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ABSTRACT

Today, drugs are an integral part of healthy human life, with new drug entities being
introduced every year in clinic. The advancement of drug development brings complexity
and variation, in terms of both physical and chemical properties. Some of these
physicochemical characteristics are many times suboptimal, eventually requiring robust
delivery systems that can precisely deliver the drugs to the desired tissues. Although many
materials have been studied for the generation of drug delivery systems, there is always a
need for biomaterials with better properties that can translate into superior delivery
systems. In this context, new drug delivery systems that are interface-engineered at
materials level for better stability and delivery efficiency in vitro and in vivo are introduced

in this dissertation.

In the first part of the dissertation, novel oil/water interface-engineered amphiphilic
block copolymer micelles that were previously introduced by our lab were assessed for
their stability in the presence of various esterase enzymes present in serum and on blood
vessel walls, normally encountered by drug delivery systems on route to the targeted
tissues. | also assessed the vulnerability of the polymeric micelles in presence of enzymes
typically present either inside the tumor cells or secreted in the tumor microenvironment.
| revealed the selective stability of empty- and docetaxel-loaded polymeric micelles to
enzymatic degradation en route/in tumors and | have correlated this selective stability with
polymer structure and interfacial engineering mentioned above. The unique delivery
capabilities of interfacial-engineered polymeric micelles were tested in vivo using a mouse
model of triple negative breast cancer. We proved that our novel engineered triblock

copolymer-based drug delivery systems are superior to similar delivery systems made out
iii



of standard diblock copolymer micelles and also to the clinically used Taxotere®
formulation towards cancer cell killing and tumor treatment, without displaying any

significant toxicity in experimental animals.

The second part of the dissertation focuses on the development and assessment of
a pyridinium-based pseudo-gemini surfactant that combined the high nucleic acid
packaging capacity of pyridinium lipids with the high transfection efficiency of gemini
surfactants while displaying a reduced associated cytotoxic effect. | have analyzed the
temperature treatment on compaction of nucleic acids into lipoplexes and | have
established a high temperature annealing method for this purpose. This novel formulation
technique allowed a substantial reduction of the amount of amphiphiles required to
compact a specific amount of nucleic acids. This in turn also reduced the cytotoxic effect
associated with the use of pyridinium amphiphiles. The effect of inclusion of colipids to
lipoplex compaction, the robustness and the transfection efficiency of the lipid/nucleic acid
lipoplex systems were assessed in detail, and correlations between formulation

composition and biological activity were established.

| was also able to show for the first time that pyridinium pseudo-gemini surfactants
were able to compact different types of nucleic acids, including pDNA, mRNA and siRNA
at lower charge ratios than standard, state-of-the art formulations used for this purposes. |
also showed that irrespective to the nucleic acid compacted within the lipoplexes, the novel
amphiphiles can efficiently deliver the cargo into the targeted cells even in the presence of
very high concentration of serum, a premise for future use of these amphiphiles and

formulations in vivo.
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CHAPTER 1

INTRODUCTION

1.1 Background

Drugs have been an integral part of human life from prehistoric period, when plant
materials and extracts were first used to treat various human diseases [1]. Today they are
part of everyday life, with new synthetic drug entities being introduced every year in clinic
[2]. The advancement of drug development brought complexity and diversity in the drug
field, with extremely diverse physical and chemical properties being observed within
different drug classes [3-6]. Many drugs have suboptimal physicochemical properties, with
a significant number of them being classified BCS class IV molecules due to their very
limited solubility and permeability [7]. One must also emphasize that although many drug
candidates show efficiency in pre-clinical trials, a large percentage of them fail in clinical
stages due to toxicity and/or suboptimal efficacy in human subjects (Figure 1.1) [8-11].
This can be attributed to a narrow therapeutic window of many new drug molecules and,
more often, to suboptimal pharmacokinetic profiles that cause severe side effects. These
problems are more prevalent for chemotherapeutic drugs used in the treatment of various
forms of cancer. Chemotherapeutic drugs generally lack selectivity between normal and
malignant cells (have low therapeutic index) and consequently are associated with
significant adverse effects, many of them life-threatening (Table 1.1) [12]. Moreover, in
recent years we are observing a great expansion of various biologics (including peptides

and nucleic acids) with therapeutic properties, which have a limited stability under



physiologic conditions [13-15]. Nucleic acids, for example, are highly vulnerable to
degradation by extracellular and intracellular nucleases and cannot cross the cell membrane

alone [13, 16].

The use of drug delivery systems (DDSs) is one of the best strategies to overcome
these suboptimal physicochemical properties of drugs [17]. DDSs can enhance drug
solubility and permeability, can significantly reduce their premature degradation, can
substantially reduce the side effects associated with the use of highly toxic
chemotherapeutic agents, significantly enhancing their therapeutic index [18-24]. This
allows a more efficient treatment of various forms of cancer through a better focus of drug
action on the tumor site [25-28]. Since the introduction of first DDS in clinic in mid-1990s

[29], the number of approved DDSs has constantly increased (Table 1.2).
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clinical trials [11].



Table 1.1. Toxicity caused by certain commonly used chemotherapeutic agents [30]

Systemic toxicity

Chemotherapeutic agents

Neurotoxicity

Cisplatin, Paclitaxel, Ifosfamide, 5-fluorouracil, Busulfan,

Vinblastin, etc.

Cardiotoxicity

Erlotinib, Cisplatin, Doxorubicin, Paclitaxel, Docetaxel,
Anthracyclines, Cetuximab, Tamoxifen, etc.

Ocular toxicity

Cetuximab, Doxorubicin, Erlotinib, 5-fluorouracil, Cisplatin,
Ifosfamide, Chlorambucil, Procarbazine, etc.

Pulmonary toxicity

Erlotinib, Azathioprine, Docetaxel, Cetuximab, Mitomycin C,
Methotrexate, Lapatinib, etc.

Gastrointestinal
toxicity

Cisplatin, 5-fluorouracil, Gemcitabine, Mitomycin C, Docetaxel,

etc.

Hepatic toxicity

Busulfan, Docetaxel, Erlotinib, Cisplatin, Dacarbazine,
Tamoxifen, 5-fluorouracil, etc.

Renal Toxicity

Erlotinib, Cisplatin, Oxaliplatin, Mitomycin C, Imatinib, etc.

Table 1.2. Representative examples of DDSs in the market [29]

Compound Commercial DDS Dysfunction/  Disease
name treated
Styrene maleic Zinostatin Polymer— Hepatocellular carcinoma
anhydride- protein
neocarzinostatin conjugate
PEG-L-asparaginase Oncaspar PEG—protein Acute lymphoblastic
conjugate leukemia
Daunorubicin DaunoXome Liposomes Kaposi’s sarcoma
Doxorubicin Doxil PEGylated Refractory Kaposi’s
liposomes sarcoma, recurrent breast
cancer, ovarian cancer
Doxorubicin Myocet Liposomes Combinational therapy of
recurrent breast cancer,
ovarian cancer, Kaposi’s
sarcoma
Vincristine Onco TCS Liposomes Relapsed aggressive non-
Hodgkin’s lymphoma
Paclitaxel Abraxane Albumin-bound | Metastatic breast cancer
paclitaxel
Lipoprotein lipase Glybera AAV1 lipoprotein lipase
gene deficiency
SiRNA against Onpattro SIRNA lipoplex | transthyretin TTR-
transthyretin mediated amyloidosis




Important properties of DDSs are their size, shape and surface characteristics,
which can modulate the pharmacokinetic (PK) properties of the drug cargo and its ability
to avoid biological barriers in a non-invasive way [17, 27, 31]. These properties depend on
various factors such as the type and the amount of materials used in DDS, the type of cargo
to be delivered, its physicochemical parameters, formulation methods, etc. [32, 33]. Upon
analyzing the type of materials used to synthesize DDSs, one can broadly classify them
into chemical DDSs and biological DDSs [27]. The first category of DDSs includes
metallic/inorganic nanoparticles (silicon nanocarriers, iron oxide nanoparticles, gold
nanoparticles) and organic nanocarriers, which include a wide range of synthetic or natural
compounds such as polymer-drug conjugates, lipids and lipid-conjugates, dendrimers and
their conjugates, etc. On the other hand, biological DDSs include viral vectors as nucleic
acid nanocarriers (Glybera® for lipoprotein lipase deficiency and Luxterna™ for inherited
retinal disease, both relying on AAV as nanocarriers) [27, 34, 35]. The types of materials
chosen for DDS also can differ depending on the desired properties of the delivery system,
the route of delivery chosen, the delivery target, and the property and amount of the drug(s)

to be delivered.

This dissertation is a part of the long term goal of the Ilies lab to develop simplified,
robust and efficient nanosystems for delivery of drugs and nucleic acids to tissues in a
targeted way for treatment of diseases for which there is no treatment available or aimed
to increase the therapeutic index of the chemotherapeutic agents that are currently being
used in clinic. The major objective of this research was to improve the main properties
(cargo loading, stability in circulation, toxicity, etc.) of the DDSs generated from the

supramolecular amphiphile assemblies and to increase the efficiency of DDSs by
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engineering the oil/water interface of self-assembling synthetic amphiphiles used in their
design. The rationale of this research is that the optimized DDSs will allow better delivery
of drugs and genes thus opening new horizons for successful treatment of many difficult

to treat diseases, including cancer.

1.2 Hypothesis and Specific aims

The working hypothesis of this proposal is that the oil/water interface of self-
assembling synthetic amphiphiles dictates the main properties of the drug delivery systems
generated from the supramolecular amphiphile assemblies. Appropriate tuning of this

interface is expected to modulate the main properties and the efficiency of the DDSs.

We plan to test our working hypothesis and accomplish the objectives of this

application by pursuing the following specific aims:

Specific Aim 1:

To assess the impact of oil/water interface of PEG-PCL block copolymers towards the
physicochemical characteristics and delivery properties of corresponding DDSs for

delivery of hydrophobic chemotherapeutic drug docetaxel

The working hypothesis for this aim is that the oil/water interface of self-assembling
PEG-PCL based polymeric amphiphiles dictates the interaction of corresponding

supramolecular assemblies with drug cargo to be delivered, the physicochemical properties



of the supramolecular complex, circulation time and also the loading and the release

profiles of the resulting DDS.

Specific Aim 2:

To assess the impact of oil/water interface of pyridinium-based amphiphiles towards the
physicochemical characteristics, compaction and delivery properties of these self-

assembled delivery nanosystems for pDNA, mRNA and siRNA.

The working hypothesis for this aim is that the oil/water interface of self-assembling
synthetic pyridinium-based amphiphiles dictates the interaction of corresponding
supramolecular assemblies with the nucleic acid cargo to be delivered, the charge ratio
required to fully compact the nucleic acids into the supramolecular assemblies, the
physicochemical properties, cytotoxicity and transfection efficiency of the corresponding

supramolecular complex.

Based on the specific aims, the dissertation is divided into two distinct chapters.
Chapter 2 is focused on the delivery of chemotherapeutic drugs to breast carcinomas tissues
using polymers as delivery materials, while Chapter 3 deals with the delivery of nucleic
acids (pDNA, siRNA and mRNA) using lipid-based cationic amphiphiles as delivery
materials. Both chapters are subdivided into two subchapters each. The first part of Chapter
2 describes the interface engineering strategy of PEG-PCL diblock copolymers with
generation of PEG-PBO-PCL triblock copolymers that offer selective enzymatic stability
when formulated as DDSs. The robustness of the polymeric micelle DDSs against the
enzymes en-route is revealed at the same time showing selective vulnerability to enzymes

present in target (tumor) site. The second part of Chapter 2 discusses the micelles
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preparation, drug loading and presents the superior efficacy achieved with new PEG-PBO-
PCL triblock copolymeric micelles over similar micelles generated from PEG-PCL diblock
copolymer and over clinically-used docetaxel formulation Taxotere®. The first part of
Chapter 3 details delivery of nucleic acids in vitro, discussing the formulation process and
parameters involved in the preparation of lipid/nucleic acid complexes (lipoplexes). Our
novel strategy to prepare robust and efficient nucleic acids delivery systems with limited
DDS-associated toxicity using a mixture of pyridinium based lipids and gemini surfactants
is also detailed in this section. The second part of Chapter 3 presents a new series of
interface-engineered pyridinium pseudogemini surfactants that can pack and efficiently
deliver nucleic acids of different type, size and shape with minimal associated cytotoxicity.
The novel lipids-based lipoplexes were able to transfect 2D and 3D cell culture models

efficiently, even in the presence of large amounts of serum proteins.

Chapter 4 of the dissertation presents the conclusions drawn from the above-
mentioned studies and discusses the impact of the experiments into the state-of the art in

design of DDSs and presents future directions that emerged from these endeavors.



CHAPTER 2

INTERFACE-ENGINEERED AMPHIPHILIC BLOCK COPOLYMERS WITH
TUNED ENZYMATIC RESISTANCE FOR THE DELIVERY OF DOCETAXEL

FOR TREATMENT OF BREAST CANCER.

2.1 Introduction

Breast cancer is one of the most common cancers in women, both in the developed
nations and in less developed countries. It generated more than half a million deaths
worldwide in 2011, with an estimated burden of 266,120 new cases and 40,920 deaths in
2018 in the United States alone [36]. The standard treatment for breast cancer involves
surgery, followed by chemotherapy, radiotherapy, or both, depending on various factors
such as the stage of the cancer and patient’s age [37]. Taxanes and anthracyclines are the
most commonly used chemotherapeutic drugs for breast cancer treatment. However,
docetaxel and paclitaxel have been shown to be most effective for patients with metastatic
breast cancer [38] and their use has been increased in recent years, while the use of
anthracycline-based chemotherapy has declined [39]. Docetaxel is a second generation
taxane that is twice as potent as paclitaxel, due to a higher affinity towards its target, longer
plasma half-life, and longer intracellular retention [40-42]. Therefore, we selected

docetaxel as our model drug to treat breast cancer.

Docetaxel is a semisynthetic taxane derived from the extracts of European yew tree

Taxus baccata, first approved for medical use in 1995 (Figure 2.1) [43]. It exerts an



antineoplastic effect by binding to the dimeric tubulin and generating microtubule
stabilization, which results in subsequent arrest of cell cycle, aberrant mitosis and apoptosis
[40, 41]. Docetaxel is formulated as Taxotere® in an ethanol/tween 80 solution due to its
poor water-solubility. This formulation increases the risk of hypersensitivity reactions in
patients, in addition to the associated systemic toxicity of docetaxel [44]. Taxotere®
formulation is characterized by a reduced therapeutic index [45], which prompted us to
develop a novel delivery system for this drug that can better focus its toxicity on the tumor

and reduce systemic side effects.

Figure 2.1. Chemical structure of docetaxel. The four polar groups present cannot

efficiently compensate the hydrocarbonate backbone hydrophobicity.

Several anticancer nanoDDSs are already in the market (Table 2.1) and a plethora
of them are also being evaluated in ongoing clinical trials (Table 2.2). The market of
nanopharmaceuticals was valued at $209 billion in 2014 (15% of total pharmaceutical
market) and is anticipated to double by 2019 globally, to account for up to 22% of total

pharmaceutical market (Figure 2.2) [46]. The global market for nanodelivery systems for



delivery of chemotherapeutic agents was already over $1.2 billion in 2015 (Table 2.3), and,
owing to the constant increase in number of cases of cancer worldwide, this figure is
expected to keep increasing. However, after surveying a decade-long publication section
on nanodelivery systems for chemotherapeutic agents, it was found that, on average, less
than 1% of administered drug dose reaches the tumors [32]. Therefore, we intended to

develop novel chemotherapeutic DDSs that can enhance the amount of drug delivered to

the tumor.

Table 2.1. Selected globally marketed DDSs for chemotherapeutic drugs [47, 48]

Drug Active ingredient Indications Approval
product
Oncaspar PEGasparaginase Acute Lymphocytic 1994 (US)
Leukemia
Doxil/Caelyx | PEGylated Ovarian/breast cancer 1995 (US)
/LipoDox doxorubicin
DaunoXome | Liposome encapsulated | HIV-related Kaposi 1996 (US)
Daunorubicin sarcoma
Taxotere Docetaxel in Tween 80 | Advanced or metastatic 1996 (US)
micelles breast cancer
Myocet Liposome encapsulated | Breast cancer 2000 (EU,
Doxorubicin Canada)
Abraxane Albumin-bound Metastatic breast cancer 2005 (US)
Paclitaxel nanospheres
Mepact Liposome encapsulated | Osteosarcoma 2009 (EV)
Mifamurtide
Marqibo Liposome encapsulated | Philadelphia 2012 (US)
Vincristine chromosome negative
lymphoblastic leukemia
MM-398 Liposome encapsulated | Metastatic 2015 (US)
Irinotecan adenocarcinoma of the
pancreas
Genexol-PM | Paclitaxel-loaded Breast cancer/small cell (EU, Korea)
polymeric micelle lung cancer
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Table 2.2. Nanoparticle-based chemotherapeutic DDSs in clinical trials. Adapted from

reference [46].

Delivery system Active Indication Status Company
molecule (Country)
Protein-based delivery systems
Nab-technology Rapamycin | Non-muscle Phase I/ll | AADi (USA)
invasive
bladder cancer
Polymer-based delivery systems
Transdrug PACA | Doxorubicin | Hepatocellular | Phase II1 | Onxeo (France,
NP carcinoma Denmark)
Cyclodextrin- Camptothec | NSCLC Phase 11 Dare Biosciences
based NP in completed | (USA)
PEG-PLA/PLA Docetaxel Solid tumors Phase | Samyang
NP Biopharm (Korea)
PEG polyamino Cisplatin Solid tumors Phase I/11 | Nanocarrier Co.
acid NP (Japan)
Micelles Paclitaxel Metastatic Phase 11l | Nippon Kayaku Co.
breast cancer (Japan)
Core cross-linked | Docetaxel Solid tumors Phase | Cristal therapeutics,
polymeric micelles (Netherlands)
Lipid-based delivery systems
Lipid NP PKN3 Pancreatic Phase IIb | Silence
SIRNA cancer Therapeutics
Lipid NP MYC Hepatocellular | Phase I/Il | Dicerna
SIRNA carcinoma Pharmaceuticals
(USA)
Lipid NP PLK1 Liver cancers | Phase | National Cancer
SIRNA completed | Institute (USA)
Liposomes CEBPA Liver cancers | Phase | MiNA Therapeutics
saRNA (UK)
Liposomes P53 DNA Glioblastoma | Phase Il SynerGene
plasmid Therapeutics (USA)
Anti-EGFR Doxorubicin | Solid tumors Phase | University Hospital
liposomes completed | Basel (Switzerland)
Metal-based delivery systems
Gold metal shell Laser Prostate cancer | Phase | Nanospectra
silica core NP irradiation Biosciences (USA)
Magnetic iron NP | Magnetic Prostate cancer | Phase | University College
field London Hospitals

(UK)
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Figure 2.2. Nanopharmaceutical global market based on BCC Research report. (a)

Pharmaceutical global market in 2014 in $ billions, (b) growth rate for nano and non-

nanopharmaceuticals expressed by the CAGR% (Compounded annual growth rate), (c)

evolution of nanopharmaceutical global market in $ billions and (d) nanopharmaceutical

global market share by therapeutic indications in 2014. 2019 forecast is indicated in

brackets ($ billions) [46].

Table 2.3. Worldwide annual sales of marketed nanoparticle-based DDSs for cancer

treatment [46]

Nanodelivery system License holder Annual sales in millions
US$ (2015)
Abraxane Abraxis, AstraZeneca 967
Doxil Janssen 181
Margibo Spectrum Pharma 8
DepoCyt Sigma-Tau/Pacira 4.6
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The nanoparticle-based chemotherapeutic DDSs that have been used clinically are
predominantly polymer-based, but they may also be protein-based, lipid-based or metal-
based (Table 2.2). Amphiphilic copolymers based on polyethylene glycol (PEG) and
biodegradable lipophilic polymers such as polylactic acid (PLA), and polycaprolactone
(PCL) [49-52] can self-assemble in water to generate nanosystems extremely attractive as
drug delivery systems [24, 53-56]. Depending on the packing parameter [57] and on other
thermodynamic factors [58], one may observe micelles, filomicelles, or polymerosomes,
displaying a wide range of hydrodynamic properties and drug loading capacities [52, 59-
61]. The dense PEG brush on the surface of these nanosystems reduces the interaction with
proteins and figurative elements of the blood, conferring “stealth” properties and increasing
the circulation time of the delivery system. Other important advantages include the relative
ease of synthesis and formulation, excellent biocompatibility, large cargo loading capacity,
good control of supra-molecular shape and stiffness, a favorable drug release, toxicity and
translational profile. They also allow many derivatization strategies for practically endless
targeting possibilities [61-65]. These major advantages propelled polymeric DDSs into

clinic (Table 2.2).

An important premise for successful drug delivery focused to the tumor is a good
circulation time of the DDS when administered i.v., in the range of several days [56]. This
is required for efficient and selective targeting or accumulation at tumor sites via enhanced
permeability and retention (EPR) effect, via enhanced uptake, or via selective degradation
at the tumor site [23, 24, 56, 66, 67]. Currently, circulation time of biocompatible PEG-
based DDSs is in the range of hours to a couple of days at most [61, 68]. This small

timeframe, in large extent, is due to the premature inactivation of DDSs through substantial
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modification of their physicochemical properties (size, shape, zeta potential, PEG chain
density) via absorption of opsonins and other amphiphilic blood proteins at the

hydrophilic/hydrophobic interface.

Some amphiphilic proteins present in blood, such as albumin and especially
endothelial lipases [69-71], have esterase activity and thus can catalyze the hydrolysis of
the ester junction between the PEG block and the polyester hydrophobic core [72-74]. The
result is PEG shedding and a loss of stealth properties [75, 76], with subsequent binding of
other blood proteins [77, 78], uptake by macrophages of the mononuclear phagocyte
system, or removal by Kupffer cells [56]. The loaded drug is either prematurely released

in the bloodstream or is ended up in scavenging cells, causing systemic toxicity.
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2.2 Novel Triblock Copolymers

In collaboration with the groups of Drs. Bradford Wayland and Michael Fryd, our
lab developed a new way to selectively stabilize PEG-based self-assembled amphiphilic
copolymers via interfacial engineering [79, 80]. In the DDSs based on self-assembled PEG-
based amphiphilic diblock copolymers such as PEG-PLA, PEG-PLGA, PEG-PCL, the
boundary between the biodegradable block and the hydrolytically stable block coincides
with the hydrophilic/hydrophobic self-assembling interface. Water has access to the
interface between the stable (PEG) and the hydrolysable block (PLA, PCL). Therefore,
absorption of amphiphilic proteins with esterase activity at this double interface can
dramatically accelerate hydrolysis and can cause fast and complete degradation of the
nanosystems, as shown by many literature studies [68, 72, 73, 76, 79, 81, 82]. The
hydrolytic degradation at the hydrophilic/nydrophobic interface can also be further self-
catalyzed by small amounts of acid monomer (lactic, 6-hydroxycaproic acids) released
when these (loaded) nanosystems are stored before use, reducing shelf life and batch-to-
batch consistency of these formulations. The negative impact is augmented when

encapsulated drugs are also hydrolytically vulnerable. (Figure 2.3).

On the other hand, the DDSs should degrade as fast as possible once the delivery
site is reached. This degradation should occur either in the immediate vicinity of the
membrane of the cancer cells or inside the cancer cells, if the DDSs were internalized. In
both cases the degradation should be ensured by esterases present in these environments.
The selective stability against esterases encountered by the DDS en-route versus those
encountered at the delivery site is essential for the success of the delivery process and hence

for enhancing the therapeutic index of chemotherapeutic drugs. We separated the
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hydrophilic/hydrophobic interface of PEG-PCL diblock copolymers from the hydrolyzable
interface between PEG and PCL blocks through the insertion of a short, non-biodegradable,
hydrophobic, oligomeric PBO segment between the non-degradable hydrophilic PEG
block and the biodegradable hydrophobic PCL block, thus synthesizing novel PEG-PBO-
PCL polymers (Figure 2.3) [79]. We have selected PEG-PCL as model for implementing
our interfacial inactivation strategy because the semi-crystalline nature of the PCL block
allows a better evaluation of consequences associated with interfacial engineering of

amphiphilic block copolymers as compared with other models [51, 83].
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Figure 2.3. Cartoon representing the diblock PEG-PCL (up) and novel triblock PEG-PBO-
PCL (down) copolymers, showing the separation of biodegradable/non-biodegradable
interface from hydrophilic/hydrophobic interface after introduction of a small non-

biodegradable PBO block in between the PEG- and PCL blocks of the copolymer.
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The nanoprecipitation method was used to synthesize polymeric micelles
encapsulating docetaxel. In this method water/PBS was added dropwise over an acetone
solution of polymer under continuous stirring. The addition of water promotes the self-
assembling of the polymer to form micelles, in which semi-crystalline PCL makes the inner
hydrophobic core and the PEG will form the outer corona, to generate a nano-sized PEG
coated polymeric micelles. The hydrophobic docetaxel can be simultaneously encapsulated
into the hydrophobic core of the micelles by co-dissolving it with the polymer in the
amphiphilic solvent before nanoprecipitation step (Figure 2.4). The resulting micelles were
dialyzed to remove acetone and filtered through 0.1 micron filter to sterilize them. Their
size was measured using Malvern Zeta Sizer (Figure 2.5). Other properties of the micelles
such as drug encapsulation efficiency, drug release profile, shelf stability, etc. were

previously assessed.
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Figure 2.4. Cartoon representation of self-assembling of amphiphilic block copolymers in
water with the generation of micelles of nanometric dimensions. Hydrophobic drugs such
as docetaxel can be added to the active solution and can be encapsulated into the

hydrophobic core of the polymeric micelles during the self-assembling process.
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Figure 2.5. Size of diblock PEG-PCL and triblock PEG-PBO-PCL polymeric micelles,

either empty, or loaded with chemotherapeutic drug docetaxel.

These drug loaded polymer nanoparticles are expected to passively target the cancer
tissues via EPR phenomenon, which is a characteristic feature of solid tumors [84, 85]. The
EPR effect (Figure 2.6) is due to the defective architecture of blood vessels and absence of
lymphatic drainage system in solid tumors. Thus, in rapidly dividing tumors the blood
vessels are not properly developed and have disorganized endothelial cell lining, with large
fenestrations. Budding new vessels are emerging from the main ones due to constant
production of vascular growth factors by the tumor (Figure 2.7). Overall, this
pathophysiological conditions significantly enhance the vascular permeability of the
tumor. The EPR effect of solid tumors can be exploited by long circulating nanoparticles

to selectively leak out from tumor vessels and accumulate in the tumor tissue [86].
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Moreover, these nanoparticles are retained in the tumors due to very poor lymphatic

drainage, another characteristic pathophysiologic condition of solid tumors (Figure 2.6).

Angiogenic
blood vessel

Normal
blood vessel

Figure 2.6. Cartoon representation of passive targeting of nanoparticles to solid tumor due
to the EPR-effect, where nanoparticles can enter the tumor through fenestrations in
epithelia of blood vessels and can accumulate due to the absence of an efficient lymphatic

drainage system in the tumor. Modified from [87].
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Figure 2.7. Scanning electron microscopy images of blood vessels in normal liver (top left),

and of magnified tumor nodule (T) (top right). Significant differences can be seen between
surrounding normal capillaries (N) in the liver (bottom left) and in capillaries of tumor
vessels (larger magnification). One can observe the rough surface, and the early phase of
extravagating vessels, indicated by arrows (bottom right). Adapted with permission from

[88].

20



2.3 Enzymatic stability of copolymer micelles

2.3.1 Rationale

As described earlier, the interface-engineered polymeric micelles were designed to
withstand the enzymatic hydrolysis en-route to target tumor tissues. The Kkinetic studies of
micelles degradation in the presence of acid or lipase as typical degradation catalysts
encountered in the GI tract revealed a higher stability of the triblock PEG-PBO-PCL nano
micelles as compared to standard diblock PEG-PCL ones. This degradation kinetics was
followed using *H-NMR, GPC and DLS [79, 80, 89]. These techniques allowed us to
quantitate the polymeric micelle degradation dynamics and to establish an enzymatic
degradation model. Thus, when the polymeric micelle nano-DDSs were incubated with
lipase, it was observed that the size of the main population of polymeric nanoparticles
remains constant in time. We proposed that this is due to the fact that the rate limiting step
is the docking of the enzyme to the micelle (ki1 in Figure 2.8). The enzyme docking to the
hydrophilic/hydrophobic interface is followed by hydrolysis of the interfacial ester bond,
loss of PEG corona and coalescence of remaining exposed hydrophobic cores with other
similarly degraded micelles, thus generating larger aggregates that can be seen in DLS as
additional peaks at higher size values (Figures 2.8). One can easily grasp that the resulting
larger micelles will have different PK properties, and can be removed from circulation
preferentially by the reticulo-endothelial system (RES) much faster than small intact

micelles.
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Figure 2.8. Proposed mechanism for esterase-mediated enzymatic degradation of
polymeric micelles: once the enzyme docks on the surface of a diblock/triblock copolymer
micelle, interfacial hydrolysis occurs, generating a partially PEG-unshielded micelle,
which can stabilize through coalescence with similar micelles and form a larger assembly.
Eventually the PCL block in all micelles will be entirely hydrolyzed, yielding water-soluble

products and the initial enzyme, which can start a new degradation cycle [90].

Considering this mechanism, we attempted to introduce new techniques to follow
the enzymatic degradation of polymeric micelles in simpler way than via *H-NMR and
GPC. A survey of literature revealed the possibility to use the fluorescence decay method
for this purpose [91, 92]. This method exploits the solvatochromy property of a
hydrophobic dye, Nile Red, to follow the enzymatic degradation of polymeric micelles.
This dye is highly lipophilic and can easily disperse into the hydrophobic core of the
amphiphilic block copolymeric micelles, producing an intense fluorescence upon
excitation with appropriate wavelength light. Enzymatic degradation of micelles places the
dye into an increased hydrophilic environment, triggering the quenching of its fluorescence

[93-95]. We successfully showed that the Nile Red based solvatochromy fluorescence
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method yielded similar results with *H-NMR and GPC [90]. However, this method
required the use of this dye, which changes the overall properties of the polymeric micelles
and can interfere with cargo loading and release, enzymatic docking on micelle surface,

etc.

Therefore, we explored another method, namely DLS [89, 96]. Since the enzymatic
degradation mechanism generates larger aggregates from an initial homogeneous
population of polymeric micelles of small size, the polydispersity of the system increases
and the Zav (the average size of the particle size distribution) also increases. A plot of the
ratio between the Zavt (Zav at a given time) and the initial Zav,0 as a function of time can be
thus used to follow the polymeric micelle hydrolysis in a simple and efficient way. It was
found that the DLS method is as fast and sensitive as the fluorescence method to follow
the polymeric micelle degradation and does not require any additives (dyes, etc.) that could
affect the degradation kinetics, cargo loading and release, etc. Therefore, we decided to

adopt this method to follow the enzymatic degradation of our polymeric micelles.

To test our hypothesis, we assessed the esterase hydrolysis pattern of the micelle
system using various esterases associated with the i.v. route of administration. A plethora
of enzymes have been shown to have esterase activity in the blood and tissues [97-99].
Blood plasma contains albumin (with esterase activity), butyrylcholinesterase,
paraoxonase and other esterases [98, 100]. In addition, polymeric micelles in the blood
stream can come in contact with endothelial lipases present on the luminal surface of the
endothelial linings of blood vessels [70, 101]. Moreover, in several disease conditions,
elevated levels of lipase can be detected in the serum [102]. In addition, RBCs contain

large amounts of carbonic anhydrase (with esterase activity), which can be released into
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the plasma after their hemolysis due to introduction of nanoparticles into the blood stream
[103-105]. On the other hand, several esterases are known to be present in the tissues, such
as phospholipase Al and A2 (PLA1 and PLA2) [106, 107]. PLAL and PLAZ2 are present in
all tissues in small amount but are particularly abundant in solid tumors and PLAZ2 is
known to be secreted by certain tumor tissues, including triple negative breast cancer ones
[108]. We used selected representatives of these esterases, namely lipase to mimic
endothelial lipase, butyrylcholinesterase, albumin, carbonic anhydrase isozymes 1 and 2,
PLA1 and PLAZ2, and papain as a mimic of cathepsin B, to assess the stability of polymeric

micelles against enzymatic hydrolytic degradation in vivo.

Before we assessed the ability of these esterases to degrade amphiphilic block
polymers, we quantified their intrinsic esterase activity. We selected the hydrolysis of
amphiphilic substrate 4-nitrophenyl acetate for this purpose, as this compound is known to
be one of the best substrate for the study of enzyme kinetics [109, 110]. In order to keep
the polymer concentration constant for all enzymatic hydrolysis experiments, we
quantified the amount of polymer present in the system after nanoprecipitation and dialysis

of the polymeric micelles, using a PEG assay.
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2.3.2 Materials and Methods

Materials

Diblock and triblock copolymers were synthesized as previously described [79].
Nile Red dye, phosphate buffer saline tablets, albumin from human serum, butyryl
cholinesterase from equine serum, lipase from Pseudomonas fluorescens, carbonic
anhydrases (isozyme | from human erythrocytes and isozyme Il from bovine erythrocytes),
phospholipase Al (PLA1) from Thermomyces lanuginosus and phospholipase A2 (PLA2)
from porcine pancreas, and papain from papaya latex were bought from Sigma Aldrich (St
Louis, MO). Fetal bovine serum (FBS) was purchased from Rocky Mountain Biologicals

(Missoula, MT).

Methods

Preparation of polymeric micelles

Stock solutions of polymers (PEGass-PCLs1, PEG45-PBQOs-PCLss, PEG45-PBOog-
PCLs3) were prepared in acetone in the concentration of 20 mg/mL. A Nile red dye stock
solution of 1 mg/mL and docetaxel solution of 2 mg/mL were also prepared in acetone.
Polymeric micelles were nanoprecipitated by adding 5 mL of water dropwise at the rate of
0.5 mL/min over 500 pL of polymer stock solution in acetone under continuous stirring
that allowed amphiphilic polymers to self-assemble into nano-sized micelles. While
preparing the micelles loaded with Nile Red dye or docetaxel, the dye stock solution or

drug stock solution was added to polymer solution before nanoprecipitation at the
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concentration of 5 uL dye per 10 mg polymer or 1 mg docetaxel per 10 mg polymer
respectively. The same nanoprecipitaion technique as described above was followed. The
size of the micelles thus prepared were determined using Nano zeta-sizer. The micelle
suspensions were then dialyzed through 3500 MWCO dialysis membrane overnight to
remove acetone and un-encapsulated dye/drug from the suspension. Acetone removal was
confirmed via UV-VIS absorption measurement at 266 nm. These micelles were filtered

through 0.2 pm filters followed by 0.1 um filters and their size was re-determined.

PEG Assay

The PEG assay was performed to quantitate the concentration of the polymers in
final polymeric micelle suspension. Two reagent stock solutions were made prior to
performing the assay. Solution A was prepared by dissolving 2.4 g barium chloride in 32
mL water followed by mixing with 8 mL 6 M HCI and solution B was prepared by
dissolving 800 mg of potassium iodide and 500 mg of iodine in 40 mL water. A PEG2000
solution (0.2 mg/mL) was prepared in deionized water and was used as standard. In a
typical assay, a volume of 10 pL of polymeric micelles was used for the PEG analysis and
was aliquoted out in a 1 mL cuvette. Separately, aliquots of PEG standard solution were
made in 7 cuvettes (0.1-10 pg PEG) in order to construct a calibration curve. The PEG
standards and polymer dispersions were diluted to 720 pL final volume with DI water.
Subsequently, 40 uL of solution A was added in all the cuvettes and the content was mixed
thoroughly. Solution B was diluted with water in ratio of 1:5 prior to use and 40 pL of

diluted solution B was added in each cuvette. After mixing, the resulting solutions were
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incubated for 10 minutes at room temperature and their absorbance was recorded at 535

nm using a Hach DR/4000 UV spectrometer (Loveland, CO).

Micelle degradation studies by using fluorescent decay

Polymeric micelles containing Nile red dye were used in this experiment. In a
fluorescent cuvette, a micellar solution containing 2 mg polymer (typically around 1.3
mg/mL) was diluted with 200 puL of 103 PBS and the final volume adjusted to 1.98 mL
with DI water. The cuvette was thermostated at 37°C and 20 pL of enzyme stock was added
and the fluorescence of Nile Red was measured at Aex: 535 nm, Aem: 592 nm with a cutoff
at 550 nm at predefined time intervals. The cuvettes were incubated at 37°C for the whole

period of study.

Assessment of esterase activity of various enzymes via 4-nitrophenyl acetate

hydrolysis

A 0.01 M solution of 4-nitrophenyl acetate was prepared in DME. Enzymatic
solution stocks were prepared for each of lipase (1 mg/mL), carbonic anhydrase | (2
mg/mL) and Il (1 mg/mL) isoenzymes, butyryl cholinesterase (2 mg/mL), papain (1
mg/mL), phospholipase Al (0.36 mg/mL) and albumin (250 mg/mL) were also prepared
in HBS. Phospholipase A2 solution was used at nominal concentration received (3.6

mg/mL). These concentrations were calculated to have activity around 40 units/mL, based
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on the estimated esterase activity provided by the manufacturer. These activities were

estimated using different substrates for different enzymes.

In a clean glass/quartz cuvette, 10 uL of an enzyme stock was mixed with 890 pL
of HBS. To the buffered enzyme solution, 100 puL of 4-nitrophenyl acetate solution was
added and the absorption was measured at 400 nm at pre-designated time intervals, at 25°C.
For estimation of autohydrolysis reaction, 900 puL of HBS was taken in a cuvette and mixed
with 100 uL of 4-nitrophenyl acetate and the absorption measured at 400 nm, at 25°C. The
absorption value obtained from autohydrolysis reaction was deducted from the absorption
value obtained for enzymatic hydrolysis study to obtain the corrected esterase activity of

various enzymes against 4-nitrophenyl acetate.

Micelle degradation studies by using DLS

Micelle degradation via DLS was studied by adding an amount of 50 pL of enzyme
stock solution to the fixed amount of polymer at a final concentration of 1 mg/mL polymer
in the solution. Thus, a micellar suspension containing 500 pg of polymer (typically around
1.3 mg/mL) was diluted with 50 uL of 10X PBS in a new cuvette, and the final volume
was adjusted to 450 pL with DI water. The cuvette was thermostated at 37°C, and 50 pL
of enzyme stock was added and the size of the micelles was measured at various time
intervals at 37°C. For albumin degradation study, a final concentration of 1 mg/mL albumin

was used, while for FBS degradation study, 50% FBS by volume (250 pL) was used.
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2.3.3 Results and discussion

Hydrolysis of 4-nitrophenyl acetate

The esterases we used in this study were bought from different vendors and each
had their own method of determining the activity of the enzymes. The unit of enzymatic
activity depend on the method used to determine the activity, and was not uniform among
the enzymes we bought. Therefore, in order to evaluate the activity of these enzymes within
the same framework, we assessed the esterase activity of each enzyme used in this study
for the hydrolysis of a single amphiphilic base, 4-nitrophenyl acetate. The base was chosen
for its amphiphilic nature that resembles the amphiphilic block copolymers that are being
assessed for hydrolytic stability against the same set of enzymes. An analysis of the data
from figure 2.9 revealed that the lipase had the highest hydrolysis rate of the substrate after
30 min. This was expected since lipases have a structure adapted to dock to and hydrolyze
amphiphilic substrates. Interestingly, esterases present in serum (50% FBS, non-heat-
treated) also showed comparable activity with lipase from P. fluorescens, probably due to
the same reasons. Besides, the most common serum protein, albumin also showed

substantial esterase activity.
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Figure 2.9. 4-Nitrophenyl acetate hydrolysis catalyzed by different esterases relevant to polymeric DDSs administered i.v. The enzymes
included are either present in blood, on the surface of blood vessels, or are present near or inside the tumor cells targeted by polymeric

DDSs.
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Enzymatic stability of micelles against serum

Once we had an evaluation of the ability of each esterase to process amphiphilic
substrates, we tested these esterases individually on their ability to degrade amphiphilic
block copolymers forming DDSs using above-mentioned DLS method. The first barrier
that an injectable DDS encounters is the blood serum, rich in proteins and enzymes that
have esterase activity. Therefore, we assessed the size dynamics of polymeric micelles in
presence of serum for 60 min, taking readings every 10 min. For this experiment, 250 pL
of FBS was mixed with 250 pL of isotonic micellar suspension formulated using either
diblock PEG4PCLe1 or our novel interface-engineered triblock copolymers,
PEG4sPBOsPCLss or PEG4sPBO9PCLss at 37°C and the size dynamics of the polymeric

micelles was measured using DLS.

While examining the DLS curves of the size dynamics of the polymeric micelles in
presence of serum (Figure 2.10), one can clearly see two main peaks corresponding to
serum (Figure 2.10a) and to polymer micelles (Figure 2.10b). The dynamics of diblock
copolymeric micelles PEG4sPCLe1 enzymatic degradation revealed by DLS clearly showed
other peaks at higher size values, indicating the presence of larger aggregates, probably
generated from incompletely hydrolyzed micelles (Figure 2.8). In contrast, the interface-
engineered triblock copolymeric micelles PEG4sPBOgPCLs3 were stable in serum, as
reflected by the presence of the two peaks corresponding to serum and polymeric micelle
(Figure 2.10a, 2.10b, 2.10e). Interestingly, the PEG4sPBOsPCLss micelles resistance to
serum esterases was somehow in between the diblock copolymer micelles and the triblock

copolymer micelles performance, reflecting the significant impact of the PBO block length
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on the stability of resulting polymeric micelles and confirming the working hypothesis

(Figure 2.10).
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Figure 2.10. Degradation dynamic of polymeric micelles in presence of serum esterases
revealed by DLS curves of serum alone (a), polymer micelles (b) and by PEG4sPCLs1 (C),

PEG4sPBO6sPCLss (d) and PEG4sPBO9PCLss (e) micelles incubated with serum for 1 h.
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The degradation kinetics can also be represented through the dynamics of the ratio
between the Zavt (Zav Of the system at a given time) and the initial Zav,o (Zav/ Zav,0) as a
function of time, as mentioned in the introductory part (Figure 2.11). Analyzing the data
of figure 2.11, one can easily follow the degradation process for all three polymeric micelle
types and can confirm the same trends observed in figure 2.10. Moreover, this
representation also allows one to evaluate more precisely the dynamics of the micelles in
time and the extent of their degradation, in a quantitative manner. Thus we adopted this

method for data presentation in the subsequent enzymatic degradation experiments.
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Figure 2.11. Size dynamics of polymeric micelles generated from diblock PEG4sPCLé1
copolymers and interface-engineered triblock copolymers PEG4sPBOsPCLss or

PEG4sPBO9PCLsz after incubation with 50% FBS v/v for 1 h.
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Stability of polymeric micelles against enzymes present en route

Following the experiment of degradation of micelles in presence of serum, we
assessed the degradation of polymeric micelles with purified lipase from P. fluorescens.
This lipase was used as a representative of various serum lipases [111] including
endothelial lipases present abundantly on the luminal surface of the endothelium lining the
arteries and capillaries [112]. Lipases possess a specialized amphiphilic interface
comprising a mobile hydrophobic flap that help them dock and lock into their natural
lipophilic/amphiphilic esters and hydrolyze them [70, 113, 114]. The same docking,
followed by hydrolysis can occur onto our amphiphilic polymeric micelles. Therefore,
micelles formulated using either PEG4sPCLe1, PEG4sPBOsPCLss or PEG4sPBO9PCLss
were incubated with lipase at 37°C and size dynamics of the systems were assessed using
DLS, as presented above (Figure 2.12). Data from figure 2.12 showed that the interface-
engineered polymeric micelles were clearly more resistant to lipase hydrolysis than diblock
ones, confirming our working hypothesis. There was no significant difference between the
hydrolytic resistance of PEG4sPBOsPCLss micelles vs PEG4sPBO9PCLss micelles. This
data is in perfect agreement with the degradation kinetics of the same micelles by P.

cepacia lipase followed by *H-NMR, GPC (Figure 2.13) [90].
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Figure 2.12. Size dynamics of polymeric micelles generated from PEGasPCLe1, from

PEG4sPBOsPCLss or from PEG4sPBO9PCLss after incubation with P. fluorescens lipase

(0.1 mg/mL) for 1 h.
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Figure 2.13. Comparative lipase-mediated hydrolytic degradation of micelles generated

from PEGu4sPCLe1, PEG4sPBOsPCLss or from PEGasPBO9PCLss, as monitored by *H-

NMR for over 5 h (left) and GPC curves obtained for the same after 24 h (right) incubation

with P. cepacia lipase. Adapted from [90].
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For comparison, we assessed the lipase-mediated degradation of the polymeric
micelles via a fluorescence decay method. In this method, we used Nile Red dye, a
solvatochromic dye that fluoresces preferably when present in hydrophobic environment
but loses fluorescence activity when present in hydrophilic environment. This dye was
encapsulated into polymeric micelles as described earlier and incubated with lipase at
37°C, and the fluorescence activity was measured at certain time intervals. As the
polymeric micelles degrade, they liberate the dye into aqueous solution, which ensures loss
of fluorescence from the dye. Thus, degradation of the micelles by lipase was quantitated

to be equivalent to the loss of fluorescence (Figure 2.14).
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Figure 2.14. Time-dependent loss of fluorescence activity of Nile Red encapsulated in
polymeric micelles generated from PEGasPCLei, from PEGssPBOsPCLss or from

PEG4sPBOg9PCLss after incubation with P. fluorescens lipase for 4 h.

36



As one can clearly see, the three methods viz., *H-NMR (Figure 2.13, left), GPC
(Figure 2.13, right) and fluorescence decay (Figure 2.14) used to follow enzymatic micelle
degradation are equivalent and gave similar results as given by DLS (Figure 2.12). Since
the DLS method is much more simple, convenient and does not require any additives (dyes,
etc.), we have selected and adopted it in subsequent experiments to follow micelle

degradation.

We subsequently assessed the degradation kinetics of our diblock and triblock
copolymer-based micelles with butyryl cholinesterase, which is present in blood plasma in
relatively large amounts and is able to hydrolyze a large variety of esters [98, 115]. The
conditions maintained for enzymatic hydrolysis study with this enzyme was same as
presented above, i.e. 1 h, 37°C, PBS buffer, 0.2 mg/mL final concentration. The micelle
degradation dynamics (Figure 2.15) showed that all micelles were susceptible to the action
of this enzyme. However, the PEG4sPCLes1 micelles were significantly more unstable as
compared to both triblock copolymeric micelles. Interestingly, the micelles generated from
the triblock copolymer having a shorter PBO segment (PEG4sPBOsPCLss) were more
resistant to degradation against butyryl cholinesterase than micelles made out of
PEG4sPBO9PCLss, which have a longer PBO segment. This probably is due to the
particular structure of the butyryl cholinesterase, which allows an easier docking to the

PEG4sPBO9PCLs3 self-assembly interface as compared with the PEG4sPBOsPCLss one.
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Figure 2.15. Size dynamics of polymeric micelles generated from PEGasPCLe1, from
PEG4sPBOsPCLss and from PEG4sPBO9PCLss after incubation with butyryl cholinesterase

(0.2 mg/mL) for 1 h.

Carbonic anhydrase (CA) was another enzyme considered to be assessed in this
study. CA isozymes | and Il are present in large amounts in RBCs [116] and can be released
into the blood stream due to hemolytic action of DDSs [117, 118]. Both, CA I and CA Il
are known to have esterase activity [103, 119]. Therefore we assessed their activity against
the diblock and triblock copolymeric micelles, similarly to the previous experiments
(Figures 2.16a). An analysis of data from figure 2.16a revealed that the triblock
copolymeric micelles were unaffected by incubation with CA 1, while diblock ones were
clearly destabilized immediately after incubation with this CA isozyme (Figure 2.16a).

Similar results were obtained with CA 11, although this enzyme had a lower impact on the
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polymeric micelles as compared with CA 1, reflecting the structural differences existent

between these isozymes (Figure 2.16b) [119].
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Figure 2.16. Size dynamics of polymeric micelles generated from PEGasPCLse1, from
PEG4sPBOsPCLss or from PEG4sPBO9PCLss after incubation with 0.2 mg/mL carbonic

anhydrase | (a) and 0.1 mg/mL carbonic anhydrase Il (b) for 1 h.
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Another important protein present in blood is human serum albumin. This protein
is present in blood in very high concentrations (35-55 mg/mL)[120, 121] and plays an
important role in maintaining osmotic pressure, transport of fatty acids and amphiphilic
compounds, etc. [121, 122]. It was shown that human serum albumin has esterase activity
[123, 124], a fact confirmed by us in the 4-nitrophenylacetate enzymatic hydrolysis
experiment (Figure 2.9). Therefore we assessed the degradation of polymeric micelles with
albumin, at a final concentration of 1 mg/mL albumin, at conditions similar to previous
enzymes (Figure 2.17). Interestingly, data from figure 2.17 revealed that albumin had a
very high impact on the dynamic stability of our polymeric micelles, being able to
significantly destabilize the diblock copolymer micelles. This result is highly significant
and reveals the intrinsic vulnerability of self-assembled diblock copolymer micelle to the
amphiphilic human serum albumin, which immediately translates into micelle coalescence.
We can postulate that this coalescence process significantly changes the PK properties of
the diblock copolymer micelles and detrimentally affects their ability to function as long-
circulating DDSs. The triblock copolymeric micelles were much less sensitive to albumin
than the diblock copolymer ones, and displayed a significantly higher stability.
Interestingly, the micelles generated from the triblock copolymer with a shorter PBO block
were found to be more stable than the ones generated from the triblock copolymer having

a longer PBO block.
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Figure 2.17. Size dynamics of polymeric micelles generated from PEGasPCLe1, from
PEG4sPBOsPClLss, or from PEG4sPBOgPCLss, after incubation with human serum albumin

(2 mg/mL) for 1 h.

Since lipase and butyryl cholinesterase were found to significantly catalyze the
degradation of our polymeric micelles, we reassessed these enzymes in presence of 1
mg/mL albumin, in order to mimic the conditions encountered in the vasculature by the
DDSs. Thus, in the presence of albumin, lipase showed an enhanced degradation effect on
the micelles generated using the diblock copolymer, while the micelles generated form the
triblock copolymer were significantly less affected (Figure 2.18a). On the other hand,
addition of albumin to butyryl cholinesterase didn’t change the degradation pattern of both
micelle types, with diblock-based nanoformulations being quickly degraded and triblock-

based formulation showing resistance to hydrolysis (Figure 2.18b).
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Figure 2.18. Size dynamics of polymeric micelles generated from PEGasPCLe1 or
PEG45PBOsPCLss or PEG4sPBO9PCLss after incubation with 0.1 mg/mL lipase (a) and 0.2

mg/mL butyryl cholinesterase (b) in presence of 1 mg/mL albumin for 1 h.
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Enzymatic degradation of micelles against enzymes present in target

After analyzing the comparative stability of diblock and novel triblock copolymeric
micelles in the presence of serum and endothelial wall esterases, we were enticed to
examine the stability of the same polymeric micelles against various esterases present in
the targeted (tumor) tissues. Our goal was to find some enzymes that could efficiently
degrade the triblock copolymeric micelles and thus release the loaded drug into the target

tumor tissues.

Our study was started by analyzing the behavior of our micelles against papain.
Papain is cysteine protease and represents an economical version of cathepsin B, a cysteine
protease present in endosomes, with known esterase activity [125, 126]. DDSs are usually
uptaken via endocytosis, ending up into endosomes. Endosomal maturation involves
loading of these vesicles with various enzymes that can degrade the endocytosed materials
[127]. Thus, papain constitutes a good model of degradation of our polymeric micelles by
cathepsin B and related proteases with hydrolytic activity in the endosome. We found that
the micelles prepared using diblock copolymer were relatively stable throughout the length
of the study against papain activity, similarly to the micelles generated using triblock
copolymers (Figure 2.19). A possible explanation is that papain has a much lower esterase

activity, as revealed by the 4-nitrophenyl acetate assay (Figure 2.9).
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Figure 2.19. Size dynamics of polymeric micelles generated from PEG4sPCLs1 or

PEG4s5PBOsPCLss or PEG4sPBOgPCLss after incubation with papain (0.1 mg/mL) for 1 h.

If the DDSs survive the lysosome and escape into the cytoplasm, other enzymes
such as phospholipase can hydrolyze the micelles to release drug load into the cytoplasm.
PLAL is present in the cytoplasm of almost every cells as it possesses central role in
membrane maintenance and remodeling, and is known to have esterase activity (Figure
2.9) [128, 129]. Therefore we assessed its ability to hydrolyze the diblock and triblock
copolymers in the micelles (Figure 2.20). Data from figure 2.20 revealed that PLAL could
slowly degrade the micelles made up of diblocks but left the micelles made up of triblocks
relatively unaffected. The inability of PLAL to significantly affect the polymeric micelles
can be simply explained by the ability of PLA1 to hydrolyze only the outer fatty acyl group
from diacyl glycero-phospholipids [106]. It is likely that this enzyme does not have the

proper interface to reach ester bonds buried deeper in the hydrophobic part of the
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triglycerides. Since the biodegradable/non-biodegradable interface in the triblock
copolymeric micelles is located deeper in the hydrophobic part of the micelles, far from
hydrophilic/hydrophobic interface where the enzyme docks, the enzyme cannot reach the
ester bond and thus is unable to degrade the triblock copolymer micelles, while still being

able to process (slowly) the diblock ones (Figure 2.20).
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Figure 2.20. Size dynamics of polymeric micelles generated from PEG4sPCLs1 or

PEG4s5PBOsPCLss or PEG4sPBO9PCLss after incubation with PLA1 (0.04 mg/mL) for 1 h.

However, the cytoplasm of many tissues contains another isoform of
phospholipase, namely PLA2 [130]. Importantly, secreted PLA2 (SPLAZ2) is produced in
aberrant amount in the tumor microenvironment by various solid tumors including prostate,
breast and colon cancer and is considered to have an important role in metastasis and tumor
proliferation [131-133]. This enzyme has natural ability to hydrolyze the inner ester bond

of phospholipids, being responsible, for example, for the generation of arachidonic acid
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and lysophospholipids in inflammation states, including cancer [107]. It is assumed that
when DDSs reach the target tissue it will interact first with proteins, including esterases,
secreted by these malignant tissues. Therefore it is quite plausible to imagine that the DDSs

will encounter PLAZ2 in the tumor niche.

Thus, we assessed the degradation activity of our polymeric micelles in the
presence of this enzyme (Figure 2.21). We found that PLA2 was quite effective in
degrading micelles prepared from our triblock copolymers, while the micelles prepared
from the standard diblock copolymers were not significantly affected. This effect of PLA2
is probably due to the intrinsic ability of this enzyme to reach and cleave the deeper ester
bond in the phospholipids [130], thus being able to preferentially reach and cleave the ester
bond in our triblock copolymeric micelles, located further away in the hydrophobic part
than the similar ester bond in standard diblock copolymers at the hydrophobic/hydrophilic
interface. This ability of tumor-secreted PLA2 to degrade selectively the triblock
copolymeric micelles implies a selective stability of triblock copolymer micelles in blood
vs tumor and may translate into the preferential release of the cytotoxic chemotherapeutic
drug load in the vicinity of tumor cells, thus enhancing the therapeutic index of the drug,

as desired.
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Figure 2.21. Size dynamics of polymeric micelles generated from PEG4sPCLs1 or

PEG4s5PBOsPCLss or PEG4sPBO9PCLss after incubation with PLA2 (0.36 mg/mL) for 1 h.

Enzymatic stability of docetaxel loaded micelles

After assessing the enzymatic stability of empty polymeric micelles, it was
important to reconfirm this selective stability of the triblock copolymer micelle vs diblock
ones when loaded with drug in blood/tumor. Consequently, we assessed the degradation of
docetaxel-loaded polymeric micelles, as these micelles represent the actual drug delivery
system used in vivo. Docetaxel-loaded polymeric micelles were made and treated with
serum, or with other esterases found efficient in the experiments presented above. The
stability of the polymeric micelles was assessed using the same DLS method presented

above.
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Thus, when 50 % FBS v/v was incubated with docetaxel-loaded polymeric micelles
at 37°C (Figure 2.24), the size dynamics, measured by DLS as described above, revealed
that the degradation dynamics of the docetaxel loaded-micelles mirrored the degradation
of empty polymeric micelles. The stability of drug-loaded polymeric micelles was assessed
for up to 3 days (Figure 2.22a, b). It was found that micelles prepared using diblock
copolymers were hydrolyzed as soon as they were introduced to serum. In contrast,
micelles prepared using triblock copolymers were quite stable in time, with the micelles
with shorter PBO segment showing an average size deviation only after 8 h in serum, while
the one with a longer PBO segment being quite stable for upto 12 h. The quicker
degradation of the micelles loaded with docetaxel may be due to the influence of the drug
itself, which can interfere with the enzyme docking onto the surface of the micelles,
stabilizing the enzyme docked at the polymer oil/water interface. It is conceivable that
many hydrophobic drug molecules are located near oil/water interface and can stabilize
hydrophobic domains of blood esterases, thus making the drug-loaded micelles more
vulnerable to esterase action. The drug-loaded micelles generated using our triblock
copolymers were much more stable than the diblock copolymer ones in the serum, due to
their engineered interface, which prevented the enzyme’s access to the degradable ester

bond, as presented above (Figure 2.22).
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Figure 2.22. Size dynamics of polymeric micelles generated from PEGasPCLe1 or

PEG4sPBOsPCLss or PEG4sPBOgPCLss after incubation with serum (50% v/v) for 1 h (a)

Similarly, we also assessed the esterase activity of P. fluorescens lipase against the
docetaxel-loaded polymeric micelles (Figure 2.23). Data from figure 2.23 showed that this

lipase caused a fast, aggressive degradation of docetaxel-loaded diblock copolymer
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micelles, whereas the docetaxel-loaded triblock polymeric micelles were quite stable. The
micelles generated of diblock copolymers were in fact quite prone to lipase degradation, as
revealed by an increase in size as soon as 10 min after incubation with this amphiphilic
enzyme (Figure 2.23a). The interface-engineered triblock copolymer micelles maintained

their size upon incubation with lipase for 72 h (Figure 2.23Db).

We performed the same degradation experiment using docetaxel-loaded micelles
and PLAZ2, the enzyme that efficiently degraded the empty triblock copolymer micelles
(Figure 2.24). We found that within 30 min incubation with PLA2 no major differences
could be observed, with all loaded micelles being relatively stable. We attribute this finding
to the docetaxel drug loading, which accumulates at the hydrophilic/hydrophobic interface
and prevents PLA2 to access the degradable ester bond located deeper in the hydrophobic
part. However, the triblock copolymer micelles having 9 PBO units started to degrade after
30 min, presumably due to partial rearrangement/removal of loaded drug from the interface
(Figure 2.24a). The rate of degradation of PEG45-PBOg-PCLs3 micelles quickly increased
after 60 min of incubation with PLA2. This is probably because more drug was released
from the hydrophilic/hydrophobic interface, which allows PLA2 to dive into the
hydrophobic core of the PEG4s5-PBO9o-PCLs3 micelle, reach the degradable ester bond and
cleave it (Figure 2.24b). The micelles generated from diblock copolymer and loaded with
drug remained fairly constant for upto 72 h upon incubation with PLAZ2. The other interface
engineered triblock copolymer-based micelles, made out of PEGas-PBOs-PCLsg, started to
degrade only after 24 h of incubation with PLA2 (Figure 2.24b), following an intermediate

behavior between the two micelle types described above.
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mg/mL) for 60 min (a) or 72 h (b).

These results suggest that although the drug loaded polymer micelles may
act slightly different than empty micelles in different environments encountered in vivo,

the interface engineered triblock copolymer micelles retained their selective stability
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blood/tumor, a premise that strongly recommended them as new DDSs with improved

therapeutic index.
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Figure 2.24. Size dynamics of docetaxel loaded polymeric micelles generated from
PEG4sPCLs1 or PEG4sPBOsPCLss or PEG4sPBOg9PCLss after incubation with PLA2 (0.36

mg/mL) for 60 min (a) or 72 h (b).
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2.4 Docetaxel-loaded copolymer micelles for treatment of breast cancer

2.4.1 Rationale

Drug loading and release profiles of DDSs are directly influenced by their
interfacial structure and biostability. In the previous section, we revealed that the novel
triblock copolymer micelles are more stable en route and can be selectively degraded in
tumor microenvironment by tumor-secreted esterases, to preferentially release the
chemotherapeutic drug at the tumor site. The next step was to validate their efficacy in live
cells and in experimental animal models of cancer. After preliminary experiments, in which
we examined the susceptibility of different cancers to docetaxel treatment, we decided to
use docetaxel-loaded nanoparticles to target breast cancer. Docetaxel has a broad spectrum
of antitumor activity and it is approved for treatment of breast cancer. Docetaxel is
currently formulated in polysorbate 80, as Taxotere® due to its poor water solubility.
Importantly, this formulation is known to cause severe allergic reactions and peripheral
neuropathy in a high percentage of patients undergoing treatment with it [134, 135].
Moreover, the formulation is susceptible to hydrolysis and has very limited stability after

preparation (short shelf life) [136].

Thus, we assessed the cytotoxicity of the polymeric micelles in a MDA-MB231
triple negative breast cancer cell line and compared the results with the ones generated
using the Taxotere® standard formulation. The same cell line, modified to express
luciferase (MDA-MB231-Luc) was used to graft the tumor in the breast fatpad of SCID
mice. Both the drug delivery efficacy and the systemic toxicity of the polymeric micelles

were assessed in this animal model. These orthotopic tumors are a better representation of
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the breast cancer in human patients due to their localization in the mammary fatpad of the
animals, similarly to human breast cancer. The PK properties of the formulations were also
compared with those of the marketed product Taxotere® by assessing the organ distribution

of docetaxel after a single dose of each formulation, 4 h and 24 h post-injection.

2.4.2 Materials and Methods

Materials

Diblock and triblock copolymers were synthesized as previously described [79].
Docetaxel was bought from Alfas Aesar (Ward Hill, MA). Phosphate buffer saline (PBS)
was bought from Sigma Aldrich (St Louis, MO), ethyl alcohol from Avantor Materials
(Center Valley, PA), polysorbate 80 and dichloromethane (DCM) from Fischer Chemicals
(Fair Lawn, NJ). SnakeSkin® dialysis tubing of 3500 MWCO was bought from Thermo
Scientific (Rockford, IL). Sterile PVDF membrane filters (0.1 um) were bought from
Celltreat Scientific Products (Pepperell, MA). Needles and syringes for injections were
purchased from Becton Dickinson and Co (Franklin lakes, NL). D-luciferin, potassium salt
was purchased from Gold Biotechnology (St. Louis, MO). Cell culture media DMEM was
purchased from Corning Life Sciences (Tewksbury, MA), fetal bovine serum from Rocky
Mountain Biologicals (Missoula, MT), and WST-1 cell proliferation assay reagent from

Roche (Indianapolis, I1A).
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Methods

Drug loaded polymeric micelle preparation

Stock solutions of polymers (PEGass-PCLé1, PEG45-PBQOs-PCLss, PEG4s-PBOg-
PCLss) were prepared in acetone in the concentration of 80 mg/mL. Docetaxel solution at
a concentration of 8 mg/mL was also prepared in acetone. In a clean vial 0.5 mL of
docetaxel solution was taken and the acetone was removed by purging with nitrogen gas.
A volume of 0.5 mL of polymer stock solution was added into the vial, the content remixed
to fully dissolve and then polymeric micelles were nanoprecipitated by the addition of 1.6
mL of PBS, dropwise, at the rate of 0.5 mL/min over the polymer-docetaxel mixture, under
continuous stirring. This procedure resulted in the self-assembling of amphiphilic polymers
into nano-sized micelles while encapsulating the hydrophobic drug docetaxel into their
hydrophobic core. The size of the micelles thus prepared was determined using Nano zeta-
sizer, then the micelle suspensions were dialyzed through 3500 MWCO dialysis membrane
in PBS overnight to remove acetone and un-encapsulated drug from micelle suspensions.
Acetone removal was confirmed via UV-Vis measurement of absorbance at 266 nm.
Finally, micelles were filtered through sterile 0.1 pum filters and their size was re-
determined. A PEG assay was run on a micelle aliquot to confirm the final polymer

concentration.
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Measurement of drug encapsulated into the micelles using LC-MS

A series of docetaxel solutions of different concentrations (0.5, 1, 1.5, 2. 2.5
mg/mL) were prepared in acetonitrile for a standard curve generation and were
subsequently assessed for docetaxel via LC-MS, using an Agilent 1200 HPLC-DAD-MS
system equipped with a G1315A DAD and a 6130 Quadrupole MS using ZORBAX SB-
C18 column, eluted with H20 (0.1% HCOOH)/Acetonitrile (0.1% HCOOH) 95/5 to 0/100
linear gradient. The area under curve was considered for the quantitation of docetaxel. For
measurement of docetaxel encapsulated into the micelles, a volume of 100 pL of docetaxel
loaded polymeric micelles was dissolved in 100 pL of acetonitrile and the sample injected
into LC-MS system described above. The area under curve relating to the pure docetaxel

was assessed and the docetaxel quantitated using standard curve previously prepared.

In vitro cell killing efficacy of docetaxel loaded polymeric micelles

The MDA-MB231 triple negative breast cancer cell line was used for cell
proliferation assays. The cells were maintained in 10% fetal bovine serum (FBS) enriched
DMEM medium at 37°C in a humidified atmosphere of 95% air/5% CO:. The cells were
seeded at the density of 20000 cells/well in 96-well plates, a day prior to treatment with
docetaxel-loaded micelles. The suspensions of all three docetaxel-loaded polymeric
micelles were prepared in DMEM at 10, 107, 108, 10° 10 and 10! M docetaxel
concentration. In addition, an equivalent of Taxotere® was prepared by mixing 6 mg of
docetaxel with 150 pL each of polysorbate 80 and ethanol and diluted with DMEM to

prepare suspensions with above mentioned docetaxel concentration.
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The media from the cells were removed and washed with sterile PBS. The cells
were then treated with 200 pL of docetaxel loaded polymeric micelle (or polysorbate
80/ethanol) suspension in media containing 10% FBS. After 72 h incubation, 20 pL of
WST-1 solution was added over the media and the plate was incubated at 37°C in a
humidified atmosphere of 95% air/5% CO2 for 3 h. Absorbance of each well was read using
SpectramaxM2 microplate reader (Molecular Devices). The reading was recorded as the

difference between the absorbance at 450 nm and 650 nm (A4s0-Ass0).

Animal model and tumor cell induction

All animal experiments were performed according to the Fox Chase Cancer Center
IACUC protocol approved for this study. Female SCID of 6-8 weeks of age were acquired
from Fox Chase Cancer Center vivarium. For each animal, 53 10° MDA-MB231-Luc cells
were washed and resuspended in 0.1 mL PBS. The cells were mixed with Matrigel (1:1)
and injected into the fat-pad of the animal’s lower right mammary gland with a sterile 27
gauge needle. Prior to injections the area of injection was disinfected with a betadine scrub.
During tumor induction, mice were anesthetized with 3% isoflurane in oxygen. Mice were
placed in an anesthesia chamber for a minimum of 5 min, thus allowing ample time for
tumor inoculation procedure that followed. All work with the cells, including growing them
and preparing them for injection were performed under sterile conditions. Cells were free
of mycoplasma or other contaminants. All injections were performed under aseptic

conditions in a biosafety cabinet BSL2, as specified in the IACUC protocol.
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The mice were observed semi-weekly (i.e. twice per week) for tumor development.
Tumor volume was measured via IVIS imaging weekly, and body weight was recorded.
Any animal with ulcerated tumors or whose tumor load exceeds 10% of body weight were
euthanized. Mice were also euthanized when they displayed any signs of pain or discomfort
(labored breathing, lethargy, impaired movement), as stated in the IACUC protocol. For
cell lines expressing luciferase, tumor growth was followed by bioluminescence (IVIS)
imaging. Briefly, mice were anesthetized with 3% isoflurane in oxygen, received an
intraperitoneal injection of 4 mg luciferin dissolved in sterile PBS, followed by
bioluminescence imaging in the IVIS spectrometer after an incubation time of 10 minutes
at room temperature. The total intensity of luminescence was recorded, which directly

correlates with the tumor volume.

Tumor treatment efficacy and toxicity of formulations

Once tumors reached a size of approximately 100 mm?®, mice were injected with
saline, empty micelles or docetaxel-loaded formulations (polymeric micelles made out of
PEG4sPCLs1, PEG4sPBOsPCLss or PEG4sPBO9PCLss block copolymers) or standard
Taxotere® (docetaxel loaded in polysorbate80/ethanol), for a total of six treatment groups
with 6 animals in each group. Mice were placed in a sealed anesthesia chamber and
anesthetized via isoflurane inhalation (3% in O2). A dose of 5 mg/kg docetaxel in each
formulation was delivered by retro-orbital injection of 0.1 mL volume, as approved in the
IACUC protocol. In parallel with the drug-loaded formulations, an unloaded formulation

prepared at the same concentration of polymer was also injected in the same way to assess
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the evaluation of the toxicity induced by the novel nanocarrier. A group of animals received
just saline injections of the same volume, in a control experiment. The injections were
repeated after 7 and 14 days for a total of 3 injections/animal. The mice were observed
weekly starting from the week before first injection. The tumor volume were measured
using VIS imaging and the body weight was recorded in parallel. Imaging was performed
according to procedures described earlier. The observation and data recording was
continued as specified for another 2 weeks from the day of last injection or until tumors
reach 10% of body weight (whichever event occurred first). At that point, animals were
sacrificed via CO2 inhalation. Treatment was discontinued at any signs of major toxicity

and/or pain and the animals were immediately sacrificed to avoid unnecessary further pain.

Organ distribution of docetaxel after intravenous injection of formulations

Tumor bearing mice were injected with docetaxel-loaded formulations
(PEGa4s5PCLsé1, PEG4sPBOsPCLss or Taxotere®) at a dose of 5 mg/kg docetaxel per mice,
10 mice per formulation, via retro-orbital injection, as mentioned above. A total number of
5 mice per formulation group were sacrificed 4 h post-injection while the remaining 5
animals were sacrificed after 24 h. Blood, tumor, heart, lungs, liver, spleen, kidneys, and
brain were harvested from each animal and snap-frozen in liquid nitrogen. The frozen

organs were stored at -80°C until processed.

The harvested blood/tissue were weighed and diluted with PBS at 1:3 w/v ratio and
homogenized. A volume of 100 puL of homogenate was transferred to 1.5 mL Eppendorf

tube and mixed with 200 uL of methanol/acetonitrile (1% v/v) solvent containing internal
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standards (250 nM paclitaxel and 100 nM propafenone final concentration) and vortexed
for 30 s to precipitate proteins from the homogenate. The samples were centrifuged at
100003 g for 10 min at 4°C, and supernatant transferred to HPLC vial with inserts. The
Xevo TQ MS system equipped with Acquity UPLC® BEH C18 1.7um column (Waters
Corporation) was used to quantitate docetaxel and internal standards by injecting 5 pL of
the supernatant, and eluting with H20 (0.1% HCOOH)/Acetonitrile (0.1% HCOOH) 95/5
to 0/100 linear gradient. Software provided with the system were used for MS process
development for docetaxel and internal standards. Standard curve was prepared using area
under curves of known concentration using MassLynx software provided with the system.
The amount of docetaxel in each tissue homogenate in presence of internal standards

sample was quantitated using the standard curve in MassLynx software.

2.4.3 Results and Discussions

Tumor cells Kkilling efficiency of docetaxel-loaded polymeric micelles in vitro

The first step towards evaluating the effectiveness of the polymeric micelles to
deliver the drug to the target was to assess their biological activity in vitro. For this purpose,
triple negative breast cancer cell line MDA-MB231 was used. These cells, plated in 96
well plates, were treated with various concentrations of the docetaxel loaded polymeric
micelles, and their viability was measured after 72 h (Figure 2.25). One can observe while
examining the data in figure 2.25 that the diblock copolymeric micelles showed similar
cell-killing efficiency as clinically used docetaxel formulation, Taxotere®, at all

concentrations of docetaxel. Similarly, the triblock copolymer micelles were equally
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efficient in killing the cells, even slightly better sometimes (in a non-statistically significant
manner) than the diblock copolymer formulation and Taxotere®. The ICso value of all the
formulations were in also found to be in nanomolar range, as depicted by the viability-

concentration graph.
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Figure 2.25. In vitro cytotoxicity of the drug loaded polymer micelles and Taxotere®
formulations against triple negative breast cancer cell line MDA-MB231, at various

docetaxel concentrations.

Cancer treatment efficacy of docetaxel-loaded polymeric micelles in orthotopic breast

cancer xenograft model of mice

Once in vitro studies have validated the efficiency of these polymeric DDSs, the
formulations were assessed for the breast cancer treatment efficacy in vivo using SCID
mice. MDA-MB231-Luc cells stably expressing luciferase were grafted orthotopically in

the breast fatpad of the SCID female mice. The tumors were allowed to grow until they
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reached a pre-designated size of about 100 mm?3. The mice were subsequently divided into
6 different groups, having a similar average tumor size, each group containing 6-7 animals.
The first group of animals served as control and received 100 pL saline each injection, for
three weeks (1 injection/week), while the mice in groups 2, 3 and 4 followed the same
injection protocol and received 100 uL polymeric micelle suspension formulations loaded
with docetaxel to deliver a 5 mg docetaxel/kg body weight/dose. Similarly, group 5
received Taxotere® formulation to deliver a 5 mg docetaxel/kg body weight/dose, for three
consecutive weeks (1 injection/week, 100 uL each). Group 6 of mice received equivalent
amount of empty triblock polymeric micelle formulation, for three weeks (1
injection/week, 100 uL each). All animals were dosed intravenously using retro-orbital
injections. The tumor size was monitored throughout the treatment process using IVIS, and
quantitated using total luminescence in the fixed area (Figure 2.26). Tumor size
measurements were performed two weeks after final dose injection. The in vivo tumor
growth dynamic is shown in figure 2.27. To assess the systemic toxicity of the DDSs, the

weight of the animals was recorded in parallel (Figure 2.28).

While examining data from figures 2.26 and 2.27, one can observe that saline and
empty micelles formulations could not stop the aggressive tumor growth. The tumor-size
curves coincided with each other, showing that the empty polymer micelle formulations
don’t have any tumor-killing activity. Importantly, the empty micelles did not show any
systemic toxicity as there was no significant loss of weight (Figure 2.28), confirming the

safety of these polymeric DDSs.

Approximately one week after the second injections, the docetaxel-containing

DDSs showed efficiency in controlling the tumor growth as compared with the saline
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control group. The size of the tumors treated with docetaxel-containing formulations
remained small in subsequent weeks, while the tumor size of control groups (saline and
empty micelles) grew aggressively. At the end of the experiment (2 weeks after last
injection, 4 weeks after treatment initiation) the positive control (Taxotere®) group of
animals had an average tumor size significantly smaller than the saline and empty micelle
groups (p=0.004). A similar statistically-significant size difference was observed between
animal groups treated with polymeric micelles loaded with docetaxel at same dose (5
mg/kg) as with Taxotere® and the two control (saline, empty micelles) groups. While there
was no statistically-significant difference between the diblock micelle-treated group and
the two animal groups treated with triblock copolymer micelle formulations (p = 0.5 vs
PBOs and p = 0.3 vs PBQg), a distinct separation of the tumor-size curves was observed,
with triblock copolymer micelles being more efficient (p = 0.0007 vs PBOs and p = 0.0003

vs PBQy) than the diblock copolymer ones (p = 0.0012).

Moreover, the triblock copolymer formulations proved more efficient in breast
cancer tumor treatment than clinically used Taxotere® formulation at similar dose, in a
statistically-significant manner (p = 0.046). The diblock copolymer micelles were also
better than the Taxotere® formulations, but the difference was not statistically significantly
(p = 0.06). Although all formulations reduced tumor growth in a statistically significant
manner, the superiority of the triblock copolymer-loaded micelles versus the diblock ones
can be recognized when compared with the saline control - triblock copolymer micelles
displayed a p value lower than 0.001, while the p value for the diblock copolymer micelle

was lower than 0.01 only.
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In order to determine the DDS associated systemic toxicity, the weight and health
conditions of each mouse in all groups were recorded. None of the formulations (empty or
docetaxel-loaded) showed significant weight loss or had any health deterioration in mice

(Figure 2.28).
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Figure 2.26. Representative animals from control (top) and treatment (bottom) group showing the luciferase radiance intensity assessed
using IVIS after i.p. injection of luciferin into the tumor bearing mice, where the intensity directly correlates with the size of the tumor.

The range of luminescence intensity over the fixed tumor area was kept constant over all measurements for visual comparability.
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Figure 2.27. Tumor growth in SCID mice bearing MDA-MB231Luc xenografts in mammary fatpad, before and after the treatment with
saline (negative control, dark blue), empty triblock copolymeric micelles (placebo, light blue), Taxotere® (positive control, black) and
docetaxel-loaded diblock (red) and triblock (green PBOes,

in all drug loaded formulation. Three injection were performed, at 1 week interval (red arrows). Statistics (n = 6-7) represent student t-
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Figure 2.28. Apparent change in weight of SCID mice bearing MDA-MB231Luc
xenografts in mammary fatpad, before and after the treatment with saline (negative control,
dark blue), empty triblock copolymeric micelles (placebo, light blue), Taxotere® (positive
control, black) and docetaxel-loaded diblock (red) and triblock (green PBOs,

PBOg) polymeric micelles corresponding to a 5 mg/kg docetaxel dose in all drug loaded

formulation. Three injection were performed, at 1 week interval (red arrows).

Organ distribution of docetaxel in mice after single i.v. dose with docetaxel-containing

formulations

Subsequently, we assessed the organ distribution of docetaxel 4 h and 24 h post
injection of docetaxel loaded polymeric micelles (generated from diblock copolymer and

PBO 9 triblock copolymer) or Taxotere®, all corresponding to a 5 mg/kg docetaxel dose in

67



all drug loaded formulation (Figure 2.29). We found a greater accumulation of docetaxel
in the tumor in the case of triblock copolymer micelles as compared with the other
formulations assessed. Moreover, we observed a significantly reduced deposition of
docetaxel by the novel triblock copolymeric micelles in liver and spleen in comparison to
the diblock copolymeric micelles or clinically used Taxotere® formulation, which suggests
that our interface-engineered polymeric micelles can overcome RES clearance and thus
can enhance the therapeutic index of docetaxel. In addition, significantly reduced docetaxel
deposition by interface-engineered triblock copolymeric micelles in vital organs including
liver, heart, and kidneys, points towards a reduced systemic toxicity of the docetaxel loaded

DDSs (Figure 2.29).

However, we observed an enhanced amount of docetaxel deposition in lung tissues
with both diblock and triblock copolymer based formulations relative to Taxotere®. We
assume this increased deposition of docetaxel is due to the very small size of the
nanoparticles that get trapped down into the small capillaries-rich lung tissues, which has
also been shown by other studies [137]. However, we did not see any difference in the
appearance of the lungs due to increased deposition of docetaxel loaded polymeric
nanoparticles among these different formulation groups assessed, nor did we see any
systemic toxicity in the experimental animals after or during the course of the study. Thus
we assume that either these polymeric micelles returned to the systemic circulation or were

cleared by the local macrophages.
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Figure 2.29. Organ distribution of docetaxel 4 h (a) and 24 h (b) post-injection of single
dose of 5 mg docetaxel/kg body weight of mice using polymeric diblock (red) or triblock
(green) copolymeric micelles or Taxotere® (black). Statistics (n = 4-5) represent student

t-test against triblock copolymer micelles (*:p<0.05, **:p<0.01, ***:p<0.001).
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2.5 Conclusions

The interface-engineered PEG-PBO-PCL polymeric micelles showed selective
stability blood/tumor. They were found to display a better stability against serum esterases
and other esterases present on the surface of endothelial cells in comparison to their parent
diblock PEG-PCL based micelles, but were more vulnerable to degradation by enzymes
present in the tumor environment, especially PLA2. These properties of the interface-
engineered polymeric micelles were essential to prevent premature release of the drug from
the delivery system, thus decreasing the drug-related systemic toxicity, and to increase the

amount of drug delivered to tumor, as revealed by biodistribution studies.

The triblock copolymer micelles were significantly more efficient than the diblock
copolymeric micelles or clinically used Taxotere® formulation in controlling tumor
growth, without producing any significant systemic toxicity, as proved in an orthotopic
mouse model of triple negative breast cancer. The in vivo results mirrored the good results
obtained in vitro with the same formulations and clearly point towards the superiority of
our novel triblock copolymer micelle-based delivery technology over standard diblock
copolymer one and over clinically used Taxotere® formulation in the treatment of breast

cancer.
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CHAPTER 3

NOVEL PYRIDINIUM BASED CATIONIC AMPHIPHILES AS VERSATILE
AND EFFICIENT SUPRAMOLECULAR DELIVERY SYSTEMS FOR DNA,

siRNA AND mRNA

3.1 Introduction

Nucleic acids constitute therapeutic materials that have a great potential to treat
diseases generated through acquired or inherited mutations [138-140]. Therapy can be
achieved either through the delivery of a correct copy of gene encoding the absent or
mutated protein needed by target cells (gene delivery and gene therapy), through direct
delivery of the corresponding mMRNA (MmRNA therapy), or through the use of a SiRNA to
selectively block the translation of defective gene whose overexpression caused the disease
(siRNA therapy) [141, 142]. The use of commercially-approved gene therapy products
such as Gendicine® and alipogene tiparvovec (Glybera®), together with clinical data
generated from a plethora of similar formulations in advanced clinical trials point towards
the huge potential impact of gene therapy. These technologies and products were possible
only after completion of human genome charting and after substantial progresses made by
genetics and proteomics towards the elucidation of involvement of specific genes in
diseases [13, 14, 143, 144]. The most recent discovery and development of CRISPR-Cas9-

mediated genome editing enhanced and broadened the capabilities of nucleic acid-
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mediated therapy [145-147]. It is important to note that the implementation and ultimate
success of all these technologies rely on finding efficient delivery vehicle(s) for each type
of nucleic acids- pDNA, oligonucleotides, SIRNA, mRNA, etc., as these macromolecules
are membrane-impermeant due to their polyanionic nature and are also rapidly degraded

outside and inside the cells by nucleases [148-150].

Viruses were the first choice for gene delivery since they evolved to avoid external
and internal nucleic acid delivery barriers and efficiently transfer and express (transfect)
genetic materials to the cells. However, the immune systems of the hosts evolved in parallel
to recognize these biological transfection systems and fight viral infections efficiently. The
use of viral vectors was associated with severe immune reactions that usually prevented
repeated administrations and proved fatal in certain instances [151, 152]. Consequently,
researchers embarked in a “top-down” approach, by deleting immunogenic features from
the structure of complex viruses or by using simpler ones. This strategy usually translated
into an increased safety profile of the biological transfection system but also reduced their
transfection efficiency. Intense efforts to balance a high transfection efficiency with

tolerable immune responses are underway [148, 153, 154].

An opposite, “bottom up”, approach to gene delivery was initiated by scientists to
produce synthetic nucleic acid delivery systems. These artificial transfection systems are
based on self-assembled cationic or pro-cationic amphiphiles that could compact and
transfect pDNA similarly to viral vectors. Many attempts were made, with partial success
[155]. In 1987 Felgner et. al. introduced cationic lipid DOTMA [156], which became the
prototype of cationic amphiphiles, comprising of a quaternary ammonium polar head,

attached via a short linker to a dialkoxyglycerol hydrophobic tail. Several synthetic
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variations at the level of these structural elements quickly followed, yielding plethora of
cationic and (pro) cationic lipids [149, 157, 158]. These early studies involving a large
variety of cationic lipids quickly revealed that these synthetic transfection systems have a
relatively low immunogenicity and a high cargo-loading capacity, being suitable for the

packing and delivery of diverse nucleic acids types [149, 153].

The molecular shape of the cationic amphiphile, represented by the packing
parameter P, has a direct impact towards the ability of the amphiphile to self-assemble and
produce cationic assemblies that can pack and deliver nucleic acids [57]. Packing
parameter P is defined by the ratio of the volume occupied by the hydrophobic tail of the
amphiphile and the product of the cross sectional area of a molecule of amphiphile at the
aggregate surface and the tail length of amphiphile (Figure 3.1). This packing parameter
defines the shape, size and to some extent the robustness of the self-assembled system
(Figure 3.2). Colipids such as dioleoylphosphatidylethanolmine (DOPE, D), cholesterol
(Chol, C), have been used to modify the P of a certain cationic amphiphile in order to

produce amphiphile assemblies with a specific average P.

Figure 3.1. Cartoon showing the main molecular parameters influencing the packing

parameter P of an amphiphile.
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The cationic amphiphiles can associate with and subsequently compact the nucleic
acids. The process is driven by the electrostatic attraction between the cationic polar head
groups of the positively charged amphiphiles and the negatively charged phosphate of the
nucleic acids, together with the release of counter ions from both entities. This process
occurs with significant entropic gain and has a significant contribution to cationic
lipid/nucleic acid complex (lipoplex) formation and stability [160]. Small angle X-ray
scattering (SAXS) studies revealed that in the case of DNA, the nucleic acid is sandwiched
between cationic lipid assemblies, in either a lamellar (L.©)[161], or inverted hexagonal
(Hi®) structure [162], depending on the composition of the cationic amphiphile mixture
used and on the packing parameter of the individual amphiphile components. For sSiRNA-
based lipoplexes a gyroid cubic structure (Qu¥RNA) was also identified [163], beside the

LoSRNA and His'RNA structures (Figure 3.3).

The stability of a lipoplex generated from a given DNA is directly related to the AG
of lipoplex formation, which depends on the nature of the polar head of the cationic
component, its counterions, counterions of DNA, the size of the plasmid and the stability
of the supramolecular amphiphile assembly. The later one is directly proportional to the
overall hydrophobic effect generated by its amphiphilic components. Therefore all
structural elements of the cationic amphiphiles will impact the nucleic acid compaction
process: polar head type and size, their counterions, the hydrophobic anchor nature and
size, and the nature and size of the linkers, all contributing to the overall amphiphile shape
and packing parameter. Other important parameters are the molar ratio between the cationic
lipid and co-lipid, the nominal charge ratio between the cationic lipid assembly and the

nucleic acid (+/- charge ratio), the type and size of nucleic acid and the protocol used to
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bring these entities together (formulation protocol). All these parameters will influence the
physicochemical properties (size, shape, zeta potential) of the lipoplex, which in turn will
determine the lipoplex ability to overcome the delivery barriers, and also the stability,

efficiency and toxicity of the lipoplexes in vitro and in vivo [149, 164, 165].

G, siRNA
II

0.75 Demo 0.975

Figure 3.3. Nucleic acids can complex with cationic liposomes to form several
supramolecular structures such as lamellar Lo (A), inverted hexagonal Hu (B) and the
gyroid cubic structure Q¢ (C) depending upon the type of amphiphile(s) and nucleic acids

used, their molar ratio and on the formulation protocol [162, 163].

The delivery barriers encountered by the lipoplexes in vivo depend on the target

tissue and on the route of administration selected for initial delivery of lipoplexes. One can
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separate them into extracellular barriers, namely the barriers needed to be overcome by
lipoplexes till the targeted tissue is reached and the intracellular barriers that lipoplexes
face before the packed nucleic acid can elicit its action at a specific location inside the
target cells. External delivery barriers include lipoplex penetration through external
protective cellular layers of skin and different mucosa and through additional layers of
mucus and other natural polymers shielding them. If vasculature is used as initial
administration route, then lipoplexes should minimize their interaction with figurative
elements of blood, plasma proteins, complement system, and avoid the hepatic, splenic and
renal clearance systems. The endothelium lining of the blood vessels also constitutes a
major delivery barrier. In the case of many tumors, the endothelium is quite leaky due to
poorly formed blood vessels, which favors the permeation and accumulation of lipoplexes
at tumor site. Lipoplexes have to be able to pass intact through the extracellular matrix
before reaching the target cells, where they have to be internalized either passively, via
poration of plasma membrane, or actively, via endocytosis and related mechanisms of
internalization. Intracellular barriers include endosomal escape, trafficking into the

cytoplasm and nuclear import (for DNA) [138, 166, 167].

Therefore, for successful nucleic acid delivery, the cationic supramolecular
assembly should be able to efficiently compact nucleic acid into stable lipoplexes with
optimum physicochemical properties, transport them over the above mentioned delivery
barriers, and deliver their nucleic acid cargo inside the target cells [168, 169]. Many (pro)
cationic amphiphiles were synthesized to balance these antagonistic processes, with
different (pro) cationic polar heads, linkers and hydrophobic chains [149, 155, 158, 165,

170-173]. In several comprehensive studies, our lab introduced pyridinium cationic lipids
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(CLs), gemini surfactants (GSs) and lipophilic polycations as DNA transfection agents
(Chart 3.1). Our lab has correlated the influence of side chains and groups/linkers placed
at the water/oil interface and their physicochemical properties with ability to transfect
nucleic acids in vitro and in vivo [174-176]. Building on initial structure-activity
relationships and structure-property correlations, new efficient pyridinium CLs and GSs
were developed and their self-assembling studied, in the absence and in the presence of the
nucleic acid [177-180]. It was proved that pyridinium GSs bearing hydrophilic short linkers
are able to compact and transfect DNA in the presence of elevated concentration of serum

proteins when co-formulated with negative curvature colipids such as DOPE [179].

[3,]
(=]
~
-]

Chart 3.1. Representative structures of efficient pyridinium cationic lipids (1-4), gemini
surfactants (5, 6), pseudo-gemini surfactants (7, 8) and lipophilic polycations (9, 10)

synthesized in our discovery program.
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Co-lipids (or helper lipids) have always been the integral part of lipid-based
nanoparticle formulations. In this study, two main colipids, cholesterol and DOPE (Chart
3.2) were used, as they were found extremely useful for tuning in the physicochemical
parameters of the lipoplexes and making them more robust, efficient and less toxic [181,
182]. Both DOPE and Chol are known to induce a negative molecular curvature when
incorporated into bilayers, due to a packing parameter P > 1, [183] and were shown to be
able to shape-compensate tapered amphiphiles with P < 0.5 to generate stable bilayers
[184]. DOPE was shown to help DNA release counterions from the lipid/nucleic acid
interfaces [185], to enable a better matching of charge density between lipid and DNA
surfaces [186], and to promote endosomal membrane disruption with the release of nucleic
acids from the lipoplexes into the cytoplasm [187-189]. DOPE has also been found to lower
hydration of lipid surface while Chol caused significant dehydration of cationic lipid
bilayer [190]. On the other hand, Chol is a stiff colipid that when integrated into the lipid
bilayer makes it fluid but stiff. Chol has also been suggested to form nanodomains in the
lipid bilayer (when the molar concnebtration of Chol is more than 60% of total lipids) and
create a highly ordered crystalline state of the lipid membrane [191-193]. Through this
mechanism Chol stabilizes the lipoplexes when exposed to serum, increases the stability
and circulation time of the delivery system and its transfection efficiency in presence of

serum and eliminates the need to PEGylate the lipids [192, 194, 195].
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Dioleoylphosphatidylethanolamine (DOPE)

Chart 3.2. Structure of colipids used in the preparation of liposomes in this study.
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3.2 Thermal annealing as a strategy to enhance stability and transfection efficiency of

nucleic acid delivery systems.

3.2.1 Rationale

The use of GSs as sole cationic component in lipoplexes proved to generate a higher
cytotoxic effect as compared with their CL congeners [178, 196]. This effect is associated
with their tapered shape, which confers GSs the ability to temporarily porate external and
internal membranes- benefic for increasing the transfection efficiency but detrimental for
cytotoxicity of the formulation [149, 173, 197-202]. One solution to alleviate this issue was
to use pyridinium GSs in combination with pyridinium CLs. Thus, formulations of
pyridinium cationic GS 5/CL 2 exploited the high charge/mass ratio and molecular
curvature of GS 5, ideal for membrane poration, with the good nucleic acid compaction
achieved with the less curved (and less cytotoxic) CL congener 2. We have shown that
addition of GS (5-10% molar charge percentage GS) into pyridinium CL-based lipoplexes
also fluidifies the lipoplexes and reduces the +/- charge ratio needed to fully compact
PDNA, besides helping porate the external and internal membranes, thus synergistically

enhancing the transfection efficiency of these mixed lipoplexes [203].

However, it was unveiled that the lipoplexes generated from pyridinium CL/GS
amphiphiles mixture co-formulated with DOPE (cationic amphiphiles to DOPE molar ratio
of 1:1 and 1:2) behaved differently from the lipoplexes co-formulated with Chol (cationic
amphiphiles to Chol molar ratios of 1:1 and 1:2). Thus, DOPE-based lipoplexes were much
more homogeneous that Chol-based ones, with the DNA being fully compacted at +/-

charge ratio > 2. For Chol-based formulations, compaction of DNA was not fully achieved
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even at high charge ratios; although most of DNA was packed, there was always some
plasmid left uncompacted in all cases. This translated into some discrepancies between 2D
transfection results and 3D transfection results. Alternatively, it is known that addition of
Chol into phospholipid bilayers modulates dramatically the physical properties of those
bilayers. It reduces molecular surface area of individual lipids and increases their
orientation order, alters lipid lateral diffusion rates, and also broadens gel to liquid
crystalline phase transition [204, 205]. Also, when Chol was blended with a cationic lipid
at a molar fraction of Chol greater than 0.4, it displayed polymorphic behavior,
accompanied by phase separation of Chol, forming rafts/domains containing pure

cholesterol in anhydrous or monohydrate forms [193, 206].

Thus, we hypothesized that the heterogeneity of Chol-based lipoplexes containing
GS were due to suboptimal mixing of the amphiphiles when the lipoplexes were self-
assembled at room temperature. In this study we attempted to enhance the mixing of the
cationic amphiphiles and Chol during the lipoplex formation by raising the temperature
above the transition temperature of the lipids and to assess the effects of this thermal
treatment to the DNA compaction process, lipoplex physicochemical parameters,

transfection efficiency and associated toxicity as a function of GS content.
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3.2.2 Materials and methods

Materials

The cationic lipid 2 and pyridinium based GS 5 were synthesized using established
procedures developed in our lab. Cholesterol was bought from Avanti Polar Lipids
(Alabaster, AL) and Lipofectamine® reagent was obtained from Invitrogen (Carlsbad,
CA). Tris-Acetate EDTA (TAE) buffer, Lambda DNA/Hind 111 markers, Blue/Orange
Loading dye were from obtained Promega (Madison, WI). Plasmid DNA (gWiz™ Luc
plasmid) was ordered from Aldevron (Fargo, ND), GelStar® Nucleic acid gel stain from
Lonza (Rockland, ME), and Agarose (ultrapure) was obtained from Invitrogen (Carlsbad,
CA). The fetal bovine serum (FBS) was bought from Rocky Mountain Biologicals
(Missoula, MT) while enriched RPMI 1640 medium, Dulbecco’s Phosphate Buffer Saline
(DPBS) and Trypsin-EDTA were obtained from Corning CellGro (Manassas, VA). Opti-
MEM® | reduced serum medium was obtained from Gibco Life Technologies (Grand
Island, NY). WST-1 cell proliferation assay kit was obtained from Roche/Sigma-Aldrich
(St. Louis, MO), Luciferase assay kit with reporter lysis buffer from Promega (Madison,
WI1), and bicinchoninic acid (BCA) assay kit and BSA protein standards from Thermo

Scientific (Rockford, IL).
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Methods

Liposome Preparation and characterization

A 3 mM stock solution of the lipid 2 and GS 5 and co-lipid Chol were prepared
separately in the glass vials using CHCIs/CH3OH (2/1) as organic solvent. Formulations of
the lipid alone or co-formulations of the cationic lipid/colipid in the molar ratio of 1:1 and
1:2 were prepared by aliquoting 20 pL of the lipid stock solution in seven eppendorf tubes
and adding 20 pL (1:1) or 40 pL (1:2) of co-lipid stock solutions. All the formulations were
diluted with the organic solvent to a final volume of 500 pL. All the preparations were
made in duplicate. Organic solvent in the formulations was evaporated in speedvac
(Savant) for several hours until the vacuum reached below 1000 micron. An amount of 600
ML of deionized water was subsequently added to each tube and the content was sonicated
for 1 min at room temperature. The lipid containing tubes were left in room temperature
overnight for hydration. The formulations were freeze-thawed (10 cycles) at -70°C
(acetone/dry ice bath) and 65°C (water bath) in order to ensure full lipid hydration. The
preparations were then sonicated in water bath sonicator twice for 15 min at 65°C with a

15 min interval to yield homogeneous liposomal formulations.

A volume of 500 pL of liposomal preparation was taken into clear disposable
Malvern DTS 1060 measurement cell and the size and zeta potential of the formulations
were measured using Zetasizer Nano (Malvern Instruments). The readings for each
liposomal preparations were taken at 25°C at normal resolution using machine’s automated

feature. For the size measurements, the volume results were used in all cases, and the results
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were reported as the average of 10-20 runs. Zeta potentials were measured in millivolts

(mV) and were the average of 10-20 runs.

Lipoplex preparation and characterization

Solutions of 0.05 pug/uL pDNA and 0.05 pg/uL ladder Lambda DNA/Hind 111 were
prepared in sterile conditions, using nuclease-free water. In six eppendorff tubes, 5 pl of
diluted plasmid DNA (pDNA) stock was mixed with 8 pL, 16 pL, 24 pL, 32 pL, 40 pL,
and 64 pL of diluted liposomal preparation to make the final +/- molar charge ratios of 1/1,
2/1, 3/1, 4/1, 5/1 and 8/1 respectively. The vials were tapped gently for 1 min to ensure
proper mixing, and then incubated at 50°C for 60 min which was followed by 30 min
incubation at room temperature. This lipoplexes suspension was used both for agarose gel

electrophoresis as well as for size and zeta potential measurement.

For electrophoretic mobility test, 4 puL, 4 pL, 6 pL, 8 pL, 10 pyL, and 15 pL of
lipid/pDNA lipoplex formulation respectively were aliquoted out from lipoplexes with +/-
charge ratio 1:1, 2:1, 3:1, 4:1, 5:1 and 8:1 respectively in small microcentrifuge tubes and
the final volume adjusted to 15 pL by adding nuclease free water. A pDNA standard was
made by mixing 3 pL of diluted pDNA stock with 12 pL nuclease free water. Similarly, 2
pL of Lambda DNA/Hind 111 marker was diluted with 13 pL nuclease free water to make
a ladder reference standard. Into each vial 3 pL of Blue/Orange loading dye was added.
The lipoplex/dye mixtures were loaded into a 1% agarose gel in 1X TAE buffer, pre-stained

with 10 pL GelStar® nucleic acid stain. Gel electrophoresis was carried out at 75 mV for
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75 min. DNA bands were visualized with a Mighty Bright transilluminator (Hoefer), and

the gel was photographed with an Olympus C-5060 digital camera.

To remaining lipoplex suspension after electrophoresis, 550 pL of nuclease free
water was added and transferred into a disposable Malvern DTS 1060 measurement cell.
The size and zeta potential of the lipoplexes were measured at 25°C at normal resolution.
Volume results were used for size data, and results were reported as the average of 10-20

runs. Zeta potentials were measured in millivolts (mV) and were the average of 10-20 runs.

Cell Culture for in vitro studies

The NCI-H23 cell line was used for all the experiments. The cells were maintained
in 10% fetal bovine serum (FBS) enriched RPMI 1640 medium at 37°C in a humidified
atmosphere of 95% air/5% COz2. The cells were seeded at the density of 20000 cells/well

in 96-well plates, a day prior to transfection.

Lipid/pDNA lipoplexes preparation and transfection

The lipid/pDNA lipoplexes were prepared by mixing 96 or 144 pL liposomes with
16 pL diluted pDNA (3 pL 0.5 mg/mL pDNA stock and 13 pL water) and making the final
volume to 192 uL by adding nuclease free water to prepare lipoplexes of charge ratio 2:1
and 3:1 respectively. The heat treatments were done as previously mentioned. 175 uL of

the each lipoplex was taken in different eppendorf tubes and mixed with 725 pL of 1X
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Opti-MEM transfection media. As a positive control, 10 pL of Lipofectamine stock was
mixed with 374 uL of water to prepare liposomes, and further processed together with
other lipoplexes as described above. For transfection experiments at different levels of
serum, the opti-MEM was pre-mixed with FBS to maintain the final concentrations to 10%,

20%, or 50%.

For transfection, previously prepared cell plate was taken, the old media aspirated
out, and each well washed with 200 uL DPBS. To each well 100 pL lipoplex suspension
in transfecting media was added such that each formulation were used to transfect cells in
4 wells (quadrupled). A set of wells (4 wells) were just incubated with Opti-MEM as a
negative control. The plate was duplicated. The plates were incubated at 37°C in a
humidified atmosphere of 95% air/5% COz2 for 4 h. After 4 h, the media was aspirated out
and replaced with cell maintenance media and incubated at 37°C in a humidified

atmosphere of 95% air/5% CO:2 for 48 h.

Cell Proliferation Assay

WST-1 standard cell viability assay was used for the study of relative cytotoxicity.
After 48 h of transfection, one of two cell plates was taken, and in each well, 20 uL of
WST-1 reagent was added. The plate was incubated at 37°C in a humidified atmosphere of
95% air/5% CO2 for 3 h. Absorbance of each well was read using SpectramaxM2
microplate reader (Molecular Devices). The reading was recorded as the difference

between the absorbance at 450 nm and 650 nm (Aass0-Asso).
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Luciferase assay and total protein assay

After 48 hours of transfection, one of the two cell plates was taken and the old
media was aspirated out. After washing with sterile PBS, 100 pL of 1X reporter lysis buffer
was added in each well and incubated at room temperature for 15-20 minutes. Then each
well of the cell plate was scraped and emptied in a clean Eppendorf tube. After brief
centrifugation, 20 pL of the cell lysate was added in luminometer tube and luciferase assay
was performed by means of BD Monolight 3010 luminometer (BD Biosciences) using a
luciferase assay kit. For total protein assay, 40 uL of the cell lysate was taken in clean
cuvette, and the total protein quantified using BCA assay kit. The cell lysate were treated
with 1 mL of BCA reagent, incubated for 1 h at 37°C, and the light absorption of the
solution was read at 562 nm using Hach DR/4000U UV-Vis Spectrometer (Loveland). The
protein content was estimated by comparison to bovine serum albumin standards. The
luciferase activity was normalized by the protein content and expressed as relative

luminescence units/pg of protein (RLU/ug protein).

3.2.3 Results and Discussion

NanoDSC thermograms

The first step towards testing the working hypothesis was to investigate the
behavior of amphiphile mixtures via nanoDSC. This technique can provide insights into
the structure of supramolecular assemblies formed by the cationic amphiphiles and colipids

post self-assembling. We recorded the thermograms of the hydrated assemblies of
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pyridinium based cationic lipid 2, with or without 5% (charge contribution in the cationic
amphiphile blend) GS 5, without any colipid or blended with Chol at molar ratio 1:1 or 1:2
to cationic species. The hydrated amphiphile mixtures were heated slowly to 50°C to
facilitate lateral diffusion and mixing of components, then cooled to 10°C, followed by a
second heating cycle to 50°C (Figure 3.4). An analysis of data from Figure 3.4 revealed a
gel to liquid crystalline phase transition with a peak Tm at 30.1°C for lipid (CL) 2, which
is broadened when it is mixed with 5% GS 5. The later cationic amphiphile blend displayed
several secondary peaks, probably due to the formation of different molecular associations
of CL 2 with GS 5. It is noteworthy the significant effect that the GS 5 induces to the final
amphiphile mixture, although present in small amounts - only 2.5% molar in the blend.
Mixing pyridinium CL 2 with Chol at molar ratio of 1:1 significantly broadens the gel to
liquid crystalline phase transition peak, lowering it also to 17.4°C. When the Chol molar
ratio to lipid 2 is increased to 66.6% (CL/Chol molar ratio 1:2), the transition peak is further
broadened and lowered to 13.6°C. This effect of Chol in broadening transition temperature
of lipids has been thoroughly documented in other studies [205, 207]. Substituting 5% of
the cationic charge in these CL/Chol blends with GS 5 almost completely eliminates the
gel to liquid crystalline phase transition of the cationic bilayers, with GS 5 showing a

synergistic action with Chol in this direction.
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Figure 3.4. NanoDSC thermograms (2nd heating) of lipid 2, of a blend of lipid 2/ GS 5
(95/5 charge ratio contribution), and of their mixtures with cholesterol, at 1/1 and 1/2
amphiphile/Chol molar ratio. The main peak temperature(s) for each thermogram was/were

shown.

Interestingly, no transition temperature was recorded at around 38°C when CL 2
was blended with Chol, which suggests the absence of anhydrous cholesterol [208]. This
fact clearly indicates the absence of Chol rafts/crystals as suggested by other studies [193,
209], thus revealing the different behavior of pyridinium amphiphiles as compared with
other phospholipids [210]. This finding also suggests that our pyridinium amphiphiles have
better homogenization properties, thus translating into better compaction of pPDNA forming

more homogeneous lipoplexes.
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High temperature self-assembly (HITESA) of lipoplexes

Taking into account these findings, we proceeded towards compaction of pDNA
with these amphiphile formulations, in presence of Chol. A plethora of different techniques
applied to Chol-containing amphiphile mixtures led to the conclusion that Chol reduces the
rigidity of phospholipid bilayer below the gel to liquid crystalline phase transition
temperature Tm, while it restricts their mobility above Tm, rigidifying the bilayer in the
supramolecular assembly [205, 211]. This rigidity of the bilayer can be overcome thermally
by allowing the amphiphiles to self-assemble at high temperature, which increases the
entropy of the system and also minimizes the repulsive electrostatic interaction between
the cationic amphiphiles [212, 213]. Moreover, it has been shown that pDNA can be quite
stable at high temperatures [214, 215]. Consequently, we selected a temperature of 50°C
for the self-assembling of the amphiphiles with pDNA into lipoplexes, to ensure the fluidity
of the lipids and the nucleic acid, which will translate into a more efficient self-assembling,
generating compact lipoplexes. We named this technique as high temperature self-

assembly (HITESA).

Beside the self-assembling temperature, various factors including the +/- molar
charge ratio, amount and types of lipid mixtures, incubation time, etc. play important role
in generating uniform and robust lipoplexes [216, 217]. Therefore, in order to assess the
self-assembling at high temperature, we formulated liposomes using either 100% CL 2 or
as combination of 95% CL 2 + 5% GS 5, or 90% CL 2 + 10% GS 5 along with colipid
Chol, in the molar ratios of 1:1 or 1:2 with the cationic amphiphiles. These liposomes were
incubated with pDNA at +/- molar charge ratio of 3/1 at 50°C for 60 min. We assessed the

size and zeta potential dynamics of the system when incubated at high temperature (Figure
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3.5), which revealed that although there was not a significant effect in the size dynamics
with incubation time, there was a profound effect on dynamics of zeta potential, unraveling
the process of self-assembling of pDNA with our mixture of amphiphiles to generate
lipoplexes. This implies that within an extended incubation time, more pDNA can be
efficiently compacted into the system thus changing the overall zeta potential of the system,

which was also confirmed by electrophoretic mobility of the lipoplexes.

We also examined the impact of cooling time after incubation at high temperature
and we found that flash cooling to room temperature after incubation at 50°C did not have
any significant effect in the physicochemical characteristics and compaction ability of the

lipids as compared with gradual cooling from 50°C to 25°C.

The electrophoretic mobility of selected formulations, with or without 10% GS,
showed that incubating the liposomes/pDNA for 60 min could fully compact pDNA at a
molar charge ratio of 3/1 irrespective of the amount of Chol used (Figure 3.6a).
Consequently, we further assessed their ability to compact pDNA at lower charge ratios as
the lowering in +/- charge ratio of the lipoplexes formulations can not only reduce the
amount and cost of materials, but also reduce the cytotoxicity associated with the delivery
system. Thus, using the optimum condition of incubation at 50°C for 60 min followed by
gradual cooling to room temperature, it was found that even at +/- charge ratio of 2/1, the
liposomes could completely compact the pDNA at given conditions (Figure 3.6b).
However, there was incomplete compaction of pPDNA when the +/- molar charge ratio was
reduced to 1/1 (Figure 3.6¢). The relaxed form of pDNA in the plasmid were the one that
was not completely compacted with our liposomes as it has been shown that more cationic

lipids will be required to compact relaxed DNA than the compact ones [218].
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Figure 3.5. Effect of the high temperature (50°C) in self assembling of pDNA with liposomes prepared by using (lipid 2 + GS 5)/Chol

ratio 1:1 (a) or (lipid 2 + GS 5)/Chol ratio 1:2 (b) with variable concentration of GS 5, as shown by DLS dynamics of size and zeta

potential of the lipid/pDNA complexes (lipoplexes). The self-assembly was carried out in the +/- charge ratio of 3:1.
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a. +/- charge ratio 1/1 b. +/- charge ratio 2/1 c. +/- charge ratio 3/1

pDNA 0G-C1 10G-C1 0G-C2 pDNA 0G-C1 10G-C1 0G-C2 10G-C2 pDNA 0G-C1 10G-C1 0G-C2 10G-C2

Figure 3.6. Electrophoretic mobility of lipoplexes showing the compaction efficiency of the liposomes to compact pDNA at +/- charge
ratios of 1/1 (a), 2/1 (b) or 3/1 (c) when incubated at 50°C for 1 h. Numerals before G in the figure represent the percent of GS used in

the formulations and numerals after C represent the molar ratio of Chol in the mixture of lipids.
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The size of the lipoplexes were found to be smaller when the +/- charge ratio of the
lipoplexes was reduced to 2/1 for all formulations (Figure 3.7) showing that the better
compaction resulted in the reduced size of the nanoparticles, while the size was either
similar or slightly higher when the charge ratio was further reduced to 1/1 and when the
lipoplexes could not compact all pDNA into the lipoplex (see also Figure 3.6c).
Surprisingly, the size was around 200 nm and did not change much when the formulation
had 95% CL 2 and 5% GS 5 at various +/- charge ratio, irrespective of the Chol content in
the formulation (Figure 3.7). On the other hand, the zeta potential for all formulations at
+/- charge ratio 1/1 and 2/1 were around -20 mV, while they jumped to around +20 mV
when the +/- charge ratio was increased to 3/1 except for formulations containing 5% GS

5, which still remained around -20 mV at charge ratio 3/1 (Figure 3.8).

The formation of lipoplexes is driven by electrostatic attraction between cationic
amphiphiles and anionic nucleic acids that involves the release of their counterions [219,
220]. With the use of HITESA technique, there is an increase in entropy of the system
which eases the release of these counterions. This mechanism brings cationic amphiphiles
more closely to the anionic nucleic acids, thus making the electrostatic bonding stronger,
making the lipoplexes more compact with smaller size and different physicochemical
parameters (Figures 3.6 — 3.8). This overall mechanism is also expected to increase the
robustness of the lipoplex system. Thus this technique was utilized to prepare lipoplexes

in all the subsequent experiments.
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Figure 3.7. Size comparison of lipoplexes generated from mixtures of pyridinium GS 5 and lipid 2 at different +/- charge ratios in
presence of colipid Chol, at 50°C for 60 min (solid bars) followed by gradual cooling to room temperature (25°C) or at 25°C for 60 min
(striped bars). Amph represents the amphiphile CL with various combinations of GS while C1 and C2 represent the amount of the Chol

used as colipid in the molar ratio of 1:1 and 1:2 respectively with Amph.
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Figure 3.8. Comparison of zeta potential of lipoplexes generated at different +/- charge ratios either at elevated temperature (50°C) (solid
bars) or at room temperature (25°C) (striped bars). Amph represents the amphiphile CL with various combinations of GS while C1 and

C2 represent the amount of the Chol used as colipid in the molar ratio of 1:1 and 1:2 respectively with Amph.
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Biological Activity of stable lipoplexes

As the process of counterions release by amphiphiles and nucleic acids during
lipoplex formation is fast, the counterions may get stuck in interstitial space or are loosely
held to outer region of lipoplexes despite the use of HITESA technique. So, we performed
dialysis for the lipoplexes at +/- charge ratio 2:1 as they successfully compacted pDNA at
lowest lipid concentration and also their physicochemical properties were more favorable
than that of lipoplexes at +/- charge ratio 3:1. We looked into their physicochemical
properties before and after dialysis. Most of the formulations had similar size with reduced
zeta potential, as expected, while some formulations were unable to compact pDNA even

after dialysis (Figure 3.9).
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Figure 3.9. Effect of removal of counterions from the self-assembled lipoplexes (+/- charge
ratio 2/1) on their size, zeta potential and electrophoretic mobility when pDNA is
complexed with liposomes generated using Amphiphile/Chol ratio 1:1 (a), CL/Chol ratio
1:2 (b). The columns from left to right show the size, zeta potential and electrophoretic

mobility of the respective lipoplex before (green) and after dialysis (red).

All the liposomes coformulated with Chol in the molar ratio of 1:1 or 1:2 were

compacted with a fixed amount of luciferase encoding pDNA. These lipoplex formulations
99



were then screened for their biological activity in vitro, by assessing their efficiency to
deliver and successfully express luciferase in the human lung cancer cell line NCI-H23
(Figure 3.10a). Data from Figure 3.10a revealed that many of our formulations exhibited
better activity than the commercially available transfecting agent Lipofectamine®,
especially at a +/- charge ratio of 2/1 (Figure 3.10a). Formulations containing cholesterol
in the ratio 1:1 showed double the efficiency of the Lipofectamine, where the lipid

combination of 95% lipid 2 and 5% GS 5 showed the maximum transfection efficiency.

An optimal transfection formulation is the one that produces the maximum
transfection efficiency with the least toxicity when exposed to the cells. So, we also
evaluated these formulations for their toxicity in NCI-H23 cells. A similar amount of
lipoplexes used for assessment of transfection efficiency was also used for cytotoxicity
evaluation of the formulations (Figure 3.10b). We found that formulations having a lower
amount of lipid materials (+/- charge ratio 2/1) and low GS percentage had the lowest
cytotoxicity (Figure 3.10b). The lipoplexes with higher lipid/pDNA ratio produced higher

toxicity in NCI-H23 cells, as expected.
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Figure 3.10. Transfection efficiency of novel pyridinium amphiphile-based formulations,
presented as percentage of luciferase activity obtained with our transfection systems vs
standard Lipofectamine (a) and cytotoxicity (b) of selected formulations at +/- molar
charge ratios of 2/1 and 3/1. Amph represents the amphiphile CL with various
combinations of GS while C1 and C2 represent the amount of the Chol used as colipid in
a molar ratio of 1:1 and 1:2 respectively with Amph. Cytotoxicity statistics calculated

against 100% CL using student t-test. *: p<0.05, **: p<0.01, ***: p<0.001
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Transfection efficiency of lipoplexes in physiological conditions

The ultimate goal associated with the use of these delivery systems is to produce a
desirable biological effect by delivering the nucleic acid cargo in vivo, where lipoplexes
will have to overcome various internal and external barriers, as presented above. As soon
as lipoplexes are injected into the bloodstream, they readily interact with blood cells and
proteins, especially plasma proteins, which may destabilize the delivery system.
Cholesterol colipid is known to help lipoplexes in attaining robustness and prevent
disintegration due to interaction with different serum proteins and figurative elements of
blood. The enhanced stability of cholesterol-containing lipoplexes in blood eliminates the
need to PEGylate the lipoplexes, and also may promote tumor accumulation of nucleic acid
delivery systems while reducing accumulation into liver [191, 221-223]. Thus, we assessed
the transfection ability of the two most robust formulations at various concentrations of
serum (Figure 3.11), as it directly correlates with the stability of the gene delivery systems
in vivo and also with their tumor-accumulation ability [222]. Data from Figure 3.11 showed
that unlike Lipofectamine, our new pyridinium amphiphile-based formulations could resist
even high concentration of serum, a feature related with their cholesterol content, as also
revealed by other studies [224, 225]. Another potential explanation for this observed
behavior might be the efficient packaging of the pDNA due to use of the HITESA
technique used in the lipoplex preparation. The results clearly showed that our formulations
are robust enough to overcome the delivery barrier en route and are able to successfully

transfer and express the gene packed into the formulations.
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3.3 Interfacial engineering of pseudogemini surfactants for efficient delivery of

pDNA, mRNA and siRNA.

3.3.1 Rationale

The main aim of this project within my dissertation was to minimize the amount of
amphiphiles and reduce the complexity of the lipoplex formulations, while preserving their
ability to the deliver their cargo efficiently. Although the synergistic use of a combination
of GS and CL coupled with thermal annealing proved successful, we wanted to further
simplify these formulations. The working hypothesis was that we could combine the
intrinsic properties of GS and CL and synthesize cationic lipids with a tapered shape and a
polar topology similar to the GS [176, 180], named pseudo-gemini surfactants (PGSs). The
tapered shape in the new pyridinium PGS was to be ensured by the pyridinium cationic
polar head and a polar group capable of H-bonding (ester, amide) placed at the water-oil
interface in the hydrated lipid assemblies. Two different designs of PGSs (Figure 3.4,
structures 7 and 8) were explored, both proving quite efficient towards transfecting several
cell lines in conditions of relatively low toxicity [176]. It was expected that the PGSs will
be more stable in the supramolecular assemblies due to reduced repulsions between the
(mono)cationic polar heads of PGSs vs dicationic GSs (Figure 3.12). The tapered shape
can be compensated by the addition of colipids to modulate the amphiphile bilayer
curvature in the nucleic acid complexes, similar to GSs. In fact several groups observed
that cationic lipids bearing hydrophobic chains with two different lengths were more
efficient than their congeners having identical tails, a fact that we attribute to the tapered

shape of the amphiphile [149, 155, 158, 226, 227].
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Figure 3.12. GS (left) and energy-minimized structures of PGS (right) sharing a common
structural motif, consisting of a pyridinium polar head (blue circle) and a second polar
moiety (red circle) placed at the water/hydrophobic interface, spaced by a short linker

[176].

Therefore, in this study, we proposed an improvement of the previous design [176]
introducing a new design of pyridinium PGSs (Chart 3.3). The configuration of the amide
bond was switched in order to allow degradation of the new amphiphile into a zwitterionic
pyridinium fragment (charge neutral at physiologic pH) and a fatty amine (weakly
protonated at physiologic pH) as opposed to the previously positively charged pyridinium
fragment and one negatively charged fragment in the previous design. This modification
was expected to further reduce the (already low) toxicity associated with the use of PGS 7
and 8 (Scheme 3.1) [176]. The pyridinium side chain was shortened from the previous
design with one C atom (from 14 to 13 C atoms) in order to reduce the transition

temperature of amphiphile and to allow degradation through benzylic oxidation followed
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by cleavage into an even numbered fatty acid, typical for this class of heterocyclic
amphiphiles [149, 197]. We assessed all the formulations of these pyridinium PGSs, with
or without colipid DOPE or Chol, for their ability to compact and deliver DNA, siRNA

and mRNA in vitro.

I\NNI ):L/q)t

n=10, 12, or 14
Old design New design

Chart 3.3. Design evolution of novel PGSs by swapping the position of amide and carbonyl

protease
bio- degradatlon
pH 7.4

groups.

(strongly (charged -)
charged +)
protease
bio-degradation
—————) +
pH=7.4
(new design) zwitterionic (weakly +
(no net charge) charged)

Efficient pyridinium GS Pyridinium pseudoGS

Scheme 3.1. The conceptual transition from a pyridinium gemini surfactant to a pseudo-
gemini surfactant congener by replacing the polar pyridinium group (positively charged,

red circle) with a polar amide group (neutral, blue circle).
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3.3.2 Materials and Methods

Materials

Triethylamine, acetic acid, beta-alanine, sodium metal, ammonia in methanol,
HPFs 65%, Na:SOs anhydrous, oxalyl chloride, dodecylamine, tetradecylamine,
hexadecylamine, CDClIs were purchased from Sigma-Aldrich, TCl America and were used
as received. Cholesterol and DOPE were bought from Avanti Polar Lipids (Alabaster, AL)
and Lipofectamine reagent was obtained from Invitrogen (Carlsbad, CA). Solvents (HPLC
quality) were obtained from Fisher Scientific (Pittsburgh, PA), EMD (Gibbstown, NJ), and
VWR International (West Chester, PA). Pyrylium salt 11 was synthesized as described
before [176]. Tris-Acetate EDTA (TAE) buffer, Lambda DNA/Hind IIl markers,
Blue/Orange Loading dye were from obtained Promega (Madison, WI). Plasmid DNA
(gWiz™ Luc and gWiz™ GFP plasmids) were obtained from Aldevron (Fargo, ND), Luc-
siRNA was from GE Dharmacon/Fisher Scientific (Pittsburg, PA), mRNA encoding
luciferase (5mec) was from Trilink Biotechnologies (San Diego, CA). GelStar® Nucleic
acid gel stain from Lonza (Rockland, ME), and Agarose (ultrapure) was obtained from
Invitrogen (Carlsbad, CA). Cell line NCI-H23 was obtained from FCCC. The fetal bovine
serum (FBS) was bought from Rocky Mountain Biologicals (Missoula, MT) while
enriched RPMI 1640 medium, Dulbecco’s Phosphate Buffer Saline (DPBS) and Trypsin-
EDTA were obtained from Corning CellGro (Manassas, VA). Opti-MEM® | reduced
serum medium was obtained from Gibco Life Technologies (Grand Island, NY). WST-1
cell proliferation assay kit was obtained from Roche/Sigma-Aldrich (St. Louis, MO).

Luciferase assay kit with reporter lysis buffer from Promega (Madison, WI), and
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bicinchoninic acid (BCA) assay kit and BSA protein standards from Thermo Scientific

(Rockford, IL).

Methods

Synthesis, structure identification and purity of cationic lipids

The synthesis of the new pyridinium based pseudo-gemini surfactants (PGSs)
amphiphiles, and the structural identity confirmation of all synthetic intermediaries and of
the final products were performed by Dr. Bogdan Draghici in our lab as described in our
publication [228]. The structure and purity of the new PGSs 17 were confirmed through a
combination of techniques that included thin-layer chromatography (TLC), 'H-NMR,

COSY, 3C-NMR, and elemental analysis.

Liposome Preparation

A 3 mM stock solution of the lipids and co-lipids (DOPE and cholesterol) were
prepared separately in the glass vials using CHCIs/CH3OH (2/1) as organic solvent. All the
stock solutions were capped properly and stored in freezer (-20°C) when not in use.
Formulations of the lipid alone or co-formulations of the cationic lipid/colipid in the molar
ratio of 1:1, 1:2, and 1:4 were prepared by aliquoting 20 pL of the lipid stock solution in
seven eppendorf tubes and adding 20 pL (1:1), 40 pL (2:2), and 80 pL (1:4) of co-lipid

stock solutions. All the formulations were diluted with the organic solvent to a final volume

108



of 500 pL. All the preparations were made in duplicate. Organic solvent in the formulations
was vacuum evaporated for several hours. An amount of 600 pL of deionized water was
subsequently added to each tube and the content was sonicated for 1 min at room
temperature. The lipid containing tubes were left in room temperature overnight for
hydration. The formulations were freeze-thawed (10 cycles) at -70°C (acetone/dry ice bath)
and 65°C (water bath) in order to ensure full lipid hydration. The preparations were then
sonicated twice for 15 min at 65°C with a 15 min interval yielding homogeneous liposomal

formulations containing 100 mM cationic lipid.

Liposome Characterization

A volume of 500 pL of liposomal preparation was taken into clear disposable
Malvern DTS 1060 measurement cell and the size and zeta potential of the formulations
were measured using Zetasizer Nano (Malvern Instruments). The readings for each
liposomal preparations were taken at 25°C at normal resolution using machine’s automated
feature. For the size measurements, the volume results were used in all cases, and the results
were reported as the average of 10-20 runs. Zeta potentials were measured in millivolts

(mV) and were the average of 10-20 runs.

Lipoplex preparation with plasmid DNA

Solutions of 0.05 pg/uL plasmid DNA and 0.05 pg/uL ladder Lambda DNA/Hind

I11 were prepared in sterile conditions, using nuclease-free water. In six eppendorf tubes, 5
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ML each of diluted DNA stock was added into which 8 pL, 16 pL, 24 pL, 32 pL, 40 pL,
and 64 pL of diluted liposomal preparation were added to make the final lipid/DNA ratios
of 1/1, 2/1, 3/1, 4/1, 5/1 and 8/1 respectively. The vials were tapped gently for 1 min to
ensure proper mixing, and then incubated at 50°C for 60 min followed by 30 min
incubation at room temperature. This lipoplex suspensions were used for agarose gel

electrophoresis as well as for size and zeta potential measurement.

Lipoplex preparation with siRNA

In an RNase free vial, 7 pL of 10 uM stock Luc-siRNA was taken and mixed with
63 pL of RNase free water. In each of seven pre-labelled RNase free eppendorf tubes, 10
pL of this diluted siRNA was dispensed. To these tubes 4, 8, 12, 16, 20 and 32 pL of
liposomes was added and mixed to prepare the lipoplex mixture of the charge ratio 1:1,
2:1, 3:1, 4:1, 5:1 and 8:1 respectively. The tubes with the mixture were then incubated at
50°C for 1 h and at room temperature for 30 min. The resulting lipoplexes were

characterized by using size, zeta potential and agarose gel electrophoresis.

Lipoplex preparation with mRNA

In seven pre-labelled RNase free vials, 2 pL of 0.15 uM stock Fluc-mRNA was
dispensed per tube. To these eppendorf tubes 6, 12, 18, 24, 30, and 48 uL of liposomes was
added and mixed to prepare the lipoplex mixture of the charge ratio 1:1, 2:1, 3:1, 4:1, 5:1

and 8:1 respectively. The tubes with the mixture were then incubated at 50°C for 1 h and
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at room temperature for 30 min. The resulting lipoplexes were characterized by using size,

zeta potential and agarose gel electrophoresis.

Agarose gel electrophoresis

In the gel electrophoresis experiment an amount of 4 L, 4 pL, 6 pL, 8 pL, 10 pL,
and 15 pL of lipid/pDNA lipoplex formulation were aliquoted out from lipoplexes with
charge ratio 1:1, 2:1, 3:1, 4:1, 5:1 and 8:1 respectively in small microcentrifuge tubes and
the final volume adjusted to 15 pL by adding nuclease free water. A DNA standard was
made by mixing 3 pL of diluted DNA stock with 12 pL nuclease free water. Similarly, 2
pL of Lambda DNA/Hind 111 marker was diluted with 13 pL nuclease free water to make
a ladder reference standard. Into each of these vials, 3 pL of Blue/Orange Loading dye was
added. The lipoplex/dye mixtures were loaded into a 1% Agarose gel in 13 TAE buffer,
pre-stained with 10 pL GelStar® nucleic acid stain. Gel electrophoresis was carried out at
75 mV for 75 min. DNA bands were visualized with a Mighty Bright transilluminator

(Hoefer), and the gel was photographed with an Olympus C-5060 digital camera.

Similarly, for lipid/siRNA lipoplex formulations, 5, 6, 7, 8, 10 and 15 pL lipoplexes
were taken from the charge ratio 1:1, 2:1, 3:1, 4:1, 5:1 and 8:1 respectively and dispensed
in respective microcentrifuge tubes and the volume of each tube was adjusted to 15 pL by
adding nuclease free water. In a separate tube 5 pL of diluted sSiRNA was mixed with 10
ML water and used as siRNA standard. For lipid/mRNA lipoplex formulations, 3, 5, 7, 9,
11, and 15 pL lipoplexes were taken from the charge ratio 1:1, 2:1, 3:1, 4:1, 5:1 and 8:1

respectively and dispensed in respective microcentrifuge tubes and the volume of each tube
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was adjusted to 15 pL by adding nuclease free water. In a separate tube 2 uL of diluted
MRNA was mixed with 13 pL water and used as mMRNA standard. All these samples were

processed as previously described, except that the gel run time was set to 25 min.

Lipoplex Characterization

To each lipoplex suspension remaining after sampling for gel electrophoresis, 500
ML of nuclease free water was added and transferred into a disposable Malvern DTS 1060
measurement cell. The size and zeta potential of the lipoplexes were measured at 25°C at
normal resolution. VVolume results were used for size data, and results were reported as the
average of 10-20 runs. Zeta potentials were measured in millivolts (mV) and were the

average of 10-20 runs.

Cell Culture for in vitro studies

The NCI-H23 cell line was used for all the experiments with pDNA and mRNA
while luciferase expressing MDA-MB-231-luc-D3 cell line was used for all experiments
with siRNA. The cells were maintained in 10% fetal bovine serum (FBS) enriched RPMI
1640 medium (for NCI-H23) or DMEM (for MDA-MB-231-luc-D3) at 37°C in a
humidified atmosphere of 95% air/5% CO2. The cells were seeded at the density of 20000

cells/well in 96-well plates, a day prior to transfection.
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Lipid/pDNA lipoplexes preparation for transfection

The lipid/pDNA lipoplexes were prepared by mixing 96, 144 or 192 pL liposomes
with 16 pL diluted pDNA (3 pL 0.5 mg/mL pDNA stock and 13 pL water) and making
the final volume to 208 pL by adding nuclease free water to prepare lipoplexes of charge
ratio 2:1, 3:1 and 4:1 respectively. The heat treatments were done as previously mentioned.
175 pL of the each lipoplex was taken in different eppendorf tubes and mixed with 725 pL
of 13 Opti-MEM transfection media. As a positive control, 10 pL of Lipofectamine stock
was mixed with 375 pL of water to prepare liposomes, and further processed together with
other lipoplexes as described above. For transfection experiments at different levels of
serum, the opti-MEM was pre-mixed with FBS to maintain the final concentrations to 10%,

20%, or 50%.

Lipid/siRNA lipoplexes preparation for transfection

The lipid/siRNA lipoplexes were prepared by taking 9 pL of 10 uM siRNA stock
and adding 108 or 288 uL liposomes to prepare lipoplexes of charge ratio 3:1 and 8:1
respectively. The heat treatments were done as previously mentioned. To the lipoplexes,
13 Opti-MEM was added to make the final volume to 900 uL. As a positive control, 10 pL
of Lipofectamine stock was mixed with 375 pL of water to prepare liposomes, and further

processed together with other lipoplexes as described above.
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Lipid/mRNA lipoplexes preparation for transfection

The lipid/mRNA lipoplexes were prepared by taking 9 puL of 0.156 uM mRNA
stock and adding either 81 pL or 135 pL liposomes to prepare lipoplexes of charge ratio
3:1 and 5:1 respectively. The heat treatments were done as previously mentioned. To the
lipoplexes, 13 Opti-MEM was added to make the final volume to 900 pL. As a positive
control, 10 pL of Lipofectamine stock was mixed with 375 pL of water to prepare

liposomes, and further processed together with other lipoplexes as described above.

Transfection of cells

For each transfection efficiency and cytotoxicity experiments, cells were plated at
20,000 cells per well in a 96-well plate, 24 h prior to the transfection. These previously
prepared cell plates were taken, the old media aspirated out, and each well washed with
200 puL DPBS. To each well 100 pL lipoplex suspension in transfecting media was added
such that each formulation constituted 4 wells (quadrupled). A set of wells were incubated
with Opti-MEM alone as a negative control. The plates were incubated at 37°C in a
humidified atmosphere of 95% air/5% COz2 for 4 h. After 4 h, the media was aspirated out
and replaced with cell maintenance media (pre-warmed to 37°C) and incubated at 37°C in
a humidified atmosphere of 95% air/5% COz2 for 2 h (for mRNA experiments) or 48 h (for

pPDNA experiments and siRNA experiments).
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Cell Proliferation Assay

WST-1 standard cell viability assay was used for the study of relative cytotoxicity.
After predesignated incubation time, a cell plate was taken and 20 puL of WST-1 reagent
was added in each well. The plate was incubated at 37°C in a humidified atmosphere of
95% air/5% CO2 for 3 h. Absorbance of each well was read using SpectramaxM2
microplate reader (Molecular Devices). The reading was recorded as the difference

between the absorbance at 450 nm and 650 nm (Aa4s0-Ass0).

Luciferase assay and total protein assay

After predesignated time of incubation, the old media from the plate was aspirated
out. After washing with sterile DPBS, 100 pL of 13 reporter lysis buffer was added in each
well and incubated at room temperature for 15-20 min. Then each well of the cell plate was
scraped and emptied in a clean eppendorf tube. After brief centrifugation, 20 pL of the cell
lysate was added in luminometer tube and luciferase assay was performed by means of BD

Monolight 3010 luminometer (BD Biosciences) using a luciferase assay Kit.

For total protein assay, 40 pL of the cell lysate was taken in clean acrylic cuvette,
and the total protein quantified using BCA assay kit. The cell lysate were treated with 1
mL of BCA reagent, incubated for 1 h at 37°C, and the light absorption of the solution was
read at 562 nm using Hach DR/4000U UV-Vis Spectrometer (Loveland). The protein

content was estimated by comparison to bovine serum albumin standards. The luciferase
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activity was normalized by the protein content and expressed as relative luminescence

units/pug of protein (RLU/ug protein).

3.3.3 Results and Discussion

Synthesis of pseudo-gemini surfactants

The synthesis of the new pyridinium PGSs, performed by Dr. Bogdan Draghici in
our lab, is depicted in Scheme 3.2 and relies on the reaction of pyrylium salts with primary
amines to generate the substituted pyridinium polar head and the linker of the amphiphile
in a single, high yield, step.[149, 155, 158, 174-176, 178, 179] Thus, 2,4-dimethyl-6-
tridecylpyrylium hexafluorophosphate 11 [176] was condensed with the sodium salt of
beta-alanine 12 in methanol to yield the 1-carboxyethyl-2,4-dimethyl-6-tridecylpyridinium
3 (as PFe), which was converted into the corresponding chloride 14 with Dowex 1X8 anion
exchanger (CI" form). The acid 14 was reacted with excess oxalyl chloride to form the acid
chloride 15, which was subsequently reacted with dodecyl-, tetradecyl-, and
hexadecylamine 16a-c in dry DCM to yield the final pyridinium pseudoGSs 17a-c (having

C12, C14, C16 side chains) as chlorides (Scheme 3.2).

116



PFg cocl
NEt x/COOH cocl
~of COOH ____°_
J12 ACOH -CO, -CO,,
MeOH _Hel

11 12 13 (A = PFy)
D Cr
owex lj»14 (A =Cl)
cr
RNH,
| \N+/\/COCI 163C /\)L
ZN) NEt3, DCM
12
15 17a (m = 10), "Py13-12"

17b (m— 12), "Py13-14"
17¢ (m = 14), "Py13-16"

Scheme 3.2. Synthetic pathway used for accessing the pyridinium amphiphiles 17a-c.

The packing parameter [183] of the hydrated pyridinium PGSs 17a-c is expected
to depend on the length of the second hydrocarbon chain, as the amphiphile becomes more

tapered when there is a difference in length between the two hydrocarbon chains.

Formulation of novel PGSs into liposomes

The three novel pyridinium PGSs 17a-c were formulated in water, either alone or
with colipids cholesterol or DOPE, using sonication of the hydrated dry lipid film made at
a cationic amphiphile/colipid molar ratios of 1:1, 1:2 or 1:4, for both DOPE and Chol. The

self-assemblies generated were characterized for their size and zeta potential. In the figure
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3.13, one may observe that the hydrodynamic size of assemblies made only from hydrated
pyridinium amphiphiles 17a-c was around 175 nm with a low polydispersity
(homogeneous), pleading for the formation of liposomes. The size difference between
liposomes generated from the three amphiphiles was small. Amphiphiles 17a and 17c
produced smaller vesicles than 17b, as PGS 17b had the smallest imbalance between chain
lengths in hydrated form. The two hydrophobic chains of equal size in 17b can pack
together tightly and generate a packing parameter higher than 17a and 17c. Therefore 17b
is probably less tapered than 17a and 17c and generates larger liposomes than its inferior

and superior homologues (Figure 3.14).
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Figure 3.13. Hydrodynamic size of the liposomes formulated with pyridinium lipids (L)
17a-c, either alone or in combination with Chol (designated C) or DOPE (designated D) as

colipids, at various molar ratio with the cationic lipids.
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Figure 3.14. Cartoon representation of the shape expected to be adopted by the three PGSs

due to the differences in length between their hydrocarbon chains.

This hypothesis may also explain the zeta potential data for liposomes generated
from amphiphiles 17 formulated alone (Figure 3.15). Thus, liposomes derived from PGS
17b (less tapered) had a zeta potential of ~ + 60 mV/, which is significantly higher than zeta
potential of liposomes generated from either 17a or 17¢ (+30 mV - +40 mV) due to
increased localization of the counterions in the Stern layer, similarly to the case of related
gemini surfactants [179]. This may be due the amide group in tapered 17a and 17c
amphiphile assemblies which is located at the water/oil interface, which effectively shields
the electrostatic repulsion between positively charged pyridinium polar heads, releasing
the counterions into the diffuse layer and decreasing the zeta potential of the corresponding

vesicles.
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Figure 3.15. Zeta potential of the liposomes formulated with pyridinium lipids (L) 17a-c,
either alone or in combination with Chol (C) or DOPE (D) as colipids, at various molar

ratio with the cationic lipids.

Blending PGSs 17a-c with colipids Chol or DOPE had a significant impact on the
size and zeta potential of the resulting vesicles, as expected. The liposomes generated from
PGS 17 and increased amounts of cholesterol (17/C at 1/1, 1/2 and 1/4 molar ratios)
displayed a monotonous sizes increase that paralleled the augmentation of Chol molar ratio.
We attribute this behavior to packing parameter compensation [184] between the tapered
pyridinium amphiphile (low packing parameter) and cholesterol (high packing parameter).
The increase in size was greater for PGS 17a and 17c than for 17b, probably due to the
more pronounced tapered shape of these amphiphiles. Interestingly, DOPE had a less

pronounced effect than cholesterol on the size of the blended vesicles, although small size
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increases were observed for vesicles derived from amphiphiles 17a and 17c. A possible
explanation can be the ability of DOPE to distribute asymmetrically into the inner and outer
leaflets of the vesicle bilayers, allowing higher bilayer curvature as compared with Chol
and preventing the increase in vesicle size (Figure 3.13). Another consequence of this
mechanism of packing parameter compensation is the increase of the zeta potential of
mixed liposomes towards + 65 mV with the increase of the amount of colipid in the
formulation, reflecting an increased localization of the counterion in the Stern layer, close
to the pyridinium moiety (Figure 3.15). Importantly, the size and zeta potential of the
vesicles generated from amphiphiles 17 and their above-mentioned trends are remarkably
similar with the same physicochemical properties of the supramolecular assemblies
produced by the medium-tapered representatives of gemini surfactants 6 [179], validating
our working hypothesis (Scheme 3.1) and pleading for the ability of PGS 17 to substitute

GS such as 6 in their formulations for nucleic acid compaction and delivery.

Plasmid DNA lipoplex generation and characterization

The lipoplexes were formulated using HITESA technique as presented above and
were tested for their ability to compact plasmid DNA (pDNA), at lipid/DNA +/- charge
ratios of 1/1, 2/1, 3/1, 4/1 and 8/1. Their compaction ability was assessed by measuring the
size, the zeta potential and the electrophoretic mobility of the resultant lipid/DNA
complexes (lipoplexes). All compaction studies were done using the functional plasmid

encoding protein luciferase gWizLuc, to allow further correlation of the pPDNA compaction
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ability of the formulations with their biological properties — transfection efficiency and

cytotoxicity.

The first formulations assessed were the liposomes generated from lipids 17a-c
alone (without colipids). The size of the corresponding lipoplexes for most of the
formulations was below 400 nm, most of them being in the range of 200-250 nm (Figure
3.16). With increase in the charge ratio, the zeta potential of these lipoplexes gradually
increased form near zero (for charge ratio 1:1) to as high as +50 mV (17b, charge ratio
8:1). For 17c- based lipoplexes zeta potential went as high as +25 mV, while for 17a
lipoplexes, it was high (+ 30 mV) at charge ratio 3:1, but decreased to about +5 mV with
increase in charge ratio (Figure 3.17). Interestingly, the zeta potential trends of lipoplexes

paralleled the liposomal ones (vide supra).
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Figure 3.16. Hydrodynamic size of lipoplexes generated from amphiphiles 17 alone, at

different lipid/DNA +/- charge ratios

122



80 - m17a (Py 13-12)
70 m17b (Py 13-14)
60 - @17c (Py 13-16)

50 -

30 -
10 +
0-

210 - e L/alone L/alone L/alone L/alone L/alone
20 211 3n 4/1 51 8/1

Zeta Potential (mV)
(]
(=]

Figure 3.17. Zeta potential of lipoplexes generated from amphiphiles 17 alone, at different

lipid/DNA +/- charge ratios

The electrophoretic mobility experiments revealed that PGS 17b, the most closely
related amphiphile in terms of packing parameter with regular lipids, had the highest DNA
packing ability (see intensity of lipoplex band in Figure 3.18) and was able to fully compact
the relaxed and nicked plasmid starting from 2/1 +/- charge ratio. However, 17b PGS was
not able to compact the supercoiled pDNA, similarly to 17a and 17c. It must be mentioned
that these PGSs were less efficient than 17b in compacting the other forms of plasmid. This
is probably due to their tapered shape, known to decrease the hydrophobic effect generated
by 2 hydrocarbon chains [197]. This behavior is again remarkably similar to the properties
of structurally related gemini surfactants 6 [179]. Interestingly, plotting the zeta potential
versus nominal charge ratio for lipoplexes generated from PGS 17c against lipoplexes

generated from lipid 2 and from GS 6 reveals a pDNA compaction behavior more similar
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to that of GS 6, than to lipid 2, thus confirming the working hypothesis and the term

pseudo-gemini surfactants proposed for these novel amphiphiles (Figure 3.19).

L/alone L/alone L/alone L/alone
3/1 4/1 5/1 8/1

Figure 3.18. Electrophoretic mobility of lipoplexes generated from amphiphiles 17 alone,

at different lipid/DNA +/- charge ratios
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Figure 3.19. Variation of zeta potential of lipoplexes generated from PGS 17c against
similar lipoplexes generated from cationic lipid 2 (n=12) and GS 6 (n=13) at different

nominal +/- charge ratios.

When the PGSs 17a-c were mixed with cholesterol at different charge ratios, the
lipoplexes showed quite different properties with respect to the formulations without
colipids (Figure 3.20-3.22). The addition of Chol to lipids 17 translated into a better pDNA
compaction ability, which was still dependent on the chain length of the cationic
amphiphile and its molar ratio with Chol. In terms of chain length impact, the compaction
ability mirrored the trends observed for lipoplexes made out of 17a-c PGSs alone, with 17b
having the highest compaction ability, followed by tapered, long chain 17c and the tapered
short chain 17a. When formulated as PGS/Chol 1/1 (Figure 3.20), only 17b and 17c
amphiphiles could fully compact pDNA starting from a +/- charge ratio of 2. PGS 17a
could not compact pDNA at any charge ratio. Similar was the case when formulated as

PGS/Chol 1/2 (Figure 3.21) but had a higher pPDNA compaction power than PGS/Chol 1/1,
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as expected, due to the additional hydrophobic effect and packing parameter compensation
provided by the extra cholesterol present in the formulation. Moreover, 17b/Chol 1/2 was
able to fully compact pDNA at a +/- charge ratio of 1. With pDNA fully compacted, the
lipoplex size was in general below 500 nm, sometimes as low as 200 nm, and the zeta
potential was between +20 and +50 mV, depending on the charge ratio used. Escalating
the cholesterol ratio to PGS/Chol 1/4 did not bring any additional benefit - the lipoplex size

increased for both 17b- and 17c-based lipoplexes (Figure 3.22).
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Figure 3.20. Characterization of lipoplexes prepared by complexation of 17a-c/Chol at
molar ratio 1/1 with gWizLuc pDNA at various +/- charge ratios showing size (top left),

zeta potential (bottom left) and their electrophoretic mobility in agarose gel (right).
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Figure 3.21. Characterization of lipoplexes prepared by complexation of 17a-c/Chol at
molar ratio 1/2 with gWizLuc pDNA at various +/- charge ratios showing size (top left),

zeta potential (bottom left) and their electrophoretic mobility in agarose gel (right).
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Figure 3.22. Characterization of lipoplexes prepared by complexation of 17a-c/Chol at
molar ratio 1/4 with gWizLuc pDNA at various +/- charge ratios showing size (top left),

zeta potential (bottom left) and their electrophoretic mobility in agarose gel (right).

Adding DOPE as colipid at PGS 17/DOPE ratio of 1/1, 1/2 or 1/4 translated into
liposomes that could efficiently compact pDNA at very low charge ratio, as low as 1
(Figure 3.23-3.25). | found that DOPE has a totally opposite effect to cholesterol when
included in lipoplexes based on PGS 17. Thus, formulations of 17/DOPE showed relatively
similar trends in the size and zeta potential properties. Formulations based on tapered 17a
and 17c were generally more efficient in compacting pDNA than 17b, across all 17/DOPE
molar ratios, in a trend completely opposite to 17/Chol formulations. The most efficient

were equimolar formulations of 17 and DOPE (Figure 3.23), followed by 17/DOPE 1/4
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(Figure 3.25) and 17/DOPE 1/2 (Figure 3.24). Interestingly, 17a/DOPE formulations were
able to compact pDNA efficiently starting at a +/- charge ratio of 1, irrespective of the
DOPE content, and to generate lipoplexes with small size (250-400 nm) and positive zeta
potential (+5 to +50 mV), depending on the DOPE content and charge ratio. The same
ability was shared by PGS 17c, which could also compact pDNA at 1/1 charge ratio for
17¢/DOPE 1/1 and 1/4 molar ratio and at a charge ratio of 2 for 17¢/DOPE 1/2 molar ratio.
Interestingly, 17c-based formulations generated smaller lipoplexes (150-250 nm) than 17a
congeners. Moreover, the plasmid form that was most difficult to compact with these
DOPE-based formulations was the relaxed form. This is again a totally opposite finding
relative to cholesterol-based formulations, where the supercoiled plasmid was most

difficult to compact.
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Figure 3.23. Size (top left), zeta potential (bottom left) and electrophoretic mobility (right)
of lipoplexes prepared by complexing 17a-c/DOPE (1/1 molar ratio) with gWizLuc pDNA

at various +/- charge ratios.
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Figure 3.24. Size (top left), zeta potential (bottom left) and electrophoretic mobility (right)
of lipoplexes prepared by complexing 17a-c/DOPE (1/2 molar ratio) with gWizLuc pDNA

at various +/- charge ratios.
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Figure 3.25. Size (top left), zeta potential (bottom left) and electrophoretic mobility (right)
of lipoplexes prepared by complexing 17a-c/DOPE (1/4 molar ratio) with gWizLuc pDNA

at various +/- charge ratios.

Biological activity of pDNA lipoplexes based on PGSs 17

In the previous section we showed that pDNA compaction achieved by our new
pyridinium amphiphiles depended upon the type of cationic amphiphile, on the colipid used
and its molar ratio to the cationic amphiphile, and on the +/- charge ratio between cationic
amphiphile and pDNA. We have also shown that some of our formulations could compact
pDNA even at a +/- charge ratio of 1. This constitutes a highly desirable feature, as it

decreases the amount of cationic amphiphile, thus reducing the toxicity of the nanosystem
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when used for pDNA delivery in vitro and in vivo. Literature examples reveled that it is
highly difficult to compact pDNA at very low charge ratios [229-232]. Therefore, the
transfection ability of the lipoplexes based on PGS 17 were assessed using a luciferase
assay system and NCI-H23 lung cancer cell line. Cytotoxicity was assessed in parallel
using the same cell line and the WST-1 cell proliferation assay. Since most of the
formulations could compact pDNA efficiently at a +/- charge ratio of 2, | chose
formulations at +/- charge ratio 2 and 3 to assess their biological activity. The commercial
transfection system Lipofectamine was also added to allow benchmarking of this new

transfection technology.

It was found that the two tapered PGSs 17c and 17a were generally more efficient
than their 17b congener, irrespective of colipid used and its molar ratio to PGS or the
charge ratio to pDNA, with many formulations surpassing Lipofectamine (Figure 3.26).
Interestingly, lipoplexes prepared at a charge ratio of 2 were more efficient than their
congeners made at a charge ratio of 3. Moreover, cholesterol-based lipoplexes were
generally more efficient than DOPE-based complexes or than lipoplexes devoid of

colipids, irrespective of charge ratio used to prepare them.

The most efficient transfection systems were lipoplexes generated from 17¢/Chol
1/2 and 1/1 formulations, which surpassed more than 10 fold the transfection efficiency of
Lipofectamine. These lipoplexes were followed by ones generated from 17a/Chol 1/4, 17a
alone, 17a/Chol 1/1 and 17a/Chol 1/2, all prepared at a +/- charge ratio of 2. Similarly, the
cytotoxicity data (Figure 3.27) showed that these systems displayed moderate cytotoxicity,
probably due to efficient temporary poration of the external and internal membranes,

similar to their pyridinium gemini surfactants congeners. [176, 179, 197, 203] The
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lipoplexes formulated at charge ratio of 3 were more cytotoxic as compared with the ones
made at +/- charge ratio of 2, as expected. Excellent transfection efficiency/cytotoxicity
ratios were achieved with lipoplexes derived from 17c/Chol 1/2, 1/4 and 17¢/DOPE 1/1

and 1/2 formulations.
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Figure 3.26. Biological activity of selected lipoplexes generated from pyridinium amphiphiles 17 (L) alone or co-formulated with

colipids Chol (C) or DOPE (D) at different molar ratios, measured as transfection efficiency against Lipofectamine in NCI-H23 cell

line. Results presented constitute the average of four transfection experiments + one standard deviation.
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Figure 3.27. Cytotoxicity of lipoplexes generated from pyridinium amphiphiles 17 (L) alone or co-formulated with colipids Chol (C) or

DOPE (D) at different molar ratios, in NCI-H23 cell line. Results presented constitute the average of four transfection experiments +

one standard deviation.
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Transfection efficiency of selected pDNA lipoplexes at higher serum levels

Since the formulations based on 17c¢/Chol at charge ratio 2:1 showed best
transfection efficiency, | further investigated them for their effectiveness in transfection in
the presence of high serum concentration in the transfection media. It is known that
negatively-charged serum proteins can interact with cationic lipoplexes, destabilizing
them, which constitutes a major barrier for in vivo delivery. Thus, the efficient 17c/Chol
1/2 and 17¢/Chol 1/4 —based lipoplexes were assessed for their effectiveness in transfecting
the cells at various serum concentration levels along with Lipofectamine and DOTAP/Chol
1/1. The later transfection system has been used in human clinical trials for gene delivery
[233] and the standard pDNA delivery vehicle lipofectamine. The results showed the

superiority of our novel pDNA delivery systems (Figure 3.28).

All of our novel formulations assessed showed better effectiveness in transfecting
the cells than standard Lipofectamine and the DOTAP/Chol 1/1. Lipoplexes based on
17c/Chol 1/2 were the most efficient, with a transfection efficiency more than 103 higher
than DOTAP/Chol 1/1 at 50% serum concentration. Moreover, this formulation generated
lipoplexes that showed no significant difference in transfection between 0 % serum and
50% serum value, which to our knowledge is a feature that was not matched by any other
lipoplex. Lipoplexes generated from 17c¢/Chol maintained their transfection efficiency
unchanged up to 10% serum, after which a small decline was observed, still being several
folds higher than benchmarking standards. It is noteworthy that DOTAP/Chol 1/1 showed
better resistance to increased serum concentration than Lipofectamine, confirming its

status as a transfection system with proved in vivo results [233]. These findings are also
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in line with many other studies showing that cholesterol favors lipoplex stability [234, 235]
and resistance to serum proteins during delivery in vivo or in vitro [194, 236, 237] thus

increasing the overall transfection efficiency of the nanosystem in these conditions.

Taking into consideration the significant difference in transfection efficiency in the
presence of serum between 17c¢/Chol 1/2 and 17c/Chol 1/4, we also investigated the
formulation 17c/Chol/DOPE 1/2/2, in order to test whether this formulation could
synergistically combine the fusogenic properties of DOPE with enhanced robustness and
stabilization effect induced by cholesterol against serum proteins. However, data from
Figure 3.28 reveals that there was no synergetic action of DOPE and cholesterol and that
DOPE slightly decreased the transfection efficiency of the corresponding lipoplexes at high
serum concentrations in the transfection media, still being superior to both benchmarking

formulations assessed.
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Figure 3.28. Transfection efficiencies of selected formulations based on PGS 17c
compacted with gWizLuc pDNA at a charge ratio of 2, at various serum levels, against
standard transfection systems Lipofectamine and DOTAP/Chol 1/1. The p-values were
calculated using student t-test against the transfection efficiency of the formulation

achieved at 0% serum in the transfection media. *: p<0.05, **: p<0.01, ***: p<0.001

Another important parameter limiting the transfection efficiency of the lipoplexes
in vivo is the extracellular matrix, ** which together with the serum proteins affects the
stability and limits the tissue penetration of the supramolecular pDNA complexes.
Consequently, we assessed the ability of the above-mentioned lipoplexes to transfect NCI-
H23 3D organoids using the gWizGFP reporter pPDNA packed at the same charge ratio of
2/1 as in the serum experiment. A 3D reconstitution of the z-stacks confocal images
generated for each spheroid confirmed the transfection efficiency of the 17¢/Chol 1/2 and
17¢/Chol 1/4-based lipoplexes, which transfected the organoids in an evenly manner,

greatly surpassing again 17¢/Chol/DOPE 1/2/2, DOTAP/Chol 1/1 and Lipofectamine
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(Figure 3.29). Interestingly, the most efficient supramolecular complexes of 17¢ proved to
be the 17c/Chol 1/4-based ones in this case, reconfirming the benefic effect of cholesterol
in stabilizing the lipoplexes in the extracellular matrix surrounding the cells in the 3D

tissues [237].

17¢/C2 17¢/C4 17¢/C2D2

DOTAP/C1 lipofect. Blank

Figure 3.29. Representative NCI-H23 3D spheroid transfection by selected formulations
based on PGS 17c, prepared with gWizGFP pDNA at a charge ratio of 2/1. The dotted lines

indicate the approximate spheroid boundaries.

Complexation of 17c-based formulations with sSiRNA

Since our 17c/Chol formulations were proved very efficient in packaging pDNA and

transfecting it into, we have investigated them for siRNA transfection. When transfected
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into the cells, siRNA can knockdown the expression of a target protein by specifically
acting on and destroying its corresponding mRNA [142, 238-240]. Similarly to pDNA,
SIRNA requires a delivery system for successful transfer into cells. However, sSiRNAs are

much smaller than pDNA (Table 3.1).

Table 3.1. Properties of the nucleic acids used in these studies

Nucleic Acid | Length Inference

pDNA 6732 nucleotide pairs | pDNA basically consists of mixture of

(gWizLuc) supercoiled, relaxed and partially coiled long

pDNA 5757 nucleotide pairs | nucleotide pairs, are usually flexible

(QWizGFP)

mMRNA 1929 nucleotides MRNA are typically folded with multiple pins
and loops that make them less flexible than its
counterparts

SiRNA 18-23 nucleotide pairs | sSiRNA are very small pairs of nucleotides,
non-flexible

We assessed the delivery of siRNA designed to knockdown the protein luciferase
using formulations based on our PGS 17c either alone or with colipids cholesterol or DOPE
in the molar ratios of 1/1, 1/2 and 1/4 tested for pDNA. Using HITESA technique for
compaction of siRNA with PGS, we found that these formulations could fully compact
SiRNA only at +/- charge ratio of 8, when mixed with colipid cholesterol (Figure 3.30-
3.32). Although few studies have managed to compact siRNA at lower charge ratio with
addition of various components to the lipoplexes, many other literature articles show the
necessity of higher charge ratios for complete compaction [241, 242]. All other
formulations at lower +/- charge ratio could not efficiently compact siRNA. The size of
17c/cholesterol based lipoplexes were below 200 nm at charge ratios ranging from 1 to 5,

but increased to about 500 nm at charge ratio 8, where the siRNA was fully compacted.
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The zeta potential was negative for all formulations. On the other hand, 17¢/DOPE-based
formulations also had sizes ranging from 200 nm to about 600 nm, and displayed positive
zeta potential for 17¢/DOPE (1/2) starting at charge ratio of 2, while for other two
formulations (1/1 and 1/4 molar ratios), it turned to positive value only at charge ratio of

8, being close to neutrality.
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Figure 3.30. siRNA compaction with PGS 17c alone at different charge ratios, revealing

lipoplex size, zeta potential and electrophoretic mobility
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Figure 3.31. siRNA compaction with 17c¢/Chol (at molar ratios 1/1, 1/2 and 1/4), at different molar charge ratios, revealing lipoplex

size, zeta potential and electrophoretic mobility
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Figure 3.32. siRNA compaction with 17c/DOPE (at molar ratios 1/1, 1/2 and 1/4), at different charge ratios, revealing lipoplex size, zeta

potential and electrophoretic mobility.

144



Luciferase knockdown by 17c/siRNA lipoplexes

Since the 17c- based formulations were able to compact siRNA only at high charge
ratios, we tested all formulations at the +/- charge ratio of 8 and assessed their ability to
knockout the luciferase stably expressed in MDA-MB-231-luc-D3 breast cancer cell line
(Figure 3.33). It was revealed that some formulations could knock down as much as 70%
of the luciferase expression in this cell line. sSiRNA lipoplexes based on 17c¢ alone were not
very efficient but lipoplexes generated from 17¢c/DOPE 1/2, 17¢/Chol 1/2, and 17¢/DOPE
1/4 formulations were able to effectively knock down luciferase expression with
efficiencies ranging from 40% (former ones) to 65-70% (later ones), also surpassing
Lipofectamine transfection system. Interestingly, one of our most efficient formulations
for pDNA transfection, 17¢/Chol 1/4 was inefficient in sSiRNA transfection, proving the
necessity to adapt the nucleic acid delivery system to its specific cargo. Moreover,
17¢/Chol 1/1 and 17c/Chol 1/2-based lipoplexes could reach the knockdown efficiency of
their DOPE-based congeners, but generated higher cytotoxicity. Doubling of SIRNA dose
from 7 pg siRNA/cell to 14 pg siRNA/cell raised the knockdown of luciferase expression
to 80-90% (Figure 3.34), in line with the best published formulations [149]. Interestingly,
the increased dose did not change much of the activity of Lipofectamine or 17c alone
formulations. Moreover, although the formulations including DOPE could only partially
compact the siRNA, they were able to efficiently knockdown the gene expression in target

cells, an aspect that deserves further investigations.
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Figure 3.34. Luciferase knockdown activity of 17c-based lipoplexes encapsulating Luc-

SiRNA (+/- charge ratio 8) at different concentrations of sSiRNA/cell.
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Complexation of 17c- based formulations with mRNA

Having succeeded in transfection of pDNA and siRNA with 17c-based
formulations, we wanted to assess the ability of the same formulations to complex and
deliver another type of nucleic acid, mRNA. Delivery of mRNA has been recently
advanced as a replacement to pDNA delivery because it bypasses the nuclear localization
and expression steps required for pDNA, delivering directly the mRNA that encodes the
desired therapeutic protein into the cytoplasm of target cells. Another advantage is the
negligible chance of genome integration [243-245]. Moreover, mRNA delivery is believed
to be more effective than pDNA delivery in non-dividing cells [246]. Similar to other
nucleic acids, mRNA requires a delivery vehicle. Again, due to its differences in size and
distinct shape from other nucleic acids (Table 3.1), it may not be always possible to use the
same delivery vehicle to compact and transfect mRNA, although the chemical properties
remain similar to other nucleic acids. Therefore, | assessed the complexation of mMRNA
using all 17c-based formulations using above mentioned HITESA technique to identify the

most efficient one for mRNA delivery.

It was revealed that with 17c lipid alone, mRNA could be efficiently compacted
starting with a charge ratio of 3 and was fully compacted only at a relatively high charge
ratio of 5 (Figure 3.35). The zeta potential was negative (about -10 mV) until charge ratio
5, and increased to +25 mV at charge ratio 8. The size of the formulations were in the range
of 200 nm to 300 nm at higher charge ratios. When lipid 17c was formulated with
cholesterol and DOPE at 1/1, 1/2 and 1/4 molar ratios and associated with mRNA, its
compaction ability of the nucleic acid depended heavily on the colipid type and its molar

ratio to PGS (Figures 3.36 and 3.37). When cholesterol was used as colipid, compaction of
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MRNA was effective starting with a charge ratio of 3 for 17c/Chol 1/2 and 1/4 and with a
charge ratio of 5 for 17¢/Chol 1/1. The size of fully compacted lipoplexes was around 500
nm, while the zeta potential of the formulations ranged from +20 to +40 mV (Figure 3.36).
In the case of DOPE-based formulations, only 17¢c/DOPE 1/2 could compact mRNA,
starting at a charge ratio of 5, yielding lipoplexes with a size around 500 nm, similarly to
cholesterol-based formulations. The other two DOPE-based formulations could not

compact MRNA irrespective of charge ratio used (Figure 3.37).
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Figure 3.35. mMRNA compaction with PGS 17c alone at different charge ratios, revealing

lipoplex size, zeta potential and electrophoretic mobility
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molar charge ratios, revealing lipoplex size (top row), zeta potential (middle row) and electrophoretic mobility (bottom row).
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different molar charge ratios, revealing lipoplex size (top row), zeta potential (middle row) and electrophoretic mobility (bottom row).
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Transfection studies by 17c/mRNA lipoplexes

Since some of the formulations showed mRNA compaction starting at charge ratio
of 3, with most of the formulations showing full MRNA compaction at charge ratio 5, I
decided to assess the transfection efficiency of these mRNA lipoplexes at both the above-
mentioned charge ratios. The study revealed that some of the formulations were very
promising in terms of mMRNA transfection. The mRNA transfection efficiency was
relatively high, as more than 70000 RLU/ug protein could be achieved while treating the
cells with just 100 ng mRNA/well (Figure 3.38). Formulations containing colipids were
more efficient than the ones based only on lipid 17c. Thus, formulation 17c/DOPE 1/2 had
best transfection efficiency among all formulations tested, at both charge ratios of 3 and 5.
Its counterparts, 17¢/DOPE 1/1 and 17c/DOPE 1/4 were totally inefficient, as expected,
since they could not compacts mRNA (Figure 3.37). All cholesterol-based formulations of
17c showed effectiveness in transfecting the cells with mRNA. The 17c¢/Chol 1/1
formulation had highest efficiency among all counterparts at charge ratio 5 but lowest at
charge ratio 3 (when only partial compaction of MRNA could be achieved). It was followed
by the other two cholesterol-based formulations 17¢/Chol 1/2 and 17¢/Chol 1/4, which
showed a slightly reduced efficiency than 17¢/Chol 1/1 at charge ratio 5. Mention must be
made that Lipofectamine completely failed to transfect mMRNA. Moreover, most of new
MRNA lipoplexes displayed small or negligible cytotoxicity (Figure 3.39). Interestingly,
cytotoxicity depended on colipid molar ratio used in the formulations, while charge ratio

had a relatively minor impact.
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Figure 3.39. The cytotoxicity profile of mMRNA with 17c-based formulations at charge
ratios 3 and 5 in NCI-H23 cell line. Results presented represent the average of four

transfection experiments + one standard deviation.
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Endosomal escape capability studies for PSGs

The universal ability of novel PGS 17c-based formulations to compact and deliver
pDNA, siRNA and mRNA may be associated with the tapered shape of this amphiphile,
similar to classical gemini surfactants such as 6. In a previous study [203] it was
demonstrated that in the case of GS 6, the tapered shape of the amphiphile creates
temporary pores in the endosomal membrane (and probably in the external membrane too),
through a mechanism totally diverse to the one used by classical lipids such as 2.
Consequently I investigated the most efficient 17c-based formulations in the compaction
and delivery of pDNA, siRNA and mRNA in NCI-H23 cells pre-transfected (via
electroporation) with Rab-7-GFP. The Rab-7 GTPase is a protein specific for
endolysosomes that is absent in caveolae and in vesicles internalized from plasmalemma
[247, 248]. Thus, 48 h post-electroporation with Rab-7-GFP plasmid, the NCI-H23 cells
were incubated for 2 h with pDNA, siRNA and mRNA optimized lipoplexes of 17c/Chol
1/2, 17¢/Chol 1/4, and 17¢/DOPE 1/2 described above (charge ratio 2/1 for pDNA, 8/1 for
SiIRNA and 5/1 for mRNA), after which the cells were washed and observed directly for
Rab-7-GFP intracellular distribution against control cells that did not receive lipoplexes.
An analysis of the representative images depicted in Figure 3.40 confirmed the efficient
poration of endosomes by tapered 17c, pleading for a similar mechanism reported for GS
6 [203] and supporting the good transfection results obtained with 17c- based

supramolecular complexes.
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Figure 3.40. Confocal images of NCI-H23 cells, expressing the endolysosomal GTPase
Rab-7 fused with GFP, transfected with the indicated nucleic acid/17c-based lipoplexes,
against untransfected cells showing that pyridinium PGS 17c-based formulations promote

endosomal escape thus enhancing the transfection efficiency of the delivery system.
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3.4 Conclusions

The nucleic acid compaction ability and the biological activity of pyridinium based
cationic lipids were shown to be enhanced by addition of a minimal amount of GS. In this
study I further optimized the physicochemical parameters of the lipoplexes by introduction
of high temperature complexation procedure of DNA with a lipid/GS combination. In the
optimized procedure the components were incubated at 50°C for 1 h followed by gradual
cooling to room temperature (HITESA formulation procedure). HITESA procedure highly
increased the pDNA compaction efficiency of the formulations even at lower +/- charge
ratios. The formulations generated at a +/- charge ratio of 2 were equally better in terms of
sizes (smaller sizes with standard PDI), zeta potential and DNA compaction, thus allowing
the reduction of cytotoxicity of DNA delivery systems. The formulations generated using
this technique were also robust and stable at various suboptimal conditions. Their
biological activity, measured in terms of transfection efficiency of the delivery system, was
also superior to the previously published results, while displaying reduced cytotoxicity.
Some of the formulations could transfect the cells very efficiently even at very high serum
concentrations, a premise for successful in vitro to in vivo translation that will follow in

our lab.

We used this HITESA formulation procedure on a series of novel pyridinium-based
biodegradable PGSs 17, which mimicked the tapered shape of classical gemini surfactants
but possessed only one positive charge per molecule, similar to traditional cationic lipids.
These interfacially-engineered amphiphiles were designed to be hydrolyzed by enzymes
present in cells into zwitterionic and partially positively charged components, thus further

reducing their cytotoxicity. Novel PGS 17, formulated either alone or with colipids
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cholesterol and DOPE, were able to compact and deliver pDNA, siRNA and mRNA at
relatively low molar ratios, validating the proposed design. | identified the most efficient
amphiphiles and formulations for each case, drawing structure-activity and structure-
property relationships. | was also successful in identifying highly efficient formulations for
transfection of each nucleic acid type, with efficiencies that greatly surpassed standard
commercial transfection systems while displaying limited cytotoxic effects. Interestingly,
the toxicity of the lipoplexes generated from pDNA, siRNA and mRNA seem to depend
significantly on the type of nucleic acid encapsulated. Moreover, | proved that the pDNA
compaction behavior of novel PGSs is very similar to the compaction behavior of gemini
surfactant congeners and that the new PGSs retain the membrane poration ability of the
gemini surfactants. Several formulations based on this novel amphiphiles were able to
maintain their high efficiency even at very high percentages of serum in the transfection
media and to evenly transfect 3D organoids - two important features for successful in vivo

delivery of nucleic acids to be performed in our lab in the near future.
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CHAPTER 4

FUTURE DIRECTIONS

We successfully interface-engineered the amphiphiles that produced robust
nanoparticles for delivery of drugs and nucleic acids. The novel triblock polymeric micelles
introduced here were more stable against the enzymes present in the serum than their
diblock congeners, while being quickly degraded by enzymes secreted at the tumor target
and proved to act as a simple and efficient chemotherapeutic drug delivery system in vitro
and in vivo. These polymer nanoparticles should further be studied for their
pharmacokinetic properties that will help understand better the tropism and fate of these
nanoparticles in the human body. In addition, several doses and regimens of docetaxel will
be studied in vivo to assess the therapeutic window of this technology. Furthermore, the
amphiphiles themselves can be further optimized for improved drug loading efficiency.
The use of novel triblock copolymeric micelles will be studied to encapsulate other

hydrophobic drugs, and their efficiency will be tested to other disease models.

On the other hand, the pseudogemini-based amphiphiles will be studied for their
ability to deliver nucleic acids (DNA, mRNA or siRNA) in vivo. Although the
nanoparticles showed robustness against serum and were able to efficiently transfect in
vivo, they may not be equally efficient in the in vivo settings and reformulation might be

required, easy to accommodate via the HITESA procedure.
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