RGD4C-PEO-b-P(CL-g-DP).

6.2.6 Animal models

Female athymic NCr nude mice (NCRNU-F) were purchased from Taconic
Biosciences Inc. (Hudson, NY). All experiments were performed using 4 to 6 week old
female mice. All animal studies were conducted in accordance with the guidelines of the

Canadian Council on Animal Care (CCAC) with approval from the Animal Care and Use

230



Committee (ACUC) of the University of Alberta (Edmonton, AB, Canada). To establish the
tumor model, mice were randomly assigned into five groups of six mice per group. Mice
were inoculated with 2 x 10® MDA-MB-435 WT cells in a volume of 50 uL PBS injected
3

s.c. in the right rear flank. The mice were used when the tumors reached a size of 100 mm

(10 days after injection).

6.2.7 In vivo activity of MCL-1 siRNA micelles after intratumoral and intravenous

injection

The composition of treatment groups for the test samples for intratumoral and
intravenous injections is shown in Table 6.2. For intratumoral injections, mice bearing
tumors were injected with 50 uLL HEPES, 10 pg scrambled or MCL-1 siRNA loaded SCR-
SP micelles, MCL-SP micelles, SCR-SP-Chol micelles, or MCL-SP-Chol micelles (Table
6.2). For intravenous injections, mice bearing tumors were injected via tail vein with 100uL
dextrose, 40 pg MCL-1 siRNA loaded NON-SP micelles, NON-SP-Chol micelles, RGD-SP
micelles, and RGD-SP-Chol micelles (Table 6.2). For both experiments, treatment was given
every third day for three doses (days 4, 7, and 10). Mice were monitored daily according to
previously reported method."”® Tumor size was measured on days 0, 4, 7, 10,and 13 with a
caliper and mean = SEM of relative tumor volume in each group was calculated using the
formula: tumor volume = 0.4LW?* (L is the long diameter and W is the short diameter of the
tumor); and plotted as a function of time according to previously reported method."”* Tumors
were excised on day 13 and stored in RNAlater® solution (Life Technologies, Burlington,

ON) at -20 °C until further analysis.
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Real time (RT) PCR was carried out on the excised tumors from both experiments to
determine MCL-1 knock-down at the mRNA level. Tumors were homogenized and total
RNA was extracted using RNeasy spin columns (Qiagen) according to the manufacturer’s
recommendations. cDNA was synthesized and real time PCR was performed on a
StepOnePlus’ RT-PCR system (Applied Biosystems) with B-Actin as the endogenous
housekeeping gene and the specific MCL-1 primers according to the procedure described
above. Each sample was measured in triplicate.

To study the safety of the micellar complexes after intravenous administration, mice
were monitored for their weights and tissues (liver, spleen, and kidneys) were excised for
histological examination on day 13 and stored in 10% neutral buffered formalin until further
use. For histological examination, the stored tissues were embedded in paraffin. Slices of 2-
um thickness were cut, deparaffinized, hydrated, and stained with hematoxylin-eosin. Each
slide was assigned a code number before being sent for microscopic assessment. The
microscopic assessments were performed by a qualified veterinary pathologist, Dr. P.N.
Nation, DVM, PhD, DACVP from the Animal Pathology Services (APS) Ltd. The assessor,
who was blinded to the treatment groups and to the nature of the study design, was asked to
look for qualitative evidence of microscopic changes consistent with tissue toxicity. Tissues

of three mice from each group were randomly chosen for histological examination.

6.2.8 Statistics

Compiled data were presented as mean + standard error mean (SEM). Where feasible,

the data were analyzed for statistical significance using unpaired student’s #-test, or one-way
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analysis of variance (ANOVA) followed by Tukey's post hoc test as noted in the results

section. The level of significance was set at a < 0.05.

6.3 Results

6.3.1 Synthesis and Characterization of PEO-b-P(CL-g-SP-Chol)

The PEO-b-P(CL-g-SP) with cholesteryl substitution on the SP groups, i.e., PEO-b-
P(CL-g-SP-Chol), was synthesized through reaction of PEO-b-P(CL-g-SP) with cholesteryl
chloroformate. The final structure of copolymers was confirmed by '"H NMR as reported
previously.”*” Based on those results, the degree of polymerization of PCL block was
calculated to be 16. For PEO-b-P(CL-g-SP) copolymer, the number of spermines on the PCL
block was determined to be 6. In other words approximately 40 % of carboxyl groups were
substituted with spermine. On average, the substitution level of cholesteryl group on the SP
was also around 40 % (i.e. 2.4 out of 6 spermines) (Table 6.1). This polymer is shown as
PEO,4-b-P(CL-g-SP-Chol)j6.6.24 where 15-6-2.4 subscript refers to the degree of
caprolactone polymerization, the number of conjugated spermine groups and the number of

cholesteryl substituted spermines, respectively.
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Table 6.1 Characteristics of polymers used in the study

No. Polymer abbreviate MWt | Polyamine Cholesteryl RGDA4C
(g/mol) | substitution | substitution | substitution
(% mol (% mol (% mol
caprolactone | caprolactone | polymer) b
in PCCL)“ in PCCL)“
I PEO-b-P(CL-g-SP) 8750 38 None None
II PEO-b-P(CL-g-SP-Chol) 9700 38 15 None
I acetal-PEO-b-P(CL-g-DP) 9350 42 None None
v RGD4C-PEO-b-P(CL-g- 10600 42 None 10
DP)

“Determined by 'H NMR; "Determined by HPLC

Table 6.2 Polymer compositions for the preparation of siRNA micellar complexes for in vivo

study.
Micelle compositions used for Micelle compositions used for intravenous
intratumoral injection injection

Polymer composition Composition Polymer composition Composition

ratio (W:W)* ratio (W:W)*
SCR-SP micelles LV (16:1) plain-SP micelles LOLVI (16:32:1)
MCL-SP micelles :VI(16:1) plain-SP-Chol micelles | ILIIL:VI (16:32:1)
SCR-SP-Chol micelles IV (16:1) RGD-SP micelles LIV:VI(16:32:1)
MCL-SP-Chol I:VI(16:1) RGD-SP-Chol micelles | ILIV:VI (16:32:1)

micelles

“(I) PEO-b-P(CL-g-SP), (II) PEO-b-P(CL-g-SP-Chol), (III) acetal-PEO-b-P(CL-g-DP), (IV)
RGD4C-PEO-b-P(CL-g-DP), (V) Scrambled siRNA, (VI) MCL-1 siRNA
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6.3.2 In vivo activity of MCL-1 siRNA micelles following intratumoral injection

The in vivo activity of MCL-1 siRNA complexed with PEO-b-P(CL-g-SP) and PEO-
b-P(CL-g-SP-Chol) following intratumoral injections was assessed in MDA-MB-435 WT s.c
xenografts in nude mice. As shown in Figure 6.1A, the level of MCL-1 mRNA expression
after treatment with MCL-SP-Chol micelles was reduced by ~38 % compared to untreated
control group and SCR-SP-Chol micelles, which showed no decrease in MCL-1 mRNA
expression (unpaired student’s t-test, P < 0.05). MCL-SP micelles were effective in reducing
MCL-1 mRNA expression by ~31 % compared to untreated control group and SCR-SP
micelles which showed no decrease in MCL-1 mRNA expression (unpaired student’s #-test,
P < 0.05). The difference in down-regulation of MCL-1 mRNA by MCL-SP-Chol micelles
was not statistically significant from that of MCL-SP micelles (unpaired student’s #-test, P >

0.05).
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Figure 6.1 In vivo MCL-1 siRNA activity in nude mice bearing MDA-MB-435 WT xenograft treated with three intratumoral
injections of polymer/siRNA formulations or HEPES. A) Relative MCL-1 mRNA expression in MDA-MB-435 WT xenograft after
treatment with polymer/siRNA formulations or HEPES. Values are relative to untreated control. The data are presented as mean +
SEM (n = 4-5). *Significantly different from its corresponding scrambled siRNA group (unpaired student’s ¢-test, P < 0.05). B)
Normalized tumor volume of MDA-MB-435 WT xenograft after treatment with polymer/siRNA formulations or HEPES. Each point
represents mean = SEM (n = 4-5). Arrow indicates onset of intratumoral injection. *Significantly different from its corresponding
scrambled siRNA group or HEPES (unpaired student’s t-test, P < 0.05); *Significantly different from its corresponding group without

cholesteryl modification (unpaired student’s #-test, P < 0.05).
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To evaluate the effect of MCL-1 silencing at mRNA level on tumor growth, tumor
volumes were measured on day 0, 4, 7, 10, and 13. In general, both MCL-SP-Chol and MCL-
SP micelles were able to retard the growth of the tumor up to Day 10 following which the
tumor started to grow again (Figure 6.1B). Similar results were seen previously by Aliabadi
et.al. using lipid-modified PEVMCL-1 siRNA complexes.**' This might be due to the
compensating effect of other anti-apoptotic factors in the treated cells at this point. On day
13, although MCL-SP micelles showed a 1.9-fold decrease in tumor volume, this decrease in
tumor volume was statistically not significant from SCR-SP micelles (unpaired student’s ¢-
test, P > 0.05). MCL-SP-Chol, on the other hand, showed a 3.46-fold decrease in tumor
volume on day 13 which was significantly different from that of SCR-SP-Chol micelles and
the untreated group (unpaired student’s #-test; P < 0.05). Although treatment with MCL-SP-
Chol micelles resulted in a significant decrease in tumor volume compared to untreated
group on day 7, 10, and 13, this decrease in tumor volume was not significantly different

from MCL-SP micelles (unpaired student’s ¢-test; P > 0.05).

6.3.3 In vivo activity of RGD4C-functionalized versus plain MCL-1 siRNA micelles

after intravenous injection

The in vivo activity of RGD4C-modified MCL-1 siRNA micelles of PEO-b-P(CL-g-
SP) and PEO-b-P(CL-g-SP-Chol) following intravenous injection was assessed in MDA-
MB-435 WT subcutaneous xenografts in nude mice and compared to that for their plain
(unmodified) micellar counterparts. The choice of RGD4C modified micellar siRNA as test

groups in this study was based on our previous results which has shown high accumulation
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and targeting of RGD4C modified PEO-b-P(CL-g-SP) micelles in the same tumor model
following intravenous administration.'” The composition of test treatment groups in this
study is summarized in Table 6.1 and Table 6.2. The general safety of formulations was also
assessed by monitoring animal behavior, movement and body weight during the study.

In general, RGD4C modification of polymeric micellar siRNA complexes, was
shown to enhance the silencing activity of complexed siRNA in MDA-MB-435 xenografts
following intravenous injection. Cholesterol modification of the core, however, did not affect
the silencing activity of complexed siRNA following intravenous administration under the
same conditions. As shown in Figure 6.2A, the level of MCL-1 mRNA expression after
treatment with RGD-SP-Chol micelles was reduced by ~36 % compared to untreated control
group (unpaired student’s z-test, P < 0.05). This level of MCL-1 mRNA knockdown was
significantly different from plain-SP-chol micelles which showed only ~12 % decrease in
MCL-1 mRNA expression (unpaired student’s z-test, P < 0.05). RGD-SP micelles were
effective in reducing MCL-1 mRNA expression by ~40 % compared to untreated control
group (unpaired student’s z-test, P < 0.05). This level of MCL-1 mRNA knockdown was
significantly different from identical plain-SP micelles which showed ~20 % decrease in
MCL-1 mRNA expression (unpaired student’s z-test, P < 0.05). Both RGD-SP-Chol and
plain-SP-Chol micelles showed similar MCL-1 mRNA knockdown when compared to RGD-
SP and plain-SP micelles (unpaired student’s #-test, P < 0.05) indicating that cholesterol
modification of PEO-b-P(CL-g-SP) had no effect on the MCL-1 knockdown after systemic
delivery. This was similar to results seen after intratumoral injection but different from what

we observed in vitro.
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Figure 6.2 In vivo MCL-1 siRNA activity in nude mice bearing MDA-MB-435 WT
xenograft treated with three intravenous injections of polymer/siRNA formulations or
dextrose. A) Relative MCL-1 mRNA expression in MDA-MB-435 WT xenograft after
treatment with polymer/siRNA formulations or dextrose. Values are relative to untreated
control. The data are presented as mean + SEM (n = 3-5). B) Normalized tumor volume of
MDA-MB-435 WT xenograft after treatment with polymer/siRNA formulations or dextrose.
Each point represents mean = SEM (n = 3-5). Arrow indicates onset of intravenous injection.
C) Percentage change in mean animal body weight after treatment with polymer/siRNA
formulations or dextrose. Each point represents mean + SEM (n = 3-5). *Significantly
different from untreated group/dextrose (unpaired student’s z-test, P < 0.05); #Signiﬁcantly
different from its corresponding group without cholesteryl modification (unpaired student’s
t-test, P < 0.05) D) Microscopic histology images of the spleen, liver, and kidney cortex
stained with haematoxylin and eosin at 100X. Each image is representative of one mouse

from a group of 3.
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Mice treated with polymer/MCL-1 siRNA complexes with or without RGD4C
functionalization at the surface showed retardation in tumor growth rate when compared to
the control group treated with dextrose 5 %, however the relative tumor volumes of the
treated test groups were not significantly different from the control group (unpaired student’s
t-test, P > 0.05). On day 13, RGD-SP and RGD-SP-Chol micelles showed a 1.55-fold and
1.44-fold decrease in tumor volume, as compared to 1.43-fold and 1.71-fold decrease shown
by plain-SP and plain-SP-Chol micelles, respectively (Figure 6.2B).

To determine the safety of the different MCL-1 siRNA/polymer complexes
administered in the study, mice were monitored for their weight during the study, and
histopathological examination of the kidney, spleen, and liver tissues after H&E staining was
performed on the mice at the end of the study. The weight of the animals increased during
the study indicating that the mice tolerated the regimen well (Figure 6.2C). The organs of
most mice in the treatment groups were microscopically normal (Figure 6.2D). One mouse
each from plain-SP and RGD-SP micelles group had minimal hyperplasia of the lymphoid
germinal centers. This, however, is a normal physiological reaction of the spleen, and as
there was no particular group associated pattern, it was concluded not to be related to the
formulations. All formulations were found to have no adverse anatomic effects on the mice

during the duration of this study.

6.4 Discussion

Advancement of siRNA technology for use in preclinical cancer models and clinic
has been slow due to the difficulty in the safe and effective delivery of siRNA to cancer cells

following systemic administration.*** Our research group has previously reported on the
g sy group p y rep
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preparation of a siRNA delivery system for use in cancer targeted siRNA delivery following
intravenous administration. This delivery system is based on PEO-b-PCL block copolymers

bearing polycations like spermine (SP)'*> '*?

on the a-carbon of g-caprolactone in the PCL
block for siRNA complexation. The PEO-b-P(CL-g-SP) is shown to complex siRNA
effectively and protect it against degradation in serum and silence the expression of P-
glycoprotein in human cancer cells leading to their sensitization to chemotherapeutics.'*’ We
have also used the RGD4C peptide as ligand to modify the surface of PEO-b-P(CL-g-SP)

. 102, 201
micelles,

or separately, have also modified the SP group on the PCL backbone of PEO-
b-P(CL-g-SP) with cholesterol moieties.”*’ RGD4C modification led to a reduction in the
required dose of siRNA for gene silencing and also improved the accumulation of polymeric
micelles in MDA-MB-435 tumor,'"* 2*' whereas cholesteryl modification led to improved
delivery of MCL-1 siRNA into MDA-MB-435 cells translating into efficient down-
regulation of MCL-1 mRNA and subsequent cell death in vitro.**” In the current study, we
investigated the effect of cholesteryl modification of SP groups of PEO-b-P(CL-g-SP) on
siRNA delivery and silencing activity by plain or RGD4C modified micelles in in vivo
cancer models. Cholesterol modification of SP was hypothesized to lead to improvements in
gene silencing and therapeutic activity of developed polymeric micellar siRNA delivery
system after local or systemic administration.

Intratumoral injection of MCL-1 siRNA complexed with PEO-b-P(CL-g-SP) and
PEO-b-P(CL-g-SP-Chol) produced similar trends to in vitro results in terms of MCL-1
mRNA down-regulation, with MCL-1 siRNA complexes of PEO-b-P(CL-g-SP-Chol)
showing slightly better downregulation of MCL-1 mRNA over PEO-b-P(CL-g-SP)
complexes, but the difference was not statistically significant. In line with the decreased
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expression of MCL-1 mRNA by polymeric micellar MCL-1 siRNA complexes, a decrease in
the rate of tumor growth rate was also observed. However, again the slight better inhibition
of tumor growth by the siRNA complexes with PEO-b-P(CL-g-SP-Chol) over PEO-b-P(CL-
g-SP) complexes was statistically insignificant. The rate of tumor growth inhibition by
MCL-1 siRNA delivery was reduced after the 3™ injection of siRNA complexes by both
polymeric micellar siRNA delivery systems, particularly that of PEO-b-P(CL-g-SP)
formulations. This may reflect a compensating effect by other anti-apoptotic factors for the
down-regulation of MCL-1.

Following systemic administration, cholesterol modification of the core in PEO-b-
P(CL-g-SP) did not impact the gene silencing or therapeutic activity of MCL-1 siRNA
complexes in tumor xenografts. But the RGD4C modification of the micellar shell did
improve the silencing activity of the polymeric micellar siRNA delivery systems for both
PEO-b-P(CL-g-SP-Chol) and PEO-H-P(CL-g-SP) in tumor xenografts. This is perhaps due to
increased accumulation of RGD4C-coated micelles in MDA-MB-435 tumors, in which ayf;

443-445 : : 102 -
d, as shown in our previous study. = The down-regulation of

integrins is overexpresse
MCL-1 mRNA in tumor xenografts following intravenous administration of MCL-1 siRNA
complexes with RGD4C modified micelles was not sufficient to cause significant inhibition
of tumor growth when compared to control animals, however. Higher MCL-1 mRNA
silencing (> 40 %) might be required to see any measurable difference in inhibition of MDA-
MB-435 tumor growth. One interesting observation was that although intravenous
administration of the RGD4C modified polymer:siRNA complexes showed a similar

downregulation of MCL-1 mRNA expression when compared to that after intratumoral

administration of complexes; a similar reduction in tumor volume for the two routes of
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administration was not observed. The reason behind this is unknown but there could be a
possibility of increased cytotoxicity upon injection directly to the tumor site, when the
delivery system is in direct and more uniform contact with tumor cells. This is in contrast to
RGD modified micelles that may be sequestered by tumor vasculature cells or other non-
cancerous cells of the tumor. Another possibility is the slight difference in the composition of
polymeric micellar siRNA administered either by intratumoral or iv routes. The micellar
construct used for iv administration contains 32 parts of PEO-b-P(CL-g-DP) (to which the
RGDA4C is attached). However, PEO-b-P(CL-g-DP) is more cytotoxic and less efficient in
siRNA delivery when compared to PEO-b-P(CL-g-SP)."*” The reason for this observation
needs to be investigated further.

The treatments did not have any adverse impact on the activity level and mean body
weight of the animals. Also, histopathological examination of the kidney, spleen, and liver
tissues did not show any toxicity confirming the safety of the siRNA and the selected
delivery system in the mouse model employed. These results points to the relative safety of

the siRNA complexes following intravenous injection.

6.5 Conclusion

In this study, we demonstrated that the therapeutic efficacy of both PEO-5-P(CL-g-
SP) and PEO-b-P(CL-g-SP-Chol) in nude mice bearing MDA-MB-435 xenograft showed
significant improvements in silencing of MCL-1 mRNA and tumor volume inhibition after
intratumoral administration. This trend was not observed following intravenous
administration of the cholesterol modified and unmodified siRNA micellar complexes.

Surface modification of polymeric micellar siRNA with RGD4C, however, resulted in
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improved MCL-1 mRNA silencing activity of both micellar complexes in tumor xenografts
after systemic administration. Our results also demonstrated the safety of PEO-b-P(CL-g-SP)
based micelles for systemic siRNA administration. However, our results showed that
cholesteryl substitution of PEO-b-P(CL-g-SP) did not improve the activity of polymeric
micellar siRNA in nude mice bearing MDA-MB-435 xenograft in silencing of MCL-1
mRNA. Following MCL-1 silencing by around 30-40 % upon intratumoral injection of
polymeric micellar MCL-1 siRNA, inhibition in tumor xenograft growth was observed up to
10 days, but the tumor resumed more rapid growth after this time point, despite MCL-
silencing. The level of MCL-1 silencing in tumor seemed not to be sufficient to impose
significant inhibition of tumor growth following intravenous administration of MCL-1
siRNA complexes, however. Even though the cholesteryl modification did not improve the
activity of polymeric micellar siRNA in vivo, the results point to the potential of surface
modification with RGD4C in improving the efficacy of these nanocarriers in siRNA delivery

after systemic administration.
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Chapter Seven

General Discussion, Conclusion, and Future Directions
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7.1 General Discussion

Nanotechnology has shown immense promise in the field of cancer diagnosis and
therapy. It has provided solutions to the problems of solubility, degradation,
biocompatibility, toxicity, and bioavailability of various anti-cancer drugs. In this area, lipid-
based nanocarriers like liposomes have shown great advancement with several formulations

in clinical trials or in the market.**®

However, liposomes lack the chemical flexibility in their
structure making it difficult to develop versatile formulations for multiple therapeutic
entities. Besides, liposomal carriers can show leakage of entrapped drug and instability
during storage.**” Polymeric micelles, on the other hand, are showing increased attention due
to their chemical flexibility which enables them to be optimized for the delivery of various
therapeutic or diagnostic agents for cancer therapy. Our goal in this thesis was to take
advantage of this chemical flexibility of polymeric micelles in developing chemotherapeutic,
immunotherapeutic, and gene silencing strategies to fight cancer.

In the first two chapters of this thesis (Chapter 2 and 3) our goal was to modify the
core of PEO-H-PCL block copolymers with pendant groups of different polarity and explore
the effect of this structural modification on the thermodynamic and kinetic stability,
degradation, biocompatibility, and immunogenicity of the generated polymeric micelles, as
well as their passive accumulation in orthotopic breast tumors. To this end, we synthesized a
series of diblock copolymers composed of PEO-b-PCL, PEO-6-PBCL (PCL containing
pendent benzyl carboxylate), or PEO-b-PCCL (PCL containing pendent carboxyl). The
degree of polymerization of the core-forming block was varied in all three structures

(Chapter 2). An increase in the degree of polymerization of the core forming block is known

to increase the thermodynamic and kinetic stability of polymeric micelles.” However,
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attaching a pendant group was found to have a more profound effect in affecting the
thermodynamic and kinetic stability of the micelles. For PEO-b6-PBCL, the presence of
benzyl group gave rise to m-m stacking interactions increasing the stability further, whereas
the presence of hydrophilic carboxyl group in the case of PEO-b-PCCL decreased the
thermodynamic and kinetic stability further (Table 2.1 and Figure 2.4).*>*

Since the in vivo fate of this modification was unknown, we developed traceable
PEO-b-PCL and PEO-b-PBCL based nano-carriers through chemical conjugation of a near
infrared dye (NIR) to their core-forming block for live imaging of nanocarriers in orthotopic
breast tumor bearing animal models (Chapter 3). Conjugating the NIR probe to the micellar
core can prevent the probe from releasing from the micellar system as might happen after
physical encapsulation,'® or from interacting with the proteins of the complement system as
can be possible after conjugating to the hydrophilic shell.'” PEO-5-PCL micelles showed
higher accumulation in kidneys indicating faster renal clearance compared to their PEO-b-
PBCL counterparts (Figure 3.11 and 3.12). Since glomerular filtration is highly size-selective
and the PEO-b-PCL micelles had a size which is higher than the threshold for renal
clearance,”™ it is likely that the PEO-b-PCL micelles dissociated in the serum, owing to their
lower thermodynamic and kinetic stability, leading to their faster clearance. PEO-b-PBCL
micelles, on the other hand, showed higher uptake into the tumor (Figure 3.10). PEO-b-
PBCL micelles also showed higher accumulation in the MPS organs such as liver and spleen
when compared to PEO-H-PCL though (Figure 3.11 and 3.12).

We further modified the micellar surface with the breast cancer targeting peptide,
P18-4. P18-4 is a stable derivative of p160 peptide which has shown exceptional proteolytic

stability, and upto 3.5-fold higher uptake in breast cancer cell lines MDA-MB-231, MDA-
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MB-435, and MCF-7."> Modification with P18-4 maintained the thermodynamic stability of
the micelles but decreased their kinetic stability. P18-4 modification of micelles resulted in
an increase in tumor associated NIR signal particularly in early detection time points (Figure
3.10). This perhaps reflects a better accumulation of both PEO-b-PCL and PEO-b-PBCL at
the tumor site following P18-4 surface modification. The observation can be attributed to
enhanced interaction of peptide modified micellar carrier with cancer cells in tumor or their
internalization, which will prevent the diffusion of the nanocarrier out of the tumor site at
early time points.” At later time points the tumor accumulation of plain and targeted
nanocarriers became similar for both nanocarriers. This could reflect the saturation of
receptors accessible to the nanocarrier at the tumor site or due to the decrease in kinetic
stability of the nanocarrier after modification with P18-4.

In order to further increase the thermodynamic stability of the micelles, we aimed at
crosslinking the core of PEO-b-PCL micelles via degradable crosslinks using click chemistry
(Chapter 4). Crosslinking of the core and shell using click chemistry has been studied
extensively,®" * % "7 however, the presence of degradable crosslinks in the PEO-b-PCL
micellar core ensures their removal from the biological system upon degradation. Core
crosslinked PEO-H-PCL micelles did not lose their micellar structure even after dissolving in
acetone, indicating their improved thermodynamic stability (Figure 4.4).** Crosslinking
however, did not slow down the release profile of both PTX (Figure 4.9) and JSI-124
(Appendix A). This was previously observed in the case of PTX after core-crosslinking.*®
Polymeric micellar formulations of JSI-124, based on PEO-bh-PCL have been developed,

however, they were unable to significantly sustain the release of JSI-124 in vitro under sink
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condition (Appendix A).*%" !

This observation may imply the localization of JSI-124 in
core/shell interface rather than the micellar core.

JSI-124 is a potent JAK-STAT3 inhibitor, and a member of the cucurbitacin family of
compounds. It has been studied extensively for its direct anti-tumor activity and effects in

. . : oo . 226, 227, 231, 249, 255258
enhancing anti-cancer immunity in several human and murine models.””

397, 415

Constitutive activation of STAT3 has been implicated in cancer progression, and

immune evasion, whereby it can inhibit DC functional maturation and induce the activation

227-229, 231, 232

of tolerogenic DCs. However, STAT3 activation is, also essential for regular

416-419 Therefore, sustaining the premature release of JSI-124

function of several vital cells.
for selective inhibition of STAT3 function in tumor and tumor microenvironment is
important. With this in mind, our goal was to conjugate JSI-124 to the core of PEO-h-PCCL
micelles through an ester linkage (Chapter 5). The ester linkage was expected to be cleaved
in the acidic pH of the endosomal compartment after carrier internalization leading to drug
release and activation.

Conjugation of JSI-124 to the micellar core slowed down the release considerably
(Figure 5.2), pointing to the stability of ester linkage between COOH group on the polymer
backbone and the drug. This observation is in line with previous findings on PTX conjugated
PEO-b-PCCL.** ¥ As expected, conjugation of JSI-124 to PEO-b-PCCL decreased its
STAT3 inhibitory activity against B16 melanoma cells (Figure 5.7). This was anticipated
since the stability of the ester linkage between JSI-124 and the polymer backbone can lead to
slow release of free drug from the conjugate in tumor cells. However, the activity of the
polymer-JSI-124 conjugate in rescuing the tumor suppressed BMDCs to the favorable

immune-active state was higher than the free drug in several ex vivo studies performed
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(Figure 5.9 and 5.10). Even though the conjugate was less cytotoxic to BMDCs, which we
thought might be because of the slow uptake of polymeric-JSI-124 micelles due to the

protective effect of the PEG shell,**" *%

the polymeric-JSI-124 micelles were able to show
improved STAT3 inhibitory activity in tumor-exposed BMDCs (Figure 5.8) and also
upregulated the production of IL-2 and IFN-y by CD4+ T-cells in the presence of TLR ligand
when compared to free JSI-124 (Figure 5.10). Both, IFN-y and IL-2, are cytokines produced
by Th1 cells that play an important role in coordinating immune responses against cancer.*'*
2 [FN-y can regulate the anti-tumor activity of IL-12 and IL-2, whereas, IL-2 can play an
important role in creating an effective immune response in patients suffering from metastatic
melanoma.*'> Hence, upregulation of both IL-2 and IFN-y by CD4+ T-cells when treated
with the polymer-JSI-124 micelles indicates the development of a Thl immune response
against cancer which is required for cancer rejection. The reason for improved activity of
JSI-polymer conjugate versus free drug in tumor exposed and immune-suppressed BMDCs is
not clear and might be related to difference in cell trafficking between free and conjugated
drug in DCs.

In the last chapter (Chapter 6), our efforts were shifted toward development of lipid-
based PEO-b-PCL nanocarriers for localized or systemic siRNA delivery. siRNA can be
used to silence any specific gene, however advancement of this technology has been slow
due to the difficulty in the safe and effective delivery of siRNA to cancer cells following
systemic administration.*** Previous approaches using either lipids or cationic polymers for
siRNA delivery have been adopted. In this chapter, we have taken advantage of both, lipids
and cationic polymers, to design cholesteryl-modified cationic nanocarriers of PEO-b-P(CL-

g-SP) and explore their ability to silence MCL-1 gene following either local or systemic
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administration. MCL-1 is an anti-apoptotic member of the Bcl-2 family of proteins,”® whose
upregulation has found to play a role in cancer survival and is found to be over-expressed in

266, 268. 272. 273 Down-regulation of MCL-1 has been found to induce

a variety of cancers.
apoptosis”® and can be a potential target in the treatment of a number of cancer cell types.

In previous studies, PEO-b-P(CL-g-SP) showed great promise in encapsulating
siRNA, protecting it against degradation in serum, and silencing the expression of P-

glycoprotein in human cancer cells leading to their sensitization to chemotherapeutics.'* I

n
further studies, RGD4C was used to modify the surface of PEO-b-P(CL-g-SP) micelles,'**
21 or separately, cholesterol was used to modify the SP group on the PCL backbone of PEO-
b-P(CL-g-SP).**” RGD4C modification improved the accumulation of polymeric micelles in

MDA-MB-435 tumor following systemic administration,' ™ 2!

whereas cholesteryl
modification led to improved delivery of MCL-1 siRNA into MDA-MB-435 cells translating
into efficient down-regulation of MCL-1 mRNA and subsequent cell death in vitro.*’ Seeing
this, we investigated the effect of RGD4C modification in the shell and cholesteryl
modification of SP groups in the PEO-b-P(CL-g-SP) core on MCL-1 siRNA delivery and
silencing activity in in vivo cancer models. Cholesteryl modification did not improve the
gene silencing or therapeutic activity of MCL-1 siRNA complexes in tumor xenografts when
compared to PEO-b-P(CL-g-SP), however, both showed significant improvements in
silencing of MCL-1 mRNA and tumor volume inhibition after intratumoral administration
(Figure 6.1). RGD4C modification of the micellar shell did improve the silencing activity of
the polymeric micellar siRNA delivery systems for both PEO-b-P(CL-g-SP-Chol) and PEO-
b-P(CL-g-SP) which might be due to increased interaction with ayPs; integrins over-
expressed on MDA-MB-435 (Figure 6.2).*"** However, this improved silencing activity
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was not sufficient to cause significant inhibition of tumor growth which might be because
higher MCL-1 silencing is required to see any measurable difference in inhibition of MDA-
MB-435 tumor growth (Figure 6.2). This was surprising given the fact that, at a similar level
of MCL-1 silencing upon intratumoral administration of MCL-1 siRNA complexes,
significant inhibition of tumor had been observed (Figure 6.1). This may be attributed to the
un-uniform distribution of the siRNA complexes within the tumor mass following iv
administration. The siRNA complexes, however, did not show any signs of toxicity in
kidney, liver, and spleen pointing to the relative safety of the siRNA complexes following

intravenous injection (Figure 6.2).

7.2 Conclusion

The flexibility of the micelle forming platform based on PEO and modified PCL can
be used to produce versatile excipients for targeted delivery of drugs or siRNA to the tumor
site. The feasibility of this approach has been shown in this thesis. In this context, PEO-b-
PCL block copolymers were modified in their core with pendant benzyl carboxylate (PEO-b-
PBCL) or carboxyl (PEO-b-PCCL) groups. Incorporation of pendant benzyl carboxylate
group (PEO-H-PBCL) enhanced the thermodynamic and kinetic stability of the micelles
leading to increased passive tumor accumulation of these micelles in orthotopic breast
tumors. Crosslinking of the core further enhanced the thermodynamic stability of these
micelles, but failed to sustain the release of PTX and JSI-124. For this, JSI-124 was
conjugated to the core of PEO-b-PCL based micelles which sustained the release of the drug.
The polymer-JSI-124 conjugate maintained its STAT3 inhibitory activity against B16

melanoma cells and improved its activity in immune suppressed BMDCs and also improved
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their function in initiating a Thl immune response when compared to free JSI-124. In the
case of MCL-1 siRNA delivery, cholesteryl modification of PEO-b-P(CL-g-SP) did not have
any effect on MCL-1 silencing or tumor growth inhibition when compared to PEO-b-P(CL-
g-SP) after local or systemic administration.

PEO-b-PCL based micelles were also modified on their shell with targeting peptides.
Modification of the shell with P18-4 peptide resulted in a rapid accumulation of both PEO-b-
PCL and PEO-b-PBCL micelles in orthotopic breast tumors after intravenous administration,
whereas modification of PEO-b-P(CL-g-SP) and PEO-b-P(CL-g-SP-Chol) micellar shell
with RGD4C peptide led to improved MCL-1 silencing in MDA-MB-435 tumors after
systemic administration.

The potential use of these modifications is immense. Modification in the core/shell
structure with hydrophobic or hydrophilic substitutions can be used to fine-tune the stability,
biodistribution and uptake of the nanocarriers into tumors. At the same time, modifications
with an NIR probe can be used as a system for investigating the biodistribution of other
nanocarriers, with potential use as a diagnostic agent in the future for detection of tumors.
Further modification of the core with a drug like JSI-124 has excellent potential in increasing
the efficacy of cancer immunotherapy whereas cholesteryl modification can be used as a safe
tool to study the silencing of various genes both in vitro and in vivo. Overall, the results of
our studies point to the excellent chemical flexibility of these PEO-b-PCL based

nanocarriers.
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7.3 Future Studies

In this thesis, we explored the chemical flexibility of the core/shell of PEO-b-PCL
based nanocarriers. Future development of these carriers may constitute several paths. Based
on the improved passive tumor accumulation of PEO-b6-PBCL micelles in primary breast
tumors, we might think of selecting this nanocarrier for delivery of various drugs or drug
combinations in addition to the NIR probe to primary breast tumors. The breast tumor
growth inhibition will be tracked using bioluminescence. P18-4 modification would further
be carried out to confirm if the rapid accumulation would lead to better tumor inhibition in
primary tumor models. Another approach we are considering is to study the effect of the
pendant benzyl carboxylate group on the passive tumor accumulation in metastatic breast
tumor models using the NIR probe. A metastatic model for the luciferase expressing MDA -
MB-231 cancer cells already exists in order to study this approach. Depending on the results
of this study, we might think of selecting the appropriate nanocarrier for delivery of drugs or
a combination of drugs in a metastatic breast cancer model. Finally, based on our current
protocol of conjugating the NIR probe to the core of PEO-b-PBCL and PEO-b-PCL based
micelles, we might use this approach in the future to conjugate the probe to other
nanocarriers developed by our research group in order to study their biodistribution in
various tumor models.

Looking at the success of the in vitro results of the polymer-JSI-124 conjugate in
improving its STAT3 inhibitory activity, and function in initiating an immune response, in
immune suppressed BMDCs; we are now thinking of seeing the direct anti-cancer activity
and immune modulation of the polymer-JSI-124 conjugate in B16 melanoma s.c. xenografts

after intratumoral injections in vivo. Our research group has previously shown an improved
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immunomodulatory and anticancer effect for CPG and free JSI-124 in B16 melanoma mouse
tumor model after intratumoral injection.”>> A similar study comparing the polymer-JSI-124
conjugate with free JSI-124 would be the next logical step in this approach.

Since silencing of only MCL-1 was not completely effective in tumor growth
inhibition, we might now look at considering other siRNA combinations along with MCL-1
using PEO-b-P(CL-g-SP) modified with RGD4C on the surface against MDA-MB-435 WT
and resistant tumors. Previous studies have been carried out with PEI-lipid based polymeric
nanocarriers for delivery of MCL-1 siRNA in combination with ribosomal protein S6 kinase
siRNA, or with P-gp and survivin siRNA.?""**! We might look at using PEO-H-P(CL-g-SP)
nanocarriers modified with RGDA4C for delivery of multiple siRNA combinations, or siRNA

combinations with drugs like DOX to MDA-MB-435 WT and resistant tumors.
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A.1. Experimental Methods
A.1.1. Preparation of JSI-124-loaded polymeric micelles based on PEO-b-PCL

Block copolymers of PEO;4-b-PBCL3;, PEO;4-b-PBCLsg, and PEO;4-b-PCCL9
were synthesized according to Section 2.2.3. For physical encapsulation of JSI-124, 20 mg
PEO14-6-PBCL3;, PEO,4-b-PBCLsg, or PEO;14-b-PCCL 9 was dissolved with 1 mg of JSI-
124 into 1 mL acetone. This solution was added to 5 mL of deionized water in a drop-wise
manner under moderate stirring at room temperature, followed by the evaporation of acetone
under vacuum. The prepared micellar solution was then centrifuged to remove any
aggregates.

Block copolymer of PEO-b-PPCL was synthesized according to Section 4.2.3. For
physical encapsulation of JSI-124 into crosslinked micelles, 1 mg JSI-124, 20 mg PEO-b-
PPCL, and 5.1 mg crosslinking agent (tetraethylene glycol (bis)azide) were all added to 1 mL
acetone and this solution was added to 5 mL deionized water containing 1.0 mg sodium
ascorbate and 0.1 mg copper sulphate, in a drop-wise manner under moderate stirring at
room temperature, followed by the evaporation of acetone under vacuum. The prepared

micellar solution was then centrifuged to remove any aggregates.

A.1.2. Release of JSI-124 from block copolymer micelles

Release of free JSI-124 or JSI-124 physically encapsulated into PEO-b-PCCL
micelles was assessed in deionized water at 37 °C according to a previous method with slight
modification.' Free or micellar JSI-124 (5 mL solution containing 1 mg JSI-124) was
prepared and transferred to a dialysis bag (MWCO - 3.5 kDa). The dialysis bag was placed in
500 mL of deionized water and release study was performed in a shaking water bath at 37
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°C. At selected time intervals, the release media was replaced, and aliquots of 200 uL were

withdrawn from the inside of the dialysis bag and analyzed by LC-MS.

A.2. Results
A.2.1. Encapsulation and release of JSI-124 from PEO-5-PCL based micelles

The encapsulation efficiency of JSI-124 in PEO-b-PCL based micelles is given in
Table A.1. All the micelles show an encapsulation efficiency of 100 % indicating complete
solubilization of JSI-124 into the micelles. The release profile of JSI-124 is given in Figure
A.1. The release profile indicates that a relatively rapid release of JSI-124 from all the PEO-
b-PCL based formulations similar to free JSI-124, with ~100 % drug release within 8 h of

incubation.

Table A.3 Drug loading and encapsulation of JSI-124 in PEO-b-PCL based micelles

Block copolymer micelles Drug Loading (%) Encapsulation Efficiency (%)
PEO)14-b-PBCL3; 7.5+0.7 150.8 £ 13.6
PEO)14-b-PBCLsg 6.0+0.2 119.4 £3.0
PEO,14-b-PCCL9 55+03 109.8+5.6

Crosslinked micelles 5.1+0.1 1029+2.0
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Figure A.3 In vitro release profile of JSI-124 from PEO-b-PCL based micelles in deionized

water at 37 °C. Each point represents mean = SD (n = 3).

A.3. References
1. Garg, S. M.; Xiong, X. B.; Lu, C.; Lavasanifar, A. Application of click chemistry in

the preparation of poly(ethylene oxide)-block-poly(e-caprolactone) with hydrolyzable cross-
links in the micellar core. Macromolecules 2011, 44, 2058-2066.
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Preparation of PLGA Nanoparticles containing Ovalbumin

291



B.1. Method A
B.1.1. Preparation of PLGA nanoparticles

PLGA nanoparticles were prepared according to a previously published method.'
Briefly, 20 mg/mL PLGA (poly(lactic-co-glycolic acid)) (50:50) was dissolved in 2 mL of
acetone: dichloromethane (1:1 v/v) mixture to form the organic phase. The aqueous phase
consisted of 8 mL of 5% polyvinyl alcohol (PVA). The organic and aqueous phases were
sonicated for 30 s (level 4) in ice bath using a probe sonicator. The organic phase was

removed by evaporation under pressure while the solution was constantly stirring.

B.1.2. Results
The PLGA nanoparticles formed aggregates after evaporation of organic solvent with

asize > 1 pM.

B.2. Method B
B.2.1. Preparation of PLGA nanoparticles

PLGA nanoparticles were prepared according to a previously published method with
slight modification.” Briefly, PLGA (poly(lactic-co-glycolic acid)) (50:50) was dissolved in 1
mL of ethyl acetate and added to 2 mL of aqueous solution containing PVA. After mutual
saturation of both the phases, the mixture was sonicated for 1.5 min in ice bath (level 4)
using a probe sonicator. This solution was added dropwise to 50 mL of deionized water
under constant stirring to allow for nanoprecipitation. Ethyl acetate was removed by
overnight stirring. Aggregates were removed by centrifugation. The solution was then
washed twice by ultracentrifugation (20000 rpm for 30 m) and then freeze-dried.
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B.2.2. Results

Table B.1 gives the characterization of the various PLGA nanoparticles that were

prepared. NP1, NP5, and NP6 had trouble in reconstitution of the sample in deionized water

after freeze-drying whereas NP2, NP3, and NP4 did not reconstitute after freeze-drying. As

seen in Table B.1, as the concentration of PVA was increased, the size of the nanoparticles

decreased. Also, as the concentration of PLGA was increased, the size of the nanoparticles

also increased.

Table B.4 Synthesis and characterization of PLGA nanoparticles

Name | cone. | rado | PVA | Sonication| CELSULL | Recovery

(mg/mL) | (org:aq) conc. (%) | time (min) (nm) after FD
NP1 20 1:2 1% 1.5 186.3 15%
NP2 20 1:2 2.5% 1.5 139.9 ND
NP3 20 1:2 5% 1.5 100.8 ND
NP4 20 1:2 5% 1.5 106.1 ND
NP5 40 1:2 5% 1.5 114.1 <2%
NP6 80 1:2 5% 1.5 140.6 <2%

ND - not detected

B.3. Method C

B.3.1. Preparation of PLGA nanoparticles
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PLGA nanoparticles were prepared according to a previously published method.?
Briefly, 100 mg PLGA (poly(lactic-co-glycolic acid)) (50:50) was dissolved in 5 mL of
acetone. A solution of 1:1 v/v ethanol/water was added dropwise (2 mL/min) into the PLGA
solution under constant stirring until the solution became turbid. After 5 m of stirring, the
suspension was transferred to 20 mL of deionized water in a glass beaker and stirred for
another 20 m. Organic solvent was then removed under pressure while stirring. Solution was
centrifuged to remove aggregates. The solution was then washed twice by ultracentrifugation

(20000 rpm for 30 m).

B.3.2. Results

The PLGA nanoparticles formed aggregates after evaporation of organic solvent with
a size > 1 pM. On ultracentrifugation, the nanoparticles precipitated to form a hard cake
which was resuspending in solution. This was expected as there was no stabilizer. On adding
5% PVA to the 20 mL deionized water, the nanoparticle solution did not form a cake during
ultracentrifugation and the size was 250 nm. However, the nanoparticles formed aggregates

after evaporation of organic solvent.

B.4. Method D
B.4.1. Preparation of PLGA nanoparticles

PLGA nanoparticles were prepared according to a previously published method.’
Briefly, 25 mg PLGA (50:50) was dissolved in 4 mL of chloroform. Aqueous phase
consisted of 1 mL mixture of deionized water: methanol (7:3 v/v). The organic phase was
added to the aqueous phase with constant stirring. The mixture was stirred for 30 m. The
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mixture was then added dropwise to 10 mL deionized water containing 0.5% pluronic F-68
or 5% PVA. Organic solvent was removed by overnight stirring. The solution was then

washed twice by ultracentrifugation (20000 rpm for 30 m) and then freeze-dried.

B.4.2. Results

No primary emulsion was formed as the chloroform and aqueous phase would
separate before adding the two phases to 10 mL of water. Sonication was tried for 30 s at
level 4, however, that lead to separation of the phases as well. The PLGA nanoparticles
exhibited a size of 240 nm with pluronic F-68 whereas with PVA, the size was 450 nm.

resuspending after ultracentrifugation was difficult with this method.

B.5. Method E
B.5.1. Preparation of ovalbumin loaded PLGA nanoparticles

PLGA nanoparticles were prepared according to a previously published method with
slight modification.” Briefly, 100 mg PLGA (50:50) was dissolved in 5 mL of propylene
carbonate (PC). 0.5 mL of deionized water was added and the two phases were sonicated for
30 s (level 4) in an ice-bath to get primary emulsion using a probe sonicator. The primary
emulsion was added into 10 mL of aqueous phase containing 4% w/v didodecyl dimethyl
ammonium bromide (DMAB). The mixture was emulsified for 7 m using a high speed
homogenizer (16000 rpm). In order to allow for diffusion of PC into water, 40 mL of
deionized water was subsequently added under moderate stirring , leading to
nanoprecipitation of the PLGA nanoparticles. The nanoparticle solution was then washed
twice by ultracentrifugation (20000 rpm for 30 m) to remove PC and excess DMAB, and
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then freeze-dried. For ovalbumin loaded nanoparticles 2 mg ovalbumin was dissolved in the

initial 0.5 mL water used to prepare the primary emulsion.

B.5.2. Results
The size of empty nanoparticles was 91.1 nm. The size of ovalbumin loaded PLGA
nanoparticles was 115.5 nm. However, no reconstitution took place after freeze-drying the

sample even after adding sucrose as a cryoprotectant.

B.6. Method F
B.6.1. Preparation of ovalbumin loaded PLGA nanoparticles

Since ovalbumin is a hydrophilic protein, PLGA nanoparticles were prepared by
modifying method B in section B.2 to prepare an w/o/w emulsion.” Briefly, 50 mg PLGA
(50:50) was dissolved in 1 mL of ethyl acetate and 100 pL of deionized water was added to
this. After mutual saturation of both the phases, the solution was sonicated for 30 s (level 4)
in an ice bath to obtain the primary emulsion. This solution was added to 2 mL of aqueous
solution containing 5% w/v PVA under constant stirring. The mixture was sonicated for 1.5
min in ice bath (level 3) using a probe sonicator to form the secondary emulsion. This
solution was added dropwise to 50 mL of deionized water under constant stirring to allow for
nanoprecipitation. Ethyl acetate was removed by overnight stirring. Aggregates were
removed by centrifugation. The solution was then washed twice by ultracentrifugation
(20000 rpm for 30 m) and then freeze-dried. Half of the solution was freeze-dried without

cryoprotectant whereas the other half was freeze-dried after adding 10 % w/w sucrose. For
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ovalbumin loaded PLGA nanoparticles, 5 mg ovalbumin was dissolved in 100 pL deionized

water which was added to ethyl acetate to form the primary emulsion.

B.6.2. Results

The size of ovalbumin loaded nanoparticles was 142.6 nm before ultracentrifugation.
The size of nanoparticles was 151.9 nm after ultracentrifugation. The freeze-dried sample
with sucrose resuspended easily with a size of 165.7 nm. The recovery after freeze-drying 5
mg ovalbumin loaded nanoparticles was 15.2 %. The drug loading was 0.79 + 0.11 %

whereas the encapsulation efficiency was 7.94 = 1.11 %.

B.7. Method G
B.7.1. Preparation of ovalbumin loaded PLGA nanoparticles

Since method F in section B.6 gave size around 150 nm, and good redispersion and
protein encapsulation, we further modified method F in order to increase recovery and
protein encapsulation. The procedure is given in Table B.2. Briefly, 5 mg ovalbumin was
dissolved in deionized water and added to 1 mL ethyl acetate in which 50 mg PLGA was
previously dissolved. After mutual saturation of both the phases, the solution was sonicated
for 30 s (level 4) in an ice bath to obtain the primary emulsion. This solution was added to 2
mL of aqueous solution containing 5% w/v PVA under constant stirring. The mixture was
sonicated for 1.5 min in ice bath (level 3) using a probe sonicator to form the secondary
emulsion. This solution was added dropwise to 50 mL of deionized water under constant

stirring to allow for nanoprecipitation. Ethyl acetate was removed by overnight stirring.

297



Aggregates were removed by centrifugation. The solution was then washed twice by

ultracentrifugation (20000 rpm for 30 m) and then freeze-dried.

Table B.5 Preparation of ovalbumin loaded PLGA nanoparticles

. PVA conc.
OVA conc. | PLGA conc. Org.aq. % w/ Sonication
Name (mg/ml) phase ratio (%o wiv) time (min)
(mg) (ml/ml) 2 ml)

NP7 5 50 1/0.1 5% 1.5
NP& 5 50 1/0.25 5% 1.5
NP9 5 50 1/0.5 5% 1.5
NP10 5 50 1/0.75 5% 1.5
NPI11 5 50 1/1 5% 1.5

OVA - ovalbumin

B.7.2. Estimation of encapsulated ovalbumin

The amount of ovalbumin encapsulated in the PLGA nanoparticles was determined as
follows. Briefly, 5 mg of freeze-dried nanoparticles were resuspended in 3 mL of 0.01N
sodium hydroxide solution containing 5 % sodium dodecyl sulphate (SDS) and stirred
continuously for 24 h. Solution was then centrifuged and the supernatant collected. The

supernatant was analyzed for ovalbumin using BCA Protein assay Kkit.

B.7.3. Results
Table B.3 gives the characteristics of the ovalbumin loaded PLGA nanoparticles.

NP7 showed the smallest average size of 137.2 nm however, the encapsulation of ovalbumin
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was also the lowest with an encapsulation efficiency of only 7.42 %. NP10 and NP11
showed size above 300 nm with an encapsulation efficiency above 100 %. The size of the
nanoparticles significantly increased as the concentration of aqueous phase increased. NP8
gave the best results with a smaller size of ~150 nm and an encapsulation efficiency of ~48

%.

Table B.6 Characteristics of ovalbumin loaded PLGA nanoparticles.

Name . o
(nm) (%) (%) Efficiency (%)
NP7 1372+1.4 16.2 0.74+£0.13 742 +1.26
NP8 1489+1.0 9.8 4.79+0.27 4791 +2.69
NP9 172.6 £2.4 5 0.94 +0.52 940+ 5.21
NP10 3429+43 10.2 12.23 £0.36 122.34 + 3.58
NPI11 337.6+2.6 6.2 10.68 £ 0.54 106.77 £5.42
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APPENDIX C

Uptake of Polymeric Micelles by Dendritic Cells
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C.1. Experimental Methods
C.1.1. In vitro cell uptake of Dil loaded PEO-b6-PBCL micelles by BMDCs using flow
cytometry

Cell uptake studies were carried out using the hydrophobic fluorescent probe Dil
according to a method described previously.! Briefly, 30 pug Dil and 30 mg of PEO4-b-
PBCL)y (synthesized according to Section 2.2.3) were dissolved in acetone (0.5 mL). This
solution was added to 3 mL of water in a drop-wise manner followed by evaporation of the
organic solvent under vacuum. The micellar solution was then centrifuged at 11,600 x g to
remove the un-encapsulated Dil. An aliquot of the micellar solution was diluted with an
equal volume of DMSO and used to quantify the level of encapsulated Dil by Varian Cary
Eclipse fluorescence spectrophotometer (Victoria, Australia), with an excitation wavelength
of 550 nm and emission wavelength of 565 nm. Cell uptake was measured using flow
cytometry.

BMDCs (generated from section 5.2.8) were seeded into a 12-well plate (2 x 10’
cells/well) containing 1 mL of media on day 7. Free Dil or Dil loaded polymeric micelles
were added and incubated for 4 h and 24 h at 37 °C. The final Dil concentration in each well
was 0.5 pg/mL. Cells incubated with the medium were used as negative control. Following
the incubation period, cells were removed and centrifuged at 500 x g for 5 min and washed
with cold PBS two times and then re-suspended in 0.5 mL FACS buffer (2% FBS in PBS).
The resulting cell suspension was finally acquired on a Cell Lab Quanta SC flow cytometer
(Beckman Coulter, Brea, CA) and analyzed using Beckman Coulter Quanta Analysis

software. Ten thousand cells were counted with logarithmic settings. The cells associated
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with Dil were excited with an argon laser (488 nm) and fluorescence was detected at 560 nm

(FL2).

C.1.2. In vitro cell uptake of Dil loaded PEO-b-PBCL micelles by BMDCs using
confocal microscopy

Confocal microscopy was used to compare the intracellular distribution of Dil loaded
PEO-b-PBCL micelles according to a previous procedure with modification.” For this, on
day 6 of BMDCs culture, cells were centrifuged and 5 x 10* BMDCs were cultured in 12-
well plates on top of sterile cover slips previously coated with poly-t-lysine at 37 °C. On day
7, the media was removed and replaced with 1 mL media containing free Dil or Dil loaded
PEO-bh-PBCL micelles at a concentration of 0.5 ug/mL. The cells were incubated with the
formulations for 24 h at 37 °C. After incubation, the media was removed and the cells were
washed with serum free media (3 x2mL). The cells were fixed on ice with 2%
formaldehyde for 20 min. The formaldehyde was removed by washing with media
(3 x2mL). The cover slips were put on slides containing one drop of antifade (Molecular
Probes, Invitrogen Co., OR). Cells were imaged using a Leica SP2 confocal microscope
(Heidelburg, Germany) at 40x magnification. Dil was detected using an excitation of 543 nm

and emission of 565 nm.

C.2. Results
C.2.1. In vitro cell uptake of Dil loaded PEO-5-PBCL micelles by BMDCs using flow

cytometry and confocal microscopy
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Flow cytometry and confocal microscopy were used to monitor the uptake of PEO-b-
PBCL micelles in BMDCs. Figure C.1 shows the % uptake and mean fluorescence intensity
(MFI) of Dil encapsulated PEO-b-PBCL micelles by BMDCs. Based on the flow cytometry
results, it can be seen that BMDCs show uptake of Dil encapsulated PEO-b-PBCL micelles
with an increase in the % Dil positive cells and MFI from 30.8 % and 17.5 at 4 h, to 82.7 %

and 44.7 at 24 h, respectively.
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Figure C.4 Assessment of the uptake of Dil encapsulated PEO-6-PBCL by BMDCs as
measured by flow cytometry at A) 4 h and B) 24 h. The data represents one out of three
independent experiments which showed similar results. Uptake of Dil by BMDCs reported
as C) % Dil positive BMDCs and D) MFI after treatment for 4 h and 24 h. Each bar

represents mean = SD (n =3)
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Confocal microscopy images displaying BMDCs cells incubated with Dil-loaded
PEO-b-PBCL micelles confirmed uptake of micelles by BMDCs (Figure C.2). After 24 h
incubation, the BMDCs show that the Dil fluorescence is localized in the cytoplasmic

compartment.

Free Dil

Bright Field Fluorescence Overlay

Dil-loaded
PEO-b-PBCL
micelles

Figure C.5 Cellular uptake of Dil encapsulated in PEO-5-PBCL micelles by BMDCs using
confocal microscopy after 24 h. Images represent bright field, Dil fluorescence (red), and

merged (overlay) images.
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