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ABSTRACT

One of the major limitations of chemotherapy in cancer treatment is the side effects
of anti-cancer drugs. This happens due to non-selective distribution of most standard
chemotherapies, and their action on cancer and all normal dividing cells. The
objective of this project is to develop a novel delivery system for the more potent
parent compound of oxaliplatin, dichloro (1,2-diaminocyclohexane) platinum(II)
(DACHPt) to limit its non-selective distribution to normal tissues, thus reducing the
drug’s side effects. As an alternative to prodrug strategy, incorporation
of DACHPt in polymeric micellar nanocarriers was hypothesized to increase
DACHPt aqueous solubility and increase platinium delivery to colorectal cancerous
tissues, while reducing platinum concentrations in normal tissues. Methoxy poly
(ethylene oxide)-block-poly-(a-carboxylate-e-caprolactone) (PEO-b-PCCL) diblock
copolymers were used to prepare micelles containing DACHPt through polymer—
metal complex formation of DACHPt with PEO-b-PCCL (abbreviated as DACHPt-
PCCL) in distilled water. The mean diameter of the prepared micelles was measured
using dynamic light scattering (DLS) to be 60 nm. The release profile of DACHPt
from DACHPt-PCCL micelles as measured by ICP-MS showed only 53.6% of
platinum was released after 120 h from micelles compared to 96.5% platinum release
from free drug at 7.5 h confirming drug complexation. The critical micelle

concentration (CMC) and kinetic stability of DACHPt-PCCL micelles in the
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presence of sodium dodecyl sulfate (SDS), studied using dynamic DLS. The results
showed CMC at micromolar level and high kinetic stability for micelles in the
presence of SDS implying micellar stability following dilution. DACHPt-PCCL
micelles were able to increase the solubility of DACHPt from 0.25 mg/mL to 4.1
mg/mL (16 times) due to the high drug loading inside PEO-b-PCCL micelles (20 %
w/w). The relative ICso of DACHPt-PCCL micelles against human colorectal cancer
cell lines, HCT116, HT29 and SW620, as measured by MTT assay was higher than
DACHPt; perhaps due to the slow release of platinum complexes from DACHPt-
PCCL micelles and/or slower cell uptake. Free DACHPt showed higher cell uptake
in HT29 cell line, and similar cell uptake in HCT116 and SW620 cell lines compared
to DACHPt-PCCL micelles. The in vivo tissue distribution study in NIH-III mice
bearing subcutaneous HCT116 tumors, 24 h following tail vein injection of
DACHPt-PCCL micelles at a dose of 6 mg platinum/kg, showed higher platinum
concentrations in plasma compared to animals injected with oxaliplatin, at the same
platinum dose that led to a trending, but statistically non-significant increase in
tumor platinum levels. Overall, our results point to a potential for DACHPt-PCCL

micelles in delivery of DACHPt to colorectal cancer tissues.
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CHAPTER ONE
INTRODUCTION



1.1 Platinum-based drugs

1.1.1 Cisplatin, the first platinum anticancer drug

Michele  Peyrone  was the first to  synthesize cisplatin, cis-
diamminedichloroplatinum(II) (Figure 1.1) in the end of nineteenth century, and it
was known as Peyrone’s chloride. In the late 1960s, the cisplatin’s cytostatic
property was discovered by Barnett Rosenberg while working on an experiment to
investigate the effect of cisplatin on the growth of bacteria. Cisplatin has been
approved by the US Food and Drug Administration for testicular and ovarian cancer

in several countries in 1971 [1].

Cisplatin has an anticancer activity against different types of cancer, such as
testicular, ovarian, head and neck, colorectal, bladder and lung cancer [2], [3].
Cisplatin usually have an initial therapeutic response and leads to complete cancer
remission or cancer stabilization. However, it suffers from severe adverse effects
including nausea and vomiting, ototoxicity as a result of the irreversible damage of
the hair cells in Corti organ, peripheral sensory neuropathy, and dose limiting

nephrotoxicity [4].
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Figure 1.1: Chemical structures of the clinically used platinum-based drugs (Adapted
from ref. 9 with permission).

Another obstacle limiting the effectiveness of cisplatin in cancer therapy is the
development of cancer resistance. The resistance can be intrinsically to the platinum

drugs or can be developed gradually after the therapy in several sensitive tumors [4].



1.1.1.2 Mechanism of action of cisplatin and its resistance

mechanisms

Although DNA platination is considered as the main step in the cytotoxic effect of
cisplatin, several other cellular steps have clear contribution in its effect. Any change
in these cellular events may lead to drug resistance (Figure 1.2). Resistance
mechanisms in cisplatin can be divided into pre-binding to DNA (due to cell uptake
alterations or cytoplasmic degradation) and post-binding to DNA (due to pt-DNA
lesions repairing [4]).

Cisplatin enters the cells mainly by passive diffusion and this cellular uptake
mechanism is known to be both non-saturable as well as concentration-dependent.
However, it has been found that extracellular methionine clusters of copper
transporter 1 (CTR1) has a key role in the cellular uptake of cisplatin [5], [6]. CTRI1
is an influx transporter of platinum and its downregulation was found in cisplatin-
resistant cells [7]. CTR1 has a smaller molecular size than cisplatin, and studies
suggest that before entering a cell, cisplatin is activated by interacting with CTRI1,
which results in the formation of an intermediate that is smaller than the radius of

the narrowest opening of CTR1[6].

ATP7A and ATP7B are two other copper transporters that have a role in

platinum resistance. ATP7A is thought to regulate platinum accumulation, primarily



by sequestering platinum intracellularly. However, ATP7B located in the Trans

Golgi network mediates platinum drug efflux[6].
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Figure 1.2: Scheme represents cisplatin mechanism of action and drug resistance (Adapted
from ref. 9 with permission).



1.1.2 Carboplatin and second-generation platinum-based drugs

Carboplatin (the second-generation platinum drug) was developed to overcome the
limitations and adverse effects of cisplatin (Figure 1.1). Carboplatin has similar
mechanism of action to that of cisplatin. However, carboplatin and other second-
generation platinum drugs have bidentate cyclobutane dicarboxylate ligands that
make the aquation rate of these drugs lower than that of cisplatin [8]. Carboplatin
showed lower neurotoxicity and ototoxicity compared to cisplatin because of the
reduced aquation rate. Thus, carboplatin can be an appropriate choice for the
aggressive tumors that need high-dose chemotherapy [9]. Carboplatin has been
globally approved for ovarian cancer treatment, and it showed better activity in
combination with paclitaxel compared to cisplatin [10]. However, carboplatin has
dose-limiting toxicity such as myelosuppression, anemia, and neutropenia.
Moreover, carboplatin showed lower activity than cisplatin in the treatment of
testicular germ-cell cancers, bladder cancer, and head and neck cancer. Thus,
cisplatin is still the first-choice drug for these diseases. Like cisplatin, several tumors
have developed resistance against carboplatin, and this has limited its clinical use.

Resistance mechanisms in carboplatin are similar to those reported for cisplatin [11].



Nedaplatin (cis-diammineglycolatoplatinum(Il) (Figure 1.1) has been
developed with similar pharmacokinetic properties to cisplatin. Nevertheless,

nedaplatin has improved the toxicity profile of cisplatin [9].

1.1.3 Oxaliplatin and third-generation platinum-based drugs

Oxaliplatin, a third-generation platinum-based drug (Figurel.1), has been developed
and showed lower resistance in cancer therapy compared to carboplatin and
cisplatin. Oxaliplatin is given in combination with 5-flurouracil and folinate for the
treatment of metastatic and adjuvant colorectal cancer, which was insensitive to
cisplatin [ 12]. Oxaliplatin has a leaving group of oxalate and it is a platinum complex
with (1R,2R)-1,2-diaminocyclohexane (DACH) ligand. Due to the presence of
bidentate oxalate, oxaliplatin has lower reactivity. Thus, the peripheral sensory
neuropathy side effect was reduced in oxaliplatin [12]. The lipophilicity of DACH
ligand in oxaliplatin increases its passive uptake compared to cisplatin and
carboplatin. Moreover, this high lipophilicity gives an advantage to oxaliplatin to
enter the cell by passive diffusion compared to cisplatin and carboplatin. It has been
found that organic cation transporters (OCT1 and OCT?2) have an important role in
the cellular uptake of oxaliplatin as the overexpression of these transporters

significantly increases the accumulation of oxaliplatin in the cells, but not



carboplatin or cisplatin. Organic cation transporters have overexpression in
colorectal cancer cells which explain the efficacy of oxaliplatin in the treatment of
this type of cancer [13]. In some clinical studies, after treatment with oxaliplatin, it
has been found that the overexpression of OCT?2 is correlated with increased survival
of patients with metastatic colorectal cancer [14]. It has been found that
downregulation of OCT1 is correlated with the developed resistance against
oxaliplatin. Moreover, low expression of Na'/ K"-ATPase was found to be
accompanied with resistance against oxaliplatin. Copper efflux transporters play a
key role in the sensitivity of the cells to oxaliplatin, as well. Furthermore, better
outcome was found in colorectal cancer patients with low levels of ATP7B, a copper

efflux transporter [15].

Oxaliplatin binds to the DNA and forms crosslinks between guanine and
adenine or on the guanine base (like cisplatin and carboplatin). However,
oxaliplatin-DNA adducts inhibit the DNA synthesis more than cisplatin and
carboplatin. This was attributed to the presence of the bulky and lipophilic DACH
ligand in oxaliplatin. Clinical trials are evaluating oxaliplatin for the treatment of

pancreatic, non-small lung, gastric, and breast cancers [12].

Other third-generation drugs, heptaplatin and lobaplatin have received regional

approval (Figure 1). Lobaplatin was approved in China for the treatment of



myelogenous leukemia metastatic breast cancers [12]. It has thrombocytopenia as a
dose-limiting side effect. Heptaplatin is very close to lobaplatin in the structure,
however, it has a bulkier amine ligand. It has been developed to overcome the
toxicity and the resistance accompanied with cisplatin. Heptaplatin is approved in
Korea for treatment of gastric cancer. It has been shown in a phase III study that
heptaplatin in combination with 5-fluorouracil has a comparable effect to that of

cisplatin with 5-fluorouracil with lower hematological adverse effects [12].

1.1.4 New generation of platinum-based drugs

Despite the activity of the current approved platinum-based drugs in the treatment
of different types of cancers, much efforts were applied to develop new platinum-
based drugs with lower side effects and more sensitivity profile in different cancers.
Several platinum complexes have been synthesized and investigated pre-clinically
in cancer cells and tumor bearing animals. Some of these new platinum-based drugs

have reached the clinical trials.

1.1.4.1 Platinum (IV) prodrugs

Platinum (IV) prodrugs have been developed to improve the pharmacological
properties of the current in use platinum-based drugs (Figure 1.3). The new

pharmacological properties of Platinum (IV) prodrugs are attributed to the addition



of ligands that can affect drug’s physicochemical properties. The platinum (IV)
prodrugs have shown higher stability in blood circulation as a result of increased
interaction with plasma proteins. The activation of platinum (IV) prodrugs occurs
after their reduction transforming them into different square planar platinum
complexes. Although glutathione and ascorbate play an important role in the
reduction of platinum (IV) prodrugs, most of the reduction happens by cellular
proteins [16]. Platinum (IV) prodrugs have another advantage over the current
platinum-based as they can be given orally due to their high stability as well as the
reduced side effects. Therefore, platinum (IV) prodrugs seem to be a promising new
class of anticancer drugs. Owing to new ligands used in their structure, they have
potential in targeting the drug to the tumor. Thus, keeping these ligands attached to
the platinum on the way to the tumor in vivo is essential. The ligand can then be
cleaved off after reaching the tumor site. More studies are needed to understand the
cellular accumulation mechanisms and biotransformation of these drugs in the

bloodstream.
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1.1.5 The role of carrier-based delivery in the improvement of

platinum-based drugs

Platinum-based drugs have brought significant advances in cancer therapy.
However, their clinical use is limited by their adverse side effects as well as
development of resistance. Moreover, most of these platinum-based drugs have low
bioavailability and poor water solubility. Delivery of platinum drugs specifically to
the tumor is an attractive strategy to overcome the limitations of these drugs that
may potentially lead to improved drug activity, decreased drug resistance and lower
adverse effects of platinum drugs. Drug delivery systems can be designed to increase
drug accumulation levels in the tumor tissue, taking advantage of increase
permeability and defective lymphatic clearance, as the so called enhanced
permeability and retention (EPR) effect, in solid tumors [17]. Clinically used small
molecule anticancer drugs can easily pass through normal and malignant vasculature
and access different tissues, whereas nanoparticles delivery systems such as lipid-
based nanoparticles, liposomes, polymeric micelles and other polymeric
nanocarriers can bypass extravasation at tight continuous junctions of vasculature in
normal tissue and accumulate passively in the tumor through preferred extravasation
at leaky tumor vasculature. The nanoscale dimensions of these delivery systems are
important to prevent their removal by renal clearance or extravasation in the normal

tissues. The nanocarriers can also be modified on their surface with ligands against

12



receptors overexpressed by cancer cells to achieve higher selectivity, homing and
entry to tumor cells [9].

Nanodelivery systems used for the encapsulation of anticancer drugs, usually
bear a hydrophilic corona, such as a poly(ethylene glycol) (PEG) brush. Hydrated
PEG has high water solubility, large exclusion volume and high mobility. Thus, it
forms dense polymeric shield surrounding the nanoparticle protecting it from

immune system recognition and opsonization [18].

1.2 Polymeric micelles: an overview

Polymeric micelles are carriers with core/shell structure and a diameter range
of 10-100 nm [20-22]. Polymeric micelles can meet the requirements of a drug
carrier in targeted drug delivery [22], [23]. Thus, they gained high attention as a
platform for drug delivery in the last twenty years. Polymeric micelles can be formed
in an aqueous media through self-assembly of amphiphilic block copolymers. In
their core/shell structure, the hydrophobic part (core) acts as a reservoir for loading
of hydrophobic drugs, DNA or proteins while the hydrophilic part (shell) interfaces
the biological media (Figure 1.4) [24]. Polymeric micelles can circulate for
prolonged time in the blood and accumulate selectively in the tumor due to the
presence of the hydrophilic shell that make them able to escape opsonization and the

uptake by phagocytic system like other stealth nanocarriers [26, 27]. The chemical

13



flexibility of the core/shell polymeric micelles structure is a unique characteristic
that make them amenable for chemical manipulations and suitable to deliver wide
range of drugs with different physicochemical properties and various modes of drug
release. Moreover, polymeric micelles may be designed to have responsiveness to
external or internal stimuli by interaction with specific targets, thus be used for active
or physical drug targeting functions [22, 28, 29].

The most commonly used block copolymers in drug delivery include 1)
PEO-b-poly(ester)s like PEO-b-poly (lactic-co-glycolic acid) (PEO-b-PLGA),
PEO-b-poly (D, L-lactic acid) (PEO-6-PDLLA), and PEO-b-poly(e-caprolactone)
(PEO-b-PCL); 2) PEO-b-poly(L-amino acids) (PEO-b-PLAA) like PEO-b- poly(L-
aspartic acid) (PEO-b-P(Asp)), PEO-b-poly(L-glutamic acid) (PEO-b-P(Glu)) and
PEO-b-poly(L-lysine) (PEO-b-PLL); and 3) Poloxamers (Pluronic®) such as PEO-

b-poly(propylene oxide)-b-PEO (PEO-b6-PPO-b-PEO).

<« hydrophiliccorona

Amphiphilic block copolymers

%%iz&\ Self-assembly

hydrophobic core

UUU&

in agueous media
above CMC

@ Hydrophobic drug gHydruphiliicblock / Hydrophobic block

Figure 1.4: The process of self-assembly for amphiphilic diblock copolymer (Adapted from ref.
24 with permission).
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1.3 Platinum-based drugs in polymeric micelles

After encapsulation of cisplatin in polymeric micelles, prolonged circulation
of the drug in plasma, decreased nephrotoxicity and more accumulation of the drug
in the tumor have been observed. With a size about 30 nm, cisplatin-loaded micelles
can be penetrated even into poorly permeable tumors. NC-6004 or Nanoplatin is a
PEO-PGlu-based cisplatin micelle formulation that has shown prolonged blood
circulation as well as better tumor accumulation leading to full tumor regression in
C26 tumor-bearing mice without significant weight loss [18].

NC-6004 has shown anticancer activity comparable to free cisplatin in mice
inoculated with MKN-45 human gastric cells [29]. Phase I clinical trials of NC-6004
showed reduced adverse side effects and better tolerability compared to the free
cisplatin [30]. NC-4016 is an oxaliplatin-loaded micelle formulation which have
shown promising results, in vivo, in terms of overcoming oxaliplatin resistance. The
clinical trials of NC-4016 are still under way [18].

In summary, development of nanodelivery systems for platinum-based drugs
1s an attractive way to overcome their limitations and increase their activity in
resistant tumors. The chemical diversity of the delivery system may facilitate design

of these new formulations.
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1.4 Liposomal formulations of platinum-based drugs

Liposomes prepared from various amphiphilic phospholipids are lipid bilayer
vesicles with an aqueous interior. The main advantage of this delivery system is that
it can be used for both hydrophilic and hydrophobic drugs utilizing the aqueous
cavity and phospholipid bilayer for drug accommodation, respectively [9]. Several
platinum-based anticancer drugs encapsulated into liposomes have been
investigated. So far, there are number of liposomal products for platinum anticancer
drugs in clinical trials (Table 1) [9]. The major problem with liposomal formulations
of platinum compounds is the very low drug release even at the site of drug action

that has led to a significant reduction in drug potency.

Table 1: Liposmal formulations of platinum-based drugs in clinical trials.

Liposomal formulation Platinum-based drug Status
Lipoplatin Cisplatin Phase III
SPI-77 Cisplatin Phase 11
Aroplatin cis- bis-(neodecanoato)- Phase 11
{(IR,2R)-1,2-
diaminocyclohexane}
platinum(II) (NDDP)
Lipoxal Oxaliplatin Phase I
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1.5 Thesis proposal

1.5.1 Rational and significance

The current anticancer drugs have low specificity and selectivity for the
tumor cells. This leads to serious adverse effects of anti-cancer agents on normal
cells. Nano drug delivery systems can have a great impact on limiting adverse effects
of the encapsulated anticancer drugs by changing normal the biodistribution of these
drugs away from normal tissues. The delivery systems are also expected to enhance
(or at the least maintain) anti-cancer drug potency, in vivo, by increasing drug levels
at the tumor site. nano-delivery systems of appropriate structure have the potential
to improve the therapeutic index of anticancer drugs through an increase in their

toxic dose and/or a reduction in their effective dose.

Cisplatin, the first generation of platinum-based drug suffers from serious
dose-related adverse effects (such as neurotoxicity, ototoxicity, nausea and
vomiting, and nephrotoxicity) as well as development of intrinsic and acquired
resistance [31] . Several research investigations have been devoted to developing
new analogs of cisplatin. Among these analogs, dichloro (1,2-diaminocyclohexane)
platinum(I) (DACHPt) is a compound which has shown remarkable and wide
spectrum activity in different cancers, lower adverse effects with no cross resistance

in many cisplatin-resistant cancers [12, 33—-36]. However, DACHPt has much lower
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solubility in water compared to cisplatin. Oxaliplatin has been developed to increase

the water solubility of DACHPt.

Although oxaliplatin showed better tolerability compared to other platinum-
based drugs, some adverse effects, such as neurotoxicity and acute dysesthesias, still
limits the range of its working doses [36]-[39]. Many drug delivery systems have
been developed to improve oxaliplatin therapeutic index through affecting drug’s
pharmacokinetics and biological disposition [40]-[45]. Development of polymeric
micelles complexed with DACHPt could lead to an oxaliplatin carrier with modified
pharmacokinetics and/or higher tumor accumulation. NC-4016 is a micellar
formulation that have reached clinical trials and prepared from complexation of
DACHPt with PEG-poly(glutamic acid). NC-4016 was able to increase AUCo.72h of
DACHPt in plasma and tumor 1000 and 17 times, respectively, when compared to
oxaliplatin. Moreover, NC-4016 showed higher activity against metastatic disease
over oxaliplatin in various tumor models [46]. However, development of polyester-
based micellar delivery system for oxaliplatin could show a better safety profile
when compared to poly(amino acid) based polymeric micelles. Polyesters have a
history of safe application as absorbable sutures and drug delivery systems in

humans [21].
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1.5.2 Hypothesis

Polymeric DACHPt micelles based on PEO-PCCL-DACHPt complex can
increase DACHPt aqueous solubility to clinical relevant concentrations for
intravenous administration, hold on to their drug content, and modify platinum
disposition, away from normal tissue and towards blood circulation and tumor in

colorectal cancer in vivo models.

1.5.3 Objective

The objective of this project is to develop a novel delivery system for the more
potent parent compound of oxaliplatin, dichloro (1,2-diaminocyclohexane)
platinum(Il) (DACHPt) to limit its non-selective distribution to normal tissues, thus

reducing the drug’s side effects.

1.5.4 Specific aims

Towards this long-term objective, the following specific aims were pursued in this
thesis:
1- Development of a novel polymeric micellar formulation for DACHPt

delivery based on its complexation with PEO-PCCL.
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2- Characterization of this formulation for its average diameter, platinum
loading, in vitro release profile and stability.

3- Assessment of the effect of DACHPt micelles on in vitro cytotoxicity and
uptake by human colorectal cancer cells compared to the free drug.

4- Assessment of the effect of DACHPt micelles on the in vivo biodistribution
of platinum in a subcutaneous colorectal cancer model compared to

oxaliplatin.
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CHAPTER TWO

EXPERIMENTAL PROCEDURES
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2.1 Materials

Dichloro(1,2-diaminocyclohexane)platinum(1I) (DACHPY), methoxy
poly(ethylene glycol) (PEG) (Mn 5000 Da, purity 99.99%), palladium-coated
charcoal were purchased from Sigma (St. Louis, MO, USA). a-Benzylcarboxylate-
g-caprolactone monomer (BCL) was custom synthesized by Alberta Research
Chemicals Inc. (ARCI, Edmonton, AB, Canada). Stannous octoate was purchased
from MP Biomedicals Inc., Tuttlingen, Germany. M-PER mammalian protein
extraction reagent and Micro BCA protein assay kit were purchased from Fisher
Scientific. All other reagents were of analytical grade. HCT116, SW620, and HT29
human colorectal cell lines were obtained as a generous gift from the laboratory of

Dr. Michael Weinfeld. Female NIH-III immune-deficient mice were purchased from

Charles River Laboratories, USA.

2.2 Methods

2.2.1 Synthesis of Poly(ethylene oxide)-b-Poly(a-benzyl-¢-
caprolactone) (PEO-b-PBCL) block copolymer

The synthesis of PEO-b-PBCL was previously reported by our research group
[21]. Briefly, PEO-b-PBCL was first synthesized by ring opening polymerization of
BCL (0.7g, 2.8 mmol) using methoxy PEO (Mw: 5000 Da, 0.6 g, 0.12 mmol) as

initiator and stannous octoate (0.002eq. of monomer) as a catalyst in 10 mL ampule.
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The ampule was sealed under vacuum, then the polymerization reaction was allowed
to proceed for 4 h at 140 °C in oven. Then, the product was cooled to room
temperature to terminate the reaction. The prepared PEO-b-PBCL was characterized
using 'H NMR (Bruker, ASENDTM 600 MHz spectrometer) in deuterated
chloroform (CDCI3) at 600 MHz at room temperature. The degree of polymerization
(DP) and the number average molecular weight (Mn) of the block copolymers were
calculated by comparing peak intensity of -O-CH,- (6= 4.17 ppm) for a-benzyl

carboxylate-g-caprolactone to the intensity of the same peak for PEO (6= 3.65 ppm)

1
in the H NMR spectrum of PEO-5-PBCL.

2.2.2 Synthesis of PEO-b-PCCL

PEO-b-PCCL was synthesized by complete catalytic debenzylation of PEO-
b-PBCL in the presence of hydrogen gas using palladium-coated charcoal. PEO-b-
PBCL solution was dissolved in 100 mL of degassed tetrahydrofuran in 250 mL
bottle, and charcoal-coated palladium (100 mg) was then dispersed into the solution.
Hydrogen gas cylinder was connected to the bottle, and the solution was stirred using
a magnetic stirrer at room temperature for 12 hours. After that, the mixture was
centrifuged at 3000 rpm to remove the catalyst. The supernatant was collected, and
pure polymer was precipitated into diethyl ether and washed repeatedly to remove

impurities. Then, the final product was collected and dried under vacuum for 24 h at
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room temperature. The prepared PEO-b-PCCL was characterized for its number
average molecular weight by 'H NMR (Bruker) using CDCls as a solvent at room

temperature.

2.2.3 Preparation of DACHPt polymeric micelles

Dichloro(1,2-diaminocyclohexane)platinum(Il) DACHPt (40 mg, 0.0001M)
was reacted with silver nitrate (18 mg, 0.0002M), ([AgNOs]/[DACHPt]=2) in water
for 24 hours at room temperature in the dark to form the aqueous complex. To
eliminate AgCl precipitates, the mixture was centrifuged at 3000 rpm for 10 min.
Then, the supernatant was purified by passage through a 0.22-pum filter. PEO-b-
PCCL (8.24 mg) was dissolved in 2 mL of N, N-dimethylformamide (DMF), and this
solution was added to the solution of DACHPt aqueous complex
([DACHPt]/[PCCL]=14) and reacted for 120 h at 37 C’ to prepare DACHPt-PCCL
conjugates. DACHPt-PCCL micelles were prepared by dialysis method. For this
purpose, DACHPt-PCCL conjugates solution were placed into a dialysis bag

(Spectrapor, MWCO 3500) and dialyzed against water at 4 C° for 24 hours and the

media was replaced with fresh one, several times to remove DMF and free DACHPt.
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2.2.4 Characterization of DACHPt polymeric micelles

The size distribution of DACHPt-complexed micelles was evaluated by
dynamic light scattering (DLS) measurement at 25 C° using Malvern Zetasizer
(Nano ZEN 3600, Malvern, UK). The kinetic stability of micelles was also studied
in the presence of sodium dodecyl sulfate (SDS) as a destabilizing agent using
dynamic DLS (Malvern Zetasizer, Nano ZEN 3600) by studying the time-dependent
changes in the relative scattered light intensity (intensity of scattered light at time
t/intensity of scattered light at time zero) of DACHPT-PCCL micelles. DACHPT-
PCCL micellar solution (concentration: 1 mg/mL) was added to SDS solution
(concentration: 40 mg/mL) in 2:1 micelles:SDS ratio. The resulting mixture was then
monitored using DLS for several time intervals. The mean intensity diameter of the

DACHPT-loaded micelles was measured by DLS at the same time points.

Critical Micellar Concentration (CMC) of PEO-b-PCCL before and after
complexation of DACHPt was determined by DLS measurement at 25 C° using
Malvern Zetasizer (Nano ZEN 3600, Malvern, UK). A series of polymer
concentrations (0.002 to 1.5 mg/mL) were prepared in deionized water. The average
intensity of scattered light from three measurements was plotted against polymer

concentration, and the CMC value was defined as the intersection of the two linear

25



lines in the sigmoidal curve, which reflect the onset of a rise in the intensity of

scattered light.

The platinum content in the micelles was determined by ion coupled plasma-
mass spectrometry (ICP-MS, Agilent Technologies, Tokyo, Japan). The
encapsulation efficiency (EE) and drug loading (DL) percentages were calculated

using the following equations:

Encapsulation efficiency EE (%)

Amount of DACHPt complexed by polymeric micelles in mg
determined bv ICP-MS

X100
Amount of DACHPt initially added in mg
DACHPt loading percentage (%) (w/w)
Amount of DACHPt complexed by polymeric micelles in mg
determined bv ICP-MS X100

The total amount of the polymer in mg

2.2.5 In vitro drug release study

The release of DACHPt from micelles was evaluated using equilibrium
dialysis method. DACHPt-micelles solution (2 mL) or free DACHPt solution (2 mL)

with the same DACHPt content were placed into a dialysis bag (Spectraphor, Mw
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cutoff 3500 g/mol) and dialyzed against phosphate buffered saline (PBS, pH 7.4;

0.14M NaCL; 1000 mL) at 37 C° in a Julabo SW 22 shaking water bath (Seelbach,

Germany). At selected time intervals, 100 uL was collected from inside the dialysis
bag and replaced with fresh one. The 1000 mL PBS in the recipient media was taken
out and replaced by fresh PBS at the same time interval to maintain sink condition.
Platinum content was determined by ICP-MS. For samples collected from DACHPt
micelles, 60 % HNO3 was added to the samples in a ratio of 1:1 to digest the micelles,
then samples were analyzed for platinum content using ICP-MS. The remaining
platinum concentration was subtracted from the initial concentration of the platinum
and used to plot the cumulative drug release (%) versus time. The release profiles
were compared using similarity factor, f>, and the profiles were considered

significantly different if 2 <50%.

The similarity factor, f2, was calculated based on the following Equation:

( n _% \
f,=50x1log{ |1+ A/m) Y (R —T)
2 i ; Jo ‘

where n is the sampling number, Rj and Tj are the percent released of the reference

and test formulations at each time point.
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2.2.6 In vitro cytotoxicity studies

Cell culture

HCT116, SW620, and HT29 human colorectal cell lines were obtained as a
generous gift from the laboratory of Dr Michael Weinfeld and cultured in DMEM-—
Dulbecco's Modified Eagle Medium with 10% fetal bovine serum (Invitrogen,

Karlsruhe, Germany) and 1% streptomycin-penicillin in a humidified incubator

under 95% air and 5% CO, at 37 C°.

The relative fifty percent growth inhibitory concentration (ICso) of free
DACHPt and DACHPt-loaded micelles against HCT116, SW620, and HT29 human
colorectal cell lines was evaluated by measuring the extent of reduction of MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolim  bromide  (Sigma—Aldrich,
Oakville, ON, Canada) to formazan crystals. HCT116, SW620, and HT29 cells (1 x
103 cells/well 100 uL) were seeded in separate 96-well plates in DMEM media
containing 10% fetal bovine serum and incubated overnight and then exposed to
increasing concentration of DACHPt (3.32-332 uM) in a free or DACHPt-loaded
micelle form as well as plain micelles (n=3) for 24, 48, and 72 hours. After 24, 48,
or 72 h, MTT solution (5 mg/mL 20 ul) was added to each well, followed by
incubation for another 2 h at 37 C°. Finally, the medium was aspirated and 200 mL

of N,N, dimethyl sulfoxide (DMSO) was added to dissolve the crystals formed, then
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the absorbance was read at the wavelength of 570 nm using a plate reader (Synergy
H1 Hybrid Reader, Biotek). The ICso was calculated from the plot of the % of viable

cells versus log DACHPt concentration.

2.2.7 In vitro cell uptake studies

Cellular uptake of DACHPt was quantified by ICP-MS. HCTI116, SW620,
and HT29 (0.7 x 10%flask) were seeded in 25 c¢cm? flasks overnight. Cells were
exposed to free DACHPt or its micellar formulation (50 uM) for 4 and 24 hours.
Afterwards, the medium was aspirated, cells were rinsed with cold PBS, detached
using trypsin-EDTA and pelleted by centrifugation at 300 x g for 5 minutes. Cell
pellets were lysed using M-PER™ Mammalian Protein Extraction Reagent and
quantified for protein content using the BCA protein assay kit (Pierce, Rockford, IL,
USA). The remaining amount was digested with 60 % (v/v) HNOs; overnight at 60
C° and analyzed for platinum (II) content by ICP-MS. The cell uptake is expressed

as ng platinum/mg cell protein.
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2.2.8 In vivo biodistribution study

2.2.8.1 Animals

Female NIH-IIT immune-deficient mice were purchased from Charles River
Laboratories. All animals were housed in a pathogen free room upon arrival for at
least a week prior to the study. The animal study was conducted under direct
supervision of Health Sciences Laboratory Animal Services (HSLAS), University
of Alberta and performed according to the guidelines approved by Canadian Council
of Animal Care (CCAC). Free access to water and food was permitted prior to

experimentation.

2.2.8.2 Preparing HCT116 cells for inoculation

HCT116 cells were cultured in three 75 cm? flasks to obtain enough number
of cells for inoculation. At the day of injection, cells were harvested and mixed with

Matrigel and media (1:1 ratio) to facilitate tumor formation and growth.
2.2.8.3 Subcutaneous tumor xenograft

NIH-III mice were divided into two groups (n=3) and inoculated
subcutaneously in the right flank with HCT 116 cells (0.5x10°). Mice were left until

the tumor reached appropriate size for excision (21 days).
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2.2.8.4 Intravenous administration

After 21 days, oxaliplatin and DACHPt-loaded micelles were administered

intravenously in the tail vein at a dose of 6 mg/kg on a platinum basis.

2.2.8.5 Biodistribution study

After 24 hours of injection of oxaliplatin and DACHPt-loaded micelles, the
mice were euthanized, and the blood was collected from the inferior vena cava,
heparinized, and centrifuged to obtain the plasma. The plasma was kept at -20 C°
until analysis. The tumor, liver, spleen, kidneys, heart, brain and lung were excised

and stored at -80 C° until analysis.

2.2.8.6 Sample preparation for ICP-MS analysis

One hundred uL of plasma was digested in 300 uL of 60% HNOs at 56 °C
overnight. 30-110 mg of each tissue (tumor, heart, spleen, kidney, lung, brain and
liver) was homogenized in 2 mL of water, then 6 mL of 60 % HNO; was added for
digestion at 56 C° overnight. The platinum concentration in the plasma and all
tissues was determined by ICP-MS. Also, the ratio of tissue platinum concentration
to the plasma platinum concentration (Kp) of oxaliplatin and DACHPt micelles were

calculated.
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2.2.3 Statistical Analysis

Compiled data are presented throughout the thesis as mean =+ standard
deviation (SD). The data were analyzed for statistical significance by unpaired
Student’s t-test. Similarity test (f2) was used as a statistical test to compare two

release profiles.
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CHAPTER THREE

RESULTS
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3.1 Synthesis of PEO-b-PBCL block copolymer

The PEO-b-PBCL block copolymer was synthesized by ring-opening
polymerization of a-benzyl carboxylate-g-caprolactone using PEO as an initiator and
stannous octoate as a catalyst (Figure 3.1). The molecular weight of PEO-b-PBCL
copolymer was calculated using 'H NMR by comparing peak intensity of -O-CH,-
(6= 4.17 ppm) for a-benzyl carboxylate-g-caprolactone to the intensity of the same
peak for PEO (6= 3.65 ppm) to be 12.6 kg/mol, corresponding to an average degree

of polymerization of 31 for BCL (Figure 3.3).

0
{/O\ /\}\O,’)K/V\/ 9
H:C x Y
O=f|.‘,
O-CH,

Figure 3.1: Chemical structure of PEO-5-PBCL (x = 114; y = 30).
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3.2 Synthesis of PEO-b-PCCL

PEO-b-PCCL block copolymer (Figure 3.2) was synthesized through
reduction of benzyl carboxylate on the PEO-H6-PBCL block copolymer. The
molecular weight of prepared PEO-b-PCCL was calculated by comparing peak
intensity of -O-CH,- (6= 4.17 ppm) for a-benzyl carboxylate-g-caprolactone to the
intensity of the same peak for PEO (8= 3.65 ppm) in the '"H NMR spectrum to be
10.056 kg/mol. This would correspond to a degree of polymerization of 30 for the
PCCL. The absence of benzyl protons at 5.2 ppm and aromatic peaks at 7.3 ppm was

used as an indicator of the complete reduction of PBCL block (Figure 3.3).

PV SOV

COOH

Figure 3.2: Chemical structure of PEO-b-PCCL (x = 114; y = 29).
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Figure 3.3: 'H NMR spectrum of PEO-b-PBCL(A) and PEO-b-PCCL (B).
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3.3 Preparation and characterization of DACHPt polymeric micelles

DACHPt-PCCL micelles were prepared through metal ion complex formation
between DACHPt and the carboxyl ion of the PCCL block followed by self-
assembly of PEO-b-PCCL/DACHPt complexes to polymeric micelles (Figure 3.4).
The average diameter of DACHPt-PCCL micelles at [DACHPt]/[PCCL] of 14 was
determined using dynamic light scattering (DLS) technique was 60 nm (Figure 3.5).
DACHPt-PCCL micelles showed high encapsulation efficiency EE of 50% and drug
loading DL of 20% (w/w). DACHPt has a very poor water solubility (0.25 mg/mL).
DACHPt-PCCL micelles were able to increase DACHPt solubility to 4.1 mg/mL

(i.e. 16 times higher).
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Figure 3.4: Scheme of DACHPt micelles preparation and drug release mechanism in

media containing chloride ion (Adapted from ref. 31 with modification).
38



DACHPt-PCCL micelles showed high stability in the presence of SDS as a
destabilizing agent and maintained their intensity for 10 days as determined by DLS
technique (Figure 3.6). Moreover, DACHPt-PCCL micelles were able to maintain

their mean diameter size for 10 days. (Figure 3.7).

The CMC of DACHPt-PCCL and plain micelles were determined by DLS
measurement at 25 C° and found to be 8.9x10° and 3.6 x10° uM, respectively
(Figure 3.8). The scattering intensities detected for DACHPt-PCCL micelle
concentrations below CMC have an approximately same value. The intensity starts
to show a linear increase with concentration at the CMC, as the number of micelles

increases in the solution.

It ensty (9% )

Size (d.nm)

Figure 3.5: Size distribution of DACHPt-PCCL
micelles by DLS.
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Figure 3.6: Kinetic stability of DACHPt-PCCL micelles and plain PEO-PCCL micelles in
the presence of SDS by DLS. DACHPT-PCCL micelles solution (concentration: 1mg/mL)
was added to SDS solution (concentration: 6 mg/mL) in 2:1 micelles:SDS ratio.
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Figure 3.7: The average size of DACHPt-PCCL micelles in the presence of SDS by DLS.
DACHPT-PCCL micelles solution (concentration: 1mg/mL) was added to SDS solution
(concentration: 6mg/mL) in 2:1 micelles/SDS ratio (n=3).
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Figure 3.8: Critical micellar concentration CMC of plain and DACHPt-PCCL micelles by DLS
(n=3). The equations inserted in the graph represent the linear trend line for the two parts of the
sigmodal graph. The two lines meet at the CMC point.

3.4 In vitro drug release

The results of the in vitro release of platinum from DACHPt-PCCL micelles
compared to the free DACHPt in phosphate buffer pH 7.4 at 37 C° are presented in
Figure 3.9. Free DACHPt was released at a rapid rate (90% within 4h). On the other
hand, DACHPt-PCCL micelles showed slow and sustained release rate of platinum
(only 55 % of platinum was released within 120 h). This means that the transfer of

DACHPt through dialysis membrane to the buffer solution is not a restricting factor
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and the release of platinum from the micelles is the rate limiting step. The two release
profiles were compared using similarity factor f» and they were found significantly

different from each other (f>= 6.3 <50).
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Figure 3.9: In-vitro release profile of platinum from DACHPt-PCCL micelles compared to free DACHPt
in PBS (n=3).

3.5 In vitro cytotoxicity studies

The cytotoxicity of free DACHPt, DACHPt-PCCL micelles, and PEO-PCCL was
assessed using MTT assay. Three human colorectal cancer cell lines (HCT116,
SW620, and HT29) were used for these studies. As shown in figure 3.10, the empty

micelles showed no cytotoxicity at equivalent concentration on HCT116 cell line
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after all incubation times. The cytotoxicity of free DACHPt and DACHPt-PCCL
micelles increased as the incubation time increased. As evidenced by higher relative
ICso (Table 3.1). DACHPt-PCCL micelles showed lower cytotoxicity compared to

the free DACHPt in all incubation times.
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Figure 3.10: Cytotoxicity of DACHPt-PCCL micelles versus control treatments

against HCT116 cell line after (A) 24 h, (B) 48 hand (C) 72 h (n=3).

In SW620 cell line, similar results were observed with no cytotoxicity of plain
micelles in all the three incubations times. Moreover, SW620 cell line showed a
higher sensitivity to DACHPt compared to HCT116 cell line and the cell viability
decreased when the time of incubations increased for both free DACHPt and
DACHPt-PCCL micelles (Figure 3.11). Higher cytotoxicity was observed in the free
DACHPt group compared to DACHPt-PCCL micelles group which resulted in lower

ICso for the free DACHPt group in all incubation times (Figure 3.11 and Table 3.1).
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Figure 3.11: Cytotoxicity of DACHPt-PCCL micelles versus control treatments against SW620 cell line after (A)

24 h, (B) 48 hand (C) 72 h (n=3).

HT29 cell line showed lower sensitivity to DACHPt compared to HCT116 and
SW620 cell lines. As in HCT116 and SW620 cell lines, the safety of plain micelles
was observed in HT29 cell line in all incubation times (Figure 3.12). The results
showed an increase in the cytotoxicity of the free DACHPt and DACHPt-PCCL
micelles as a result of increasing the incubation time. Free DACHPt showed higher
potency than DACHPt-PCCL micelles as evidenced by the lower ICso in all
incubation times (Figure 3.12 and Table 3.1). The ICso of the free DACHPt and

DACHPt-PCCL micelles in all three cell lines can be shown in Table 3.1.
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Figure 3.12: Cytotoxicity of DACHPt-PCCL micelles versus control treatments against HT29 cell line after (A) 24 h,

(B) 48 h and (C) 72 h (n=3).

Table 3.1: The relative ICso of DACHPt-PCCL micelles and free DACHPt against HCT116, SW620 and HT29
cell lines after 24, 48 and 72 hours. *Means statistically different from free drug (P<0.05, student’s #-test),
** means statistically different from free drug (P<0.01, student’s #-test), **** means statistically different
from free drug (P<0.0001, student’s #-test) under the same conditions. Results are presented as mean + SD,
n=3.

Cell line Group ICso after 24 h | 1Cso after 48 h | ICso after 72 h
(ng/ml) (ng/ml) (ng/ml)
HCTI116 DACHPt 6.546+0.743 6.234 +0.793 0.127+0.09

HCTI116 DACHPt micelles | 167.7+6.88"""" | 28.49+3.134" 2.334+0.94™

SW620 DACHPt 7.87+0.39 2.58+0.29 1.34+0.19
SW620 DACHPt micelles | 214.7+5.12"" 6.07+0.76" 2.5540.09"
HT29 DACHPt 68.38+5.9 37.49+4.51 6.859+0.53

HT29 DACHPt micelles | 283.9+11.32""" | 176.5+8.34™ 63.22+3.3""
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3.6 In vitro cell uptake studies

Cellular uptake of platinum by three human colorectal cancer cell lines
(HCT116, SW620, and HT29) was examined through platinum content
measurement in the cells after 5 and 24 hours of incubation the cells with free
DACHPt or DACHPt-PCCL micelles. In order to quantitatively determine the drug
content taken up by the cells, DACHPt and DACHPt-PCCL micelles were incubated
with the cells at an equivalent initial platinum concentration. Then, the cells were
completely washed and lysed. Platinum content in the cell lysate was determined
using ICP-MS. The platinum content is expressed as ng platinum per mg of protein

determined by BCA assay (Figure 3.13).

In HCT116 cell line, the uptake of free DACHPt did not increase significantly
when incubation time was increased to 24 hours compared to 5 hours (P>0.05;
Student’s #-test). Similar observation was made for free drug in SW620 cells. In
contrast, in HT29 cells, platinum levels increased as incubation time with free drug
was raised to 24h from 5 h (P< 0.05, unpaired student’s t test). Moreover, free
DACHPt showed significantly higher cell uptake than DACHPt-PCCL micelles
after 24 hours in SW620 cells and after 5 and 24 h is HT29 cells (P<0.05; Student’s
t-test). There was no significant increase in the cell uptake of the DACHPt-PCCL

micelles at 24 hours compared to after 5 hours (P>0.05; Student’s ¢-test). There was
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no significant increase in the cell uptake of the DACHPt-PCCL micelles compared
to free drug at 5 and 24 hours in HCT116 cells (P>0.05; Student’s #-test). Finally,
no time dependence was seen for DACHPt-PCCL micelles in any of the cell lines

under study (P >0.05, Student’s t test).
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Figure 3.13: Uptake of DACHPt-PCCL micelles versus free DACHPt
by (A) HCT116, (B) SW620 and (C) HT29 cells at 5 and 24 hours.
*Means statistically different (P<0.05), ns means statistically not
different (P>0.05). Each bar represents mean cell uptake £ SD (n=3).
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3.7 In vivo Biodistribution study

NIH-III mice were inoculated subcutaneously with HCT116 cells to establish
tumor xenograft. Mice were divided into two groups (n=3) and injected with
oxaliplatin or DACHPt-loaded micelles intravenously in the tail vein at a dose of 6
mg/kg (on a platinum basis). After 24 hours, animals were euthanized, blood was
collected, and organs were harvested. Blood and tissue samples were digested, and
platinum concentration was determined using ICP-MS. The study revealed that the
majority of DACHPt-PCCL micelles were sequestered in the liver and spleen
(Figure 3.14). Moreover, , higher platinum levels were detected in the plasma in the
animals receiving DACHPt-loaded micelles after 24 hours. The accumulation of
platinum was detected in all organs tested and ranged from 0.0035 ng/mg tissue in
the heart, to 49.4 ng/mg tissue in the liver. A trend for enhanced platinum
accumulation in the tumor was observed following administration of DACHPt-
PCCL micelles compared to oxaliplatin administration, but the difference was not
statistically significant. Drug concentrations were significantly higher in the kidney,
liver and spleen of animals that received DACHPt-PCCL micelles group compared
to those that received oxaliplatin. In contrast, a trend for higher platinum levels in
the brain and lung of animals receiving oxaliplatin was observed compared to those

that were injected with DACHPt-PCCL.
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Figure 3.14: Platinum accumulation in organs after 24 hours of injection of oxaliplatin or
DACHPt-PCCL micelles intravenously at a dose of 6 mg/kg on a platinum basis. *Means
statistically different (P<0.05, students’ t test), ns means statistically not different (P>0.05,
students’ t test). Each bar represents mean platinum accumulation £ SD (n=3).
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The ratio of tissue platinum concentration to the plasma platinum concentration (Kp)

of oxaliplatin and DACHPt-PCCL micelles are presented in Table 3.2. The results

show significantly higher Kp of platinum following administration of DACHPt-

PCCL micelles in liver and spleen compared to free drug, but significantly lower Pt

Kp in kidney, lung and heart compared to free drug.

Table 3.2: The ratio of tissue platinum concentration to the plasma platinum concentration (Kp) of
oxaliplatin and DACHPt-PCCL micelles. * means statistically different (P<0.01, students, z-test), ns
means statistically not different (P>0.05, students’ z-test). Results are presented as mean+ SD (n=3).

Organ Tumor | Liver Spleen | Kidney | Lung Heart Brain
Kp 1.08+ 12382+ 1 | 6.175+6 | 5.9+5.0 | 1.4+ 0.7 | 0.531+ 0. | 0.02+0.0
(Oxaliplatin) | 5 79 44 7 6 18 4
Kp 0.207+ [25.174+ |18.19+8 [ 0.89+0. | 0.16+0. [ 0.091+ 0. | 0.001= 0.
(DACHPt | 1309ns | 3 94* 18" 164" 02" 023" 002"
micelles)
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CHAPTER FOUR
DISCUSSION AND CONCLUSION
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4.1. Discussion

4.1.1 Development of block copolymer based nanocarriers for

DACHPt

The synthesis and characterization of a novel family of self-associating PEO-
b-PCL based block copolymers carrying pendent benzyl groups on the polyester
block (PEO-b-PBCL) has previously been reported by our research group [47].
Starting with PEO-b-PBCL block copolymer, PEO-b-PCCL block copolymer was
synthesized through reduction of benzyl carboxylate on the PEO-b6-PBCL block
copolymer The carboxylic moiety of PEO-b-PCCL copolymer makes this
copolymer capable of incorporating several drugs or compounds through complex
formation and hydrogen bounding [48][49]. Amphiphilic block copolymers like
PEO-b-PCCL copolymer can self-assemble into various morphologies with different

nanostructures [SO][51].

The driving force for DACHPt-PCCL micelles assembly is the metal—
polymer complex formation between the carboxylic group of the PCCL and the
platinum of DACHPt. The average size of DACHPt-PCCL micelles was determined
to be 60 nm for the micelles prepared at [DACHPt]/[PCCL] = 14. Note that the

biodistribution of a colloidal drug carrier and its fate in blood circulation are strongly
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affected by the size of the carrier. Removal of many colloidal drug carriers from the
blood compartment is due to the recognition by the reticuloendothelial system
(RES). The favorable size of a colloidal nanocarrier is below 200 nm to avoid
recognition by the RES system and likely, prolong its blood circulation. The
hydrophilic PEG that surrounds the core as well as the sub-100 nm size are s
substantial advantages of the polymeric micelles that can prevent their uptake by the
RES leading to longer circulation times in blood. The size of a drug carrier affects
its extravasation efficiency critically, and this efficiency varies from tumor to
another. This is because diverse pore cutoff sizes are displayed by solid tumors for
transvascular transport [52]-[54]. Thus, the size of a drug carrier affects its
extravasation efficiency critically, and this efficiency varies from tumor to another.
However, the size of DACHPt-PCCL micelles (60 nm) is small enough to expect a
high extravasation efficiency regardless of the tumor type [49], [52]. Moreover,
deeper penetration into poorly permeable tumors as well as increased accumulation
have been reported for carriers with sub-100 sizes [55]. Therefore, the size of
DACHPt-PCCL micelles appears to be optimal for tumor-targeted therapy.
DACHPt-PCCL micelles showed high encapsulation efficiency EE of 50% and drug
loading DL 20% (w/w). DACHPt has a very poor water solubility (0.25 mg/mL).
DACHPt-PCCL micelles were able to increase DACHPt solubility to 4.1 mg/mL

(i.e. 16 times higher). With this significant increase in water solubility, DACHPt can
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be given intravenously at a concentration relevant to the clinically used oxaliplatin

infusion solution (5 mg/mL).

Kinetic stability of DACHPt-PCCL micelles in the presence of sodium
dodecyl sulfate (SDS), which acted as a micellar destabilizing agent, using DLS by
studying the time-dependent changes in the relative scattering light of DACHPt-
PCCL micelles. Also, the mean diameter of the micelles was measured by DLS at
the same time. SDS has a 12-carbon tail attached to a sulfate group bearing a
negative charge that gives the material the amphiphilic properties. When micelles
are incubated in the presence of SDS, the straight hydrophobic tail of SDS can adsorb
onto the hydrophobic part of the micelles and lead to destabilization of the micelles
as a result of the electrostatic repulsion between negatively charged head of SDS
[56]. A decrease in the relative scattering intensity of DACHPt-PCCL micelles was
considered to be due to a reduction in the molecular weight of the micelles as a result
of micellar dissociation. DACHPt-PCCL micelles showed high stability in the
presence of SDS and maintained their intensity for 10 days. This high kinetic
stability of DACHPt-PCCL micelles could be due to the massive and hydrophobic
nature of DACH group in the DACHPt [57]. The higher kinetic stability as well as

low CMC (uM levels) of DACHPt-PCCL micelles implies their stability and
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retention of the micellar structure upon dilution in blood following intravenous
administration of these micelles. The elevated stability of micellar drug carriers in
blood is a desired characteristic because it ensures integrity of the micellar structure
rather than micellar dissociation that can lead to elimination of block copolymers
from kidney filtration. Micellar stability in blood in addition to escape from RES,
leads to a longer blood circulation for these nanocarriers. DACHPt-PCCL micelles
achieved high kinetic stability, so they seem to be appropriate carrier for prolonged

drug circulation that is prerequisite for passive tumor targeting by EPR effect.

A drug carrier should have enough stability to provide a sufficient time for
drug delivery to accumulate in the target zone. The stability of polymeric micelles
in vitro or in vivo and their clearance from the body rely on their CMC [58]. The
CMC of DACHPt-PCCL and plain micelles were determined by DLS measurement
at 25 C° and found to be 8.9x10° and 3.6 x10° uM, respectively. The scattering
intensities detected for DACHPt-PCCL micelles concentrations below CMC have
an approximately same value. The intensity starts to show a linear increase with
concentration at the CMC, as the number of micelles increases in the solution. CMC
is a primary parameter of the thermodynamic stability, it is largely affected by
hydrophobic interactions of the amphiphilic polymer [59]. The low CMC of
DACHPt-PCCL micelles (8.9x10° uM) is about 25 times lower than the CMC of

low-molecular-mass surfactant micelles like SDS [60]. Moreover, DACHPt-PCCL
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micelles showed lower CMC than that of plain PEO-PCCL micelles (3.6 x10° uM),
and this could be attributed to the complexation between the polymer and the drug.
Thus, DACHPt-PCCL micelles can be thermodynamically stable micelles even

under highly diluted conditions.

4.1.2 Investigation of DACHPt release from DACHPt-PCCL micelles

When the drug is physically encapsulated in polymeric micelles, the rate of
the release is controlled by disintegration of the micelles or by the diffusion of the
drug out of the micellar core. However, when the drug is chemically conjugated to
the polymer, the drug release happens after the bond between the drug and the
polymer has been cleaved [61], [62]. Therefore, when the drug and the polymer form
conjugates, the drug release mechanism follow three steps: first, the molecules that
break the bond penetrate into the core of the micelles; then, the cleavage of the bonds
between polymer and drug occurs; and finally, the drug can diffuse out of the
micelles. Another mechanism of drug release is that when the micelles dissociate,
the drug is released from individual polymers. Moreover, when the micelles have
high stability, the release of the drug can be delayed till the micelles reaches the
target. The premature release of the drug from the delivery system is an undesired

event, that will reduce the efficiency of targeted drug delivery to diseased site [31].
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The release of DACHPT from DACHPt-PCCL micelles was evaluated and
compared to the release profile of free DACHPt using equilibrium dialysis method
in phosphate buffer (pH 7.4 at 37 C°). Free DACHPt was released from the dialysis
bag at a rapid rate (90% within 4h). On the other hand, DACHPt-PCCL micelles
showed a slow and sustained release rate of DACHPt and reachedonly 55 % within
120 h. The release of platinum from the core of the micelles was by exchange
reaction between carboxylic groups of PCCL in the platinum complexes and
chloride ions in the media (PBS). However, platinum was released from free
DACHPt at a rapid rate (90% within 4h). This means that the transfer of platinum
through dialysis membrane to buffer solution is not the restricting factor and the
release of platinum from the micelles is the rate limiting step. The two release
profiles were compared using similarity factor f> and the profiles were found to be
significantly different (f2= 6.3%<50%). This unique profile of drug release might
be advantageous for in vivo use as the drug release is expected to increase after
DACHPt-PCCL micelles reach the site of tumor. Although release study was
conducted in PBS which has similar chloride level to the blood, the release profile
in this study did not show the effect of other factors that are present in the blood,

such as plasma proteins, enzymes, blood cells and lipoprotein.
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4.1.3 In-vitro cell studies

The cytotoxicity of free DACHPt, DACHPt-PCCL micelles, and empty PEO-
b-PCCL micelles was assessed using MTT assay. Three human colorectal cancer
cell lines (HCT116, SW620 and HT29) were used for these studies. In all cell lines,
the empty PEO-H-PCCL micelles showed no or limited cytotoxicity at equivalent
concentrations of that to DACHPt-PCCL micelles at all incubation times (24, 48,
and 72 hours). In HCT116 cell line, the cytotoxicity of both free DACHPt and
DACHPt-PCCL micelles increased as the incubation time increased. However,
DACHPt-PCCL micelles showed lower cytotoxicity compared to the free DACHPt
in all incubation times as evidenced by lower ICso. This reduced potency of
DACHPt-PCCL micelles is most likely resulted from the slow release of DACHPt
from DACHPt-PCCL micelles as no significant difference between Pt levels

delivered by free or micellar DACHPt is observed in these cells.

Similarly, In SW620 cell line, the cell viability decreased when the time of
incubations increased for both free DACHPt and DACHPt-PCCL micelles. Also,
higher cytotoxicity was observed in the free DACHPt group compared to DACHPt-
PCCL micelles group which resulted in lower 1Cs for the free DACHPt group in all
incubation times. This was expected due to the slow release of DACHPt from

DACHPt-PCCL micelles, although the higher cellular uptake of DACHPt by
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specific cellular transporter (CTR1) in this cell line may have contributed to the
higher cytotoxicity of free drug in these cells as well [64]. Besides, SW620 cell line
showed higher sensitivity to DACHPt compared to HCT116 cell line. HT29 cell line
showed lower sensitivity to DACHPt compared to HCT116 and SW620 cell lines.
Similar to HCT116 and SW620 cell lines, the cytotoxicity of the free DACHPt and
DACHPt-PCCL micelles increased as a result of increasing the incubation time in
HT29 cell line. Moreover, free DACHPt showed higher potency than DACHPt-
PCCL micelles as evidenced by reduced ICso. The decreased sensitivity of HT29
over HCT116 and SW620 toward DACHPt could be attributed to lower uptake of

DACHPt by HT29 cells.

Free DACHPt is a small molecule that may pass rapidly through the
membrane of the cell by diffusion. Moreover, DACHPt like other platinum drugs
has specific transporters such as CTR1, and it has been reported that CTR1 increases
the accumulation of oxaliplatin in another colorectal cancer cell line [63][64].
However, DACHPt-PCCL micelles delivers its content slowly either by 1) slow
release of loaded DACHPt from DACHPt-PCCL micelles that gradually diffused
through the cell membrane or be taken up by Pt transporters, and/or ii) the cellular

uptake of micelles through endocytosis followed by Pt release inside the cell [65]—
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[67]. The lower cellular uptake of DACHPt in HT29 cell line after both incubation
times could be attributed to the lower expression of platinum transporters on this cell

line, but this needs to be investigated.

4.1.5 In vivo Biodistribution Study

The major elimination pathway for oxaliplatin is renal clearance. Clinical
studies showed that only 15% of the administered dose of platinum was present in
the systemic circulation at the end of a 2-h infusion. Ninety % of platinum is
irreversibly binds to the plasma protein, and this leads to prevent of oxaliplatin from
reaching its target [31]. Moreover, platinum accumulates and irreversibly bind to
erythrocyte, so its activity can be diminished [35]. Therefore, an effective delivery
system of oxaliplatin could improve its blood circulation. Short-term biodistribution
study was performed by an intravenous injection of oxaliplatin or DACHPt-PCCL
micelles at a dose of 6 mg pt/kg body weight in tumor bearing mice (n=3). After 24
hours, mice were euthanized, and blood was collected. Organs were harvested, and
samples were digested for platinum analysis using ICP-MS. DACHPt-PCCL
micelles significantly increased blood platinum levels compared to oxaliplatin. The
increased platinum level of DACHPt-PCCL micelles in the bloodstream could be
attributed to the high thermodynamic and kinetic stability of DACHPt-PCCL

micelles. Moreover, PEG block in DACHPt-PCCL micelles play an important factor
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in increasing the platinum level in the blood by providing steric protection against

uptake of DACHPt-PCCL micelles by the immune system [55].

It has been reported that an increased accumulation in implanted tumors
was observed in PEG-grafted liposomes via EPR effect [68]. However, in some
cases, it has also been demonstrated that the use of these liposomes does not have an
effect on tumor accumulation [69]. For example, a 100 nm coating liposome did not
show an increase in tumor accumulation. This may be attributed to the small cutoff
size of the tumor. Thus, drug carriers with smaller size than liposomes may be more
efficient for tumor-targeting drug delivery. Here, we have observed that DACHPt-
PCCL micelles showed a trend for tumor accumulation of platinum compared to
oxaliplatin after 24 hours when compared to platinum levels in tumor by oxaliplatin
administartion, although the difference was not significant. The higher platinum
accumulation by DACHPt-PCCL micelles in tumor is attributed to their high
stability of micelles compared to oxaliplatin in blood. The tumor accumulation of
platinum delivered by DACHPt-PCCL micelles is expected to further increase after
24 hours compared to platinum delivered by oxaliplatin as at this time the platinum
level in the blood in the DACHPt-PCCL micelles group was significantly higher

than oxaliplatin. This needs further investigation.
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The study revealed that the majority of platinum delivered by DACHPt-PCCL
micelles were sequestered in the liver and spleen. This was not surprising as these
organs have salient immune functions, but may point to insufficient stealth
properties of DACHPt-PCCL micelles developed here. Lower platium levels were
delivered to brain by the micellar formulation compared to oxaliplatin, implying a
tendency for lower side effects on the central nervous system by this formulation.
Micellar formulation showed significantly lowers Kp value in kidney, lung, and
heart, but higher Kp value in liver and spleen. These Kp values assure that DACHPt-
PCCL micelles are taken up by liver and spleen, and this could be attributed to the
elimination of the micelles by RES due to less than optimal stealth effect by PEG.
However, DACHPt-PCCL micelles showed lower accumulation in normal tissues
(lung, kidney and heart), highlighting the effect of nano-drug delivery in reducing

incorporated drug accumulation in normal tissues.

4.2 Conclusion

In this study, methoxy poly(ethylene oxide)-b-poly-(a-carboxylate-¢-
caprolactone) (PEO-b-PCCL) diblock copolymer was synthesized to prepare
micelles complexed with DACHPt. We showed that polymeric nanocarriers of PEO-

b-PCCL were able to efficiently incorporate DACHPt and increase its water
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solubility from 0.25 mg/mL to 4.1 mg/mL (i.e. more than 16 folds). With this
significant increase in water solubility, DACHPt can be given intravenously at a
concentration relevant to the clinically used in oxaliplatin infusion solution (5
mg/mL). Also, due to the high kinetic stability and lower CMC of DACHPt-PCCL
micelles compared to the plain micelles, DACHPt-PCCL micelles showed sustained
and significantly slower release profile compared to the free DACHPt. Although
DACHPt-PCCL micelles showed lower cytotoxicity than free DACHPt in HCT116
cell line, mainly due to the slow release, similar cellular uptake was found. This
means that DACHPt-PCCL micelles can maintain the drug inside the cells, and
consequently could facilitate delivering DACHPt to its pharmacological target. In
other colorectal cancer cell lines, i.e., SW620 and HT29, a higher 1Cso and lower Pt
cell uptake was mostly observed for the micellar formulation of DACHPt compared

to the free drug.

Moreover, the in vivo biodistribution study showed a significant increase in
blood levels and a trend in tumor accumulation of platinum for DACHPt-PCCL
micelles compared to animals injected with oxaliplatin. Despite the positive signs,
high liver and spleen Pt accumulation was also found for the micellar formulation of
DACHPt compared to oxaliplatin. Overall, the results of this study point to a great
potential for DACHPt-PCCL micelles in enhanced delivery of DACHPt to solid

tumors. However, there is still a room for improvement of DACHPt-PCCL micelles
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to further optimize its biodistribution to decrease the distribution of the drug to
normal tissues, especially liver and spleen, and increase its accumulation in the

tumor.

4.3 Future directions

While the platinum concentration in plasma at 24 h for DACHPt-PCCL
micelles was significantly higher than oxaliplatin, conducting a tissue distribution
study for a longer period of time is recommended to investigate whether this high
platinum concentration in the blood would lead to a higher tumor accumulation at
later time points. Additionally, conducting the in vivo biodistribution study
considering a larger sample size (i.e. n=5-6 instead of n=3) would provide a better
picture of the platinum delivery to different tissues by the micellar formulation over
oxaliplatin and decrease the variability in the results making a better case of
statistical analysis. Furthermore, a toxicity study needs to be conducted to determine
the maximum tolerable dose of micellar DACHPt compared to oxaliplatin and also
evaluate the side effects of both formulations on different tissues in mice. Moreover,
conducting an efficacy study in tumor-bearing animals would show whether or not
DACHPt-PCCL micelles enhance the anti-cancer activity of oxaliplatin in colorectal

cancer.
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Perhaps the above studies should be accomplished following further
optimization of DACHPt-PCCL micelles by changing molecular weight of shell and
core-forming block in the micelles to enhances the stealth properties of the PEG
shell and as a result, reduce the accumulation of micelles in RES organs, i.e., liver
and spleen. It is also preferred if the kinetic stability and release studies can be
conducted in an in vitro media relevant to the in vivo conditions (i.e. plasma or
blood). Moreover, further investigation of whether the polymer-metal complex
could increase the crosslinking in the core of the micelles, and as a result stability of
micelles is warranted. Further studies determining the mechanism of cell interaction
and uptake for micellar DACHPt over oxaliplatin will also strengthen the position

and conclusions of this study.
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