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Abstract

Cancer is one of the leading causes of death worldwide with
approximately 14 million new cases reported in 2012. Systemic
chemotherapy is widely used to treat cancer and can often result in
toxicity and adverse side effects. To reduce these adverse side
effects and potentially increase efficacy, the focus of this thesis is to
create a new intratumoural drug delivery platform for patients who
are too ill to receive systemic chemotherapy or with inoperable

tumours.

Herein, an injectable formulation composed of a hydrogel and drug-
loaded polymeric nanocapsules (NCs) was developed, to deliver the
chemotherapeutic locally within the tumour and hence reduce the
adverse side effects. The hydrogel is used to control the release of
the NCs within the tumour, while small NCs (<100 nm) aim to

promote NC penetration throughout the tumour mass.

Self-emulsification, a low energy and solvent-free method, was used
to produce the polymeric NCs. The lipid core of the NCs was suitable
for encapsulation of anticancer drugs: docetaxel (DCX) and 4N-

myristoyl-gemcitabine (GEM C14).

NCs with diameters of 40 and 80 nm and with zeta potential values
of ~ -4 £ 1 to -19 £1 mV were produced. Both anticancer drugs,
DCX and GEM C14 were encapsulated with efficiencies of greater
than 90%. GEM C14 was released from the NCs by diffusion with 63
+ 8 and 66 £ 10 % released in 30 days from 40 and 80 nm NCs
respectively. Additionally, GEM C14-loaded NCs showed activity
against various cancer cell lines in vitro where the following Glsg
values were obtained: 15 £ 6, 10 £ 9, 13 £ 3 nM in HCT 116, MIA
PaCa-2 and Panc-1 cell lines respectively. Although not as potent in

a GEM-resistant pancreatic cancer cell line (Panc-1 GEM resistant),



GEM C14 NCs (GIso= 410 £+ 463 nM) were significantly more active
than GEM C14 alone (GIso=8300 + 5523 nM).

Hydrogels were prepared using a low molecular weight (LMW)
gelator - N4-octanoyl-2'-deoxycytidine. This amphiphilic molecule
self-assembles in water forming a 3D nanofibre network with the
ability to reform after the application of stress, making it suitable for
injection through a syringe/needle. N4-octanoyl-2'-deoxycytidine
was used to gel the NC suspension via a heat-cooling cycle. The
strength of gel-NC composite was determined by oscillatory rheology
and its 3D nanofibre structure containing spherical NCs was
confirmed by TEM. The gel-NCs formulation reformed instantly into
a gel after injection through the needle and formed a depot when
injected in an in vitro simulation of intratumoural delivery i.e.

chicken tissue.

In summary, a novel NCs-gel composite has been designed
demonstrating appropriate characteristics for intratumoural drug

delivery.
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1 Introduction

The goal of this thesis is the development of a hydrogel and drug-
loaded polymeric nanocapsules (NCs) for localised delivery in cancer
therapy. Hence, in this introductory chapter the general
characteristics of cancer and its treatment are briefly described with
further focus on nanomedicines in cancer therapy. Also, platforms
for local delivery that are commercially available or under research
are reported including gel-particle formulations. Furthermore, a
cancer that could potentially benefit from the proposed platform is
pancreatic cancer and therefore gemcitabine as a first line treatment
for this cancer was incorporated as a lipophilic prodrug in the NCs.
Hence gemcitabine is reviewed in terms of mechanism of action and

resistance as well as novel prodrugs.

1.1 Cancer - the disease

Cancer is comprised of 200 different diseases with diverse causes
and symptoms. Despite the variety of different cancers, a general
feature is that their formation is due to gene mutations which result
in the 6 hallmarks of cancer - (1) sustaining proliferative signalling,
(2) evading growth suppressors, (3) resisting cell death, (4) enabling
replicative immortality, (5) inducing angiogenesis, and (6) activating
invasion and metastasis as discussed in detail by Hanahan and
Weinberg!. The most important feature is sustaining proliferative
signalling which means the cells proliferate in an uncontrolled
manner, which for some cancers can lead to the formation of a solid

tumour mass.



1.1.1 Cancer statistics

According to cancer research UK approximately 357,000 people were
diagnosed with cancer in 2014 in the UK, which is around 980 people
every day and one person in every two minutes?. 163,444 of this
350 thousand died from cancer in the UK in that same year. Whilst
globally there were 14.1 million new cases and 8.2 million deaths in
2012.

Lung, liver, stomach and bowel cancers have been the four most
common causes of cancer death since 1975 and accounting for
nearly half of all cancer deaths today. Generally considered as a
disease of old age, 50% of all cancer cases in the UK each year are
diagnosed in people aged 70 and over (2012-2014). 50% of people
diagnosed with cancer in England and Wales survive their disease
for ten years or more (2010-11). Cancer survival is improving and
has doubled in the last 40 years in the UK. In the early 1970’s the
median survival time after diagnosis was one year, by 2007 it was

six years and by 2011 it was ten years.

Also, the Macmillan cancer support organisation have reported
similar survival rates3. The number of people who have survived five
or more years since diagnosis has increased by over 260,000 (or
21%) in the five years to 2015. The number of people living with
cancer in the UK is increasing by 3.2% every year. Due to advances
in cancer treatment as well as a greater focus on earlier diagnosis,
cancer prevalence is set to continue to rise which could bring four

million people living with cancer by 2030 (Figure 1-1).
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Figure 1-1 Cancer progress and prognosis adapted from Macmillan research on
cancer prevalence in UK. Number of people getting cancer for the first time is
presented in blue, while number of people dying is shown in black rectangles.
Purple circles represent number of people living with cancer, while green
rectangles indicate how long people live on average. Macmillan estimations are
based on data from Office for National Statistics.
http://www.macmillan.org.uk/documents/aboutus/research/thechangingstoryofc
ancer.pdf

1.1.2 Treatment of cancer

Cancer patients, due to a complexity of the disease, suffer from
numerous symptoms depending on the type of tumour, its location
and the stage it has reached. Therefore, there are various treatment
options which include surgery, radiation, chemotherapy, hormonal
therapy, immunotherapy, gene therapy and often their

combinations.

Surgery is one of the oldest techniques and is used to remove whole
tumours or parts of the tumour when there is a chance of damaging
surrounding tissue. In some cases, surgery is just performed to ease
symptoms in cancers that otherwise cause pressure on vital organs
which can be painful for patients and result in poor functioning of
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other organs. Surgery can be done as an open incision or
laparoscopy. There are ways of performing surgery that do not
involve incisions and they include: cryosurgery, lasers,

hyperthermia, and photodynamic therapy*.

The surgical procedure is often accompanied with radiotherapy or
chemotherapy. Radiotherapy uses high-energy radiation such as X-
rays, gamma rays, and charged particles that kill cancer cells>®.
Radiotherapy is used for eliminating tumours, preventing recurrence

or shrinking tumours before surgery.

Chemotherapy uses drugs that stop the growth of cancer cells or kills
them. It is widely used for many cancer types in order to treat or
prevent recurrence. As the work in the thesis is relevant to the
improvement of chemotherapeutics, a detailed review on
chemotherapeutic marketed drug delivery platforms and ones that

are under research is provided in this chapter.

1.2 Considerations impacting decisions regarding

injection or resection

1.2.1 Inoperable and late stage cancers

Not all cancers can be removed by surgery which is commonly
related to late and advanced stages of the disease. Several reasons

for not choosing surgery include:
1. Late stage metastasised cancers that have spread to distant
sites and/or are micro-metastases and difficult to detect;
2. Sensitive cancer location such as in spinal cord, deep in the
brain tissues or in/near important vessels (e.g. arteries);

3. Patients are not fit enough to withstand surgery.



1.2.1.1 Metastasised cancers

Small cell lung cancer (SCLC) presents as small lung tumours in
multiple locations which are often spread to the brain. Therefore, its
elimination would require many mini surgeries increasing the risk for
the patient with negligible improvement. Additionally, resection in
brain would mean severing the connection between brain and the
rest of the body. In these cases, radiotherapy and targeted
chemotherapy are treatment options’.8.  Similarly, with
bowel/colorectal cancer when diagnosed will have already
metastasised to the liver and spread to multiple sites in between
such as the peritoneal cavity or then to bone. Sometimes
chemotherapy serves to shrink a tumour and to allow resection, but
even when this is possible recurrence rates are high®. Metastasis and
poor prognosis are as well reported for advanced oesophageal cancer
due to a prior lack of symptoms. Around 7 in 10 oesophageal cancer
cases are diagnosed at a late stage in England (2014) and since the
early 1970s, its mortality rates have increased by almost a half
(46%) in the UK. Oesophageal cancer also spreads to other organs
even in the early stages of the disease, which often makes it

inoperablel?,

In these instances, local therapy cannot guaranty the appropriate
efficacy. It was reported for polymeric implants in brain tumours to
be mainly 1-2 mm from the site of implementation with the longest
distance of 17 mm achieved after 72 hours!l, Hence, in case of
metastised tumours, formulation that will also reach lymphatics is

needed.

1.2.1.2 Cancer location

A sensitive cancer location is another reason for inoperability. In
these cases, cancer cells infiltrate an important blood vessel or are
very close to it in which makes resection impossible due to
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unstoppable mass bleeding that would occur during the resection.
One example of this is pancreatic cancer, which can easily invade
the abdominal aortal?. Pancreatic cancer is the 11" most common
cancer in the UK with 9600 new cases and 8817 deaths in 20142, In
the 1970s, 1% of people diagnosed with pancreatic cancer survived
their disease beyond ten years and that percentage is the same
today. Around 8 in 10 pancreatic cancer cases are diagnosed at a
late stage and inoperable therefore systemic chemotherapy and
palliative care are currently the only treatment options. Since
gemcitabine is first line treatment for pancreatic cancer, we have
chosen it as a model drug for the gel-nanocapsule formulation
developed in this project, therefore its characteristics and role in

cancer treatment are described below.

1.3 Nanomedicines for cancer

Chemotherapy is the main treatment for tumour recurrence and for
the late stage tumours. However, it is difficult for the
chemotherapeutic drugs to reach the tumour tissues selectively
which causes undesirable side effects in normal healthy tissues
during therapy. Development of hanomedicines and their enormous
progress in last 50 years has focused on reducing the toxic side

effects of chemotherapy.

A nanomedicine is a complex nanometre-scale size system
consisting of at least two components, of which one is the active
drug. The nanomedicine has a special function related to the
diagnosis, treatment, prevention of the disease or quality of life
improvement, using molecular tools and molecular knowledge of the
human body!3. For this project, nanomedicines developed for drug

delivery in cancer are of interest.



It all started with the concept of the “"magic bullet” where Paul Erlich
proposed that a drug that could be directed into the cells of interest
circumventing healthy tissuel4. Indeed, the first nanocarrier was a
liposomal lamellar structurel> developed in 1964 and 15 years later
was used for drug delivery!® paving the way for various nanocarriers
for targeted cancer drug delivery. Specifically, this was followed by
further development of nanocarriers for drug delivery such as
polymer conjugates, micelles, nanoemulsions, nanocapsules,
nanoparticles and dendrimers. Anticancer drugs are often highly
metabolised to more polar conjugates and hence are then rapidly
excreted by the kidney giving short-lifes. However, nanocarriers
have afforded longer drug half-lifes due to prolonged drug-
nanocarrier circulation times; followed by targeted intracellular
delivery and/or tumour targeting. Also in some instances

nanocarriers have increased drug stability during storagel’18,

1.3.1 Liposomes

Liposomes are spherical carriers composed of at least one lipid
bilayer ranging in size from approximately 50 nm to a few um. Since
they are formed from amphiphilic phospholipids, they have the
ability to incorporate both hydrophilic and hydrophobic
molecules!®20, Qver the time, liposomal formulations have increased
in complexity. For example PEGylated phospholipids have been used
to create liposomes with prolonged circulation times?! and/or
surface modified with different ligands (peptides, proteins (including
antibodies), or small molecules) that actively target overexpressed
tumour receptors?223, Since it was the first nanocarrier to be
developed, it is the most extensively explored system which has
resulted in many commercial formulations or progression to clinical

trials (see section Nanocarriers on the market).
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Figure 1-2 Schematic representation of liposomal structure. Black circle symbols
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representation of PEG molecules. Encapsulated drugs (red triangles and blue star)

and targeting moieties in green are marked on the scheme.

1.3.2 Polymer conjugates

Polymer conjugates are covalently bonded drugs to a polymer
backbone. The conjugation is designed to target and release drug at
the tumour site. The most explored polymers are polyglutamate?4,
HPMA?2> and PEG2%2’ which sometimes are additionally decorated

with targeting ligands such as antibodies, sugars or peptides28,
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Figure 1-3 Schematic representation of polymer conjugates. Black curvy line
symbolises polymer to which drug (small molecule) and targeting moieties in

green are marked on the scheme.



1.3.3 Dendrimers

Dendrimers are macromolecular well defined “tree-like” structures
where branches are symmetrically growing from the core with a
precise number of groups at each step. An anticancer drug can be
covalently attached to the dendrimer repeating units or encapsulated

by non-covalent interactions.
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Figure 1-4 Schematic representation of dendrimer structure. Branched macro
molecules are drawn using black colour while drug (blue triangles) and targeting

moieties (green structures) are marked on the scheme.

Similar to previously described systems, ligands can be attached to
achieve active targeting. Despite high density, monodispersity and a
well-defined number of ligands on the surface, dendrimers, due to
expensive synthesis and sometimes toxicity, they have not been
progressed to a commercial formulation for delivering anticancer

drugs?°.



1.3.4 Surfactant and polymeric micelles

The micelles are supramolecular assemblies of surfactant molecules
in an aqueous phase where hydrophilic *heads” are located towards
the solvent and hydrophobic “tails” are oriented towards the centre
due to the solvophobic forces3%. Polymeric micelles have similar
structures where amphiphilic co-polymers that contain both

hydrophobic and hydrophilic blocks are involved in micelle formation.

“heads”

“tails”

Targeting
moieties

Entrapted

«+—Ydrug

C;:g%enﬂy

conjugated drug

Figure 1-5 Schematic representation of micelle structure. Hydrophobic part is
presented with straight line while zig-zag line presents hydrophilic part of
surfactant or polymer. A blue triangles present drug and green structures targeting

moieties.

The most investigated polymers are PEG, poly(propylene oxide)
(PPO), their triblock copolymer (Pluronics), PEG with poly(L-lactide)
(PLA), poly-g-caprolactone (PCL) and PEG conjugated to lipids
instead to another polymer3!. A drug can be chemically conjugated,
physically encapsulated or both methods can be used in the same
micellar formulation32. Although demicellisation in biological media
is often reported, these nanocarriers have progressed to the clinical

trials.
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1.3.5 Nanoparticles (NPs)

Nanoparticles are solid matrix systems made of polymer. A drug can
be initially conjugated to the polymer or encapsulated into the matrix

later.

Hydrophobic

§ Peptide
drug jal Fept

Small
molecule

Antibody

Hydrophilic

drug N2 protein

Figure 1-6 Schematic representation of NP structure. Curvy black lines present
polymer matrix while drug (blue stars and red triangles) and targeting moieties

(green structures) are marked on the scheme.

Various natural, semisynthetic and synthetic polymers such as:
dextran, hyaluronic acid, chitosan, polyhydroxyalkanoates (linear
polyesters), poly-(lactic-co-glycolic acid) (PLGA) and a group of
cyclical saccharides (cyclodextrins) have been intensively
investigated for more than 30 years33-3>. Cyclodextrins have a
hydrophobic core suitable for drug encapsulation, and hydrophilic
outer surface for the association of hydrophilic compounds, ions,
proteins36. To introduce targeting properties various ligands
(peptides, proteins/antibodies, small molecules) are associated on
the surface of the nanoparticles to target human epidermal growth
factor (EGF), folate, integrins and amongst others, kinase

receptors3’.
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1.3.6 Nanocapsules (NCs)

NCs have a lipid core stabilised by a mixture of surfactants to form
a nanoemulsion. Upon addition of polymers to the nanoemulsion,
they form an outer polymeric shell to create nanocapsules. When the
polymer shell is simply composed of surfactants and PEG, the NCs
are named as lipid NCs, in the rest of the cases they are called NCs

or polymeric NCs38:39,

/%8 Peptide

@® Small
molecule

Hydrophobic
drug

Lipid
core
Protein

Polymeric

shell Surfactants

Figure 1-7 Schematic representation of NC structure. Bright grey circle present
outer polymer shell and dark grey a lipid core with various surfactants presented
in black rectangles with circle or diamond endings. A drug (blue stars) and

targeting moieties (green structures) are marked on the scheme.

Since NCs are basically nanoemulsions with a polymer coating , their
methods of preparation are similar#®. The presence of polymer brings
stability in media and influences drug release!’. NCs with different
polymer coatings, sizes and targeting properties are further
described in Chapter 2. Since NCs have only recently been developed
in comparison to other formulations, there are as yet no formulations
that have translated to a commercial formulation. However, a few

have progressed to clinical studies.
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1.3.7 Nanocarriers on the market

In the last two decades, over 10 cancer nanomedicine formulations
have been commercialised (Table 1-1). The first approved
nanoformulation for cancer treatment was Doxil®, a liposomal
formulation of Doxorubicin (DOX). Firstly, DOX was associated to a
lipid bilayer and later enhancements involved drug loading in the
intraliposomal aqueous phase and coating with polyethylene glycol
(PEG) which improved safety and efficacy resulting in Food and Drug
Administration (FDA) approval of Doxil® in 1995. Doxil® has shown
to be well tolerated in humans and exhibited reduced side effects
especially drastically lower cardiotoxcity*!l. Another liposomal
formulation of DOX - Myocet® is approved in Europe for metastatic
breast cancer after showing an improved therapeutic index, fewer
side effects and the same efficacy as DOX alone?#2, Additionally,
daunorubicin citrate liposome formulation - DaunoXome® was
approved as a first-line cytotoxic therapy for the treatment of
advanced, HIV-associated Kaposi's sarcoma as it was shown to be
as effective as the three-drug regimen (adriamycin, bleomycin and
vincristine), but with a reduced incidence of side effects*3. Other
nanomedicines include Marquibo® - vincristine sulphate liposomal
injection for treatment of leukaemia** and Onyvide® - PEGylated
liposome of irinotecan approved for post-gemcitabine metastatic
pancreatic cancer treatment*>. Mifamurtide (Mepact®), an adjuvant
liposomal formulation containing muramyl tripeptide phosphatidyl
ethanolamine, activates macrophages, monocytes and other
immune cells of the reticuloendothelial system increasing production
of cytokines and chemokines. These activated cells then attack the
cancer cells#®, This formulation is approved in Europe, Mexico, South

Korea, Switzerland, and Israel for non-metastatic osteosarcoma?®’.
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Table 1-1 Examples of marketed nanomedicines for cancer

se

Generic Nano- Active Cancer type Status Ref.
name technology ingredient
platform
Doxil  PEGylated DOX HIV-related Approved #
Liposome Kaposi by FDA
sarcoma,
ovarian
cancer,
multiple
myeloma
Myocet  Liposome DOX Metastatic Approved %
breast in Europe
cancer
DaunoXome  Liposome daunorubicin  HIV- Approved 43
associated by FDA
Kaposi's
sarcoma
Marquibo  Liposome vincristine Leukaemia Approved %
by FDA
Onyvide | PEGylated irinotecan Post- Approved %
liposome gemcitabine by FDA
metastatic
pancreatic
cancer
Mifamurtide | Liposome Muramyl Nonmetastat Approved 4’
(Mepact) tripeptide ic in Europe
phosphatidyl osteosarcom
ethanolamine a
Nab- | NPs PCX Breast, lung  Approved 48
paclitaxel and by FDA
(Abraxane) pancreatic
cancer
Genexol-PM | Polymeric PCX Breast and Approved #°
micelles NCSLS in Korea,
cancer India,
Philippine,
Vietnam
NanoTherm | Iron Oxide NA Glioblastoma Approved %0
NPs in Europe
Oncaspar | PEG- L-asparagine  Lymphoblasti Approved 5!
conjugate amidohydrola c leukaemia in Europe
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SMANCS | Polymer- neocarzinosta Hepatocellul Approved %2
(Zinostatin)  conjugate tin ar carcinoma in Japan

The first non-liposomal formulation approved for cancer treatment
was Abraxane® that is composed of paclitaxel (PCX) loaded albumin
nanoparticles (NPs). Abraxane® significantly improved overall
survival (OS) when used with gemcitabine in metastatic pancreatic
cancer compared to patients treated with gemcitabine only. It still
resulted in at least 20% incidence of common adverse effects.
Similarly, significant OS was shown when Abraxane® was used in
combination with carboplatin for the initial treatment of patients with
locally advanced or metastatic non-small cell lung cancer (NSCLC).
However, some serious adverse effects (anaemia and
thrombocytopenia) were noted in both groups. Better tolerability of
Abraxane® compared to patients who received only paclitaxel was
achieved in the treatment of breast cancer*®. An example of micellar
formulation that have also progressed to the market is Genexol-PM.
It is a polymeric micelle formulation of paclitaxel and in combination
with gemcitabine reached market in Europe and Korea for patients

with NSCL cancer4°:53,

There are also a few commercialised polymer-conjugate
formulations. For instance, Oncaspar® is PEG-L-asparaginase
formulation marketed for acute lymphoblastic leukaemia®! or
Zinostatin, a conjugate of styrene-maleic acid (SMA) and an
antitumour protein neocarzinostatin (NCS) SMANCS, approved for

hepatocellular carcinoma in Japan>2.

In 2010, iron-oxide NPs (NanoTherm®) received European
regulatory approval for treatment of glioblastoma by
hyperthermia°. These small (15 nm) particles agglomerate following
direct injection into the tumour and activation by a magnetic field

produces heat. Depending on the temperature reached and length
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of treatment, the tumour cells are either directly destroyed or

sensitised before chemotherapy or radiation.

1.3.7.1 Nanoplatforms in clinical trials

Chemotherapeutical nanoplatforms continue to develop and there
are many undergoing clinical trials (Table 1-2). Again, liposomal
formulations are more numerous than others. These formulations
are improved as they contain additional moieties with potential
targeting characteristics. For instance, MM-302 are HER-2 targeting
DOX-loaded liposomes designed for treatment of HER-2 positive
breast cancer. HER-2 is human epidermal growth factor receptor
which normally controls the growth of healthy breast cells. However,
its overexpression is an indication of faster tumour growth that is
more likely to spread and reoccur compared to HER2-negative breast
cancers. DOX-loaded liposomes with an anti-HER2 monoclonal
antibody (MAb) (MM 302) for targeting overexpressed HER-2
receptors in breast cancer treatment were progressed to Phase II/III
of clinical trials*. Although there was no new or unexpected side
effects, MM-302 had a shorter than expected median progression
free survival which resulted in trial termination®>. Also, MBP-426, an
oxaliplatin  encapsulated transferrin conjugated N-glutaryl
phosphatidylethanolamine (NGPE) liposome, demonstrated direct
drug binding to Tf receptor (TfR) and reached phase II clinical trials

for gastric, oesophageal and gastro-oesophageal adenocarcinoma®®.

An example of polymeric micellar formulation of PCX is NK-105 that
reached phase III clinical trials for metastatic or recurrent breast
cancer (trial ID: NCT01644890)>’.

From dendrimer formulations, currently there is DCX-dendrimer
conjugate®® (DEP™ docetaxel) that is progressing through a phase I
clinical trial in Australia for patients with advanced solid tumours
(trial ID ACTRN12614000171617).
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Table 1-2 Examples of cancer nanomedicines undergoing clinical trials

Name Nanotechnology Active Cancer type Status Ref.
platform ingredient
MM-302 HER-2 targeting DOX HER-2 positive ~ Phase  >*
liposome breast cancer I1/111
MBP-426 | TfR- targeting Oxaliplatin  Gastric, Phase °°
liposome oesophageal II
and gastro-
oesophageal
adenocarcinoma
NK-105 | Polymeric micelle PCX Metastatic or Phase  >°
recurrent breast III
cancer
DEP- Dendrimer DCX Advanced solid Phase 8
docetaxel tumours I
SGT53 | TfR-targeting Plasmid Metastatic Phase 60
liposome encoding pancreatic II
normal cancer
human
wild-type
p53 DNA
Atu027 | Liposome siRNA Metastatic Phase ©!
against pancreatic I/11
protein cancer
kinase N3
TKM- | Lipid NPs siRNA Neuroendocrine Phase  ©?
080301 against tumours, I/11
PLK1 adrenocortical
carcinoma and
advanced
hepatocellular
carcinoma
ALN- | Lipid NPs siRNAs Solid tumours Phase 63
VSPO02 against I
KSP and
VEGFA

Furthermore, gene therapy in association with nanocarriers

is

making remarkable progress in cancer treatment with more than 10

formulations in clinical trials. For instance, SGT53, a liposomal

formulation decorated with antibody fragment and loaded with a
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plasmid containing the normal human p53 gene was designed for
metastatic pancreatic cancer. P53 is cellular tumour antigen that
functions as a tumour suppressor and it is often found mutated in
cancer, hence delivery of wild type P53 should restore tumour
suppressor function and control tumour growth. Furthermore, Phase
I clinical trials showed the accumulation of SGT53 in metastatic
lesions but not in normal tissue®®. Another class of molecules widely
used in cancer therapy are small interfering RNA molecules. Some
formulations that have reached clinical trials are Atu027, a liposomal
formulation of siRNA against protein kinase N3, TKM-080301 and
ALN-VSP02 that are lipid NPs against polo-like kinase 1 (PLK1)%2 or
vascular endothelial growth factor (VEGF)-A and kinesin spindle
protein (KSP)®3,

Recently, cancer care has improved; this is not just that treatment
improved but also diagnosis, prevention and palliative care.
However, development of nanomedicines has probably contributed
to the increased number of years that patients live after the
diagnosis (Figure 1-1). In last few decades many formulations were
marketed and used clinically. However, from almost 3 million
publications in the cancer category (search term was cancer
excluding reviews) between 1985 and 2005, only 3% of these are
related to clinical trials®4. From the formulations that are already on
the market, we saw that usually, they are as effective as current
treatments but with fewer side effects. However, these side effects
do not completely disappear. Therefore, there is a need for constant
improvement both in identifying potential targets in cancer and

developing platforms for their targeting.

1.4 Systemic vs. local chemotherapy

The potential of local cancer delivery instead of systemic therapy has

been recognised by many groups and there is a growing number of
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reports on the superiority of intratumoural (i.t.) treatments
compared to intravenous (i.v.) administration. For instance,
Lammers et al. designed poly(HPMA)-Gly-Phe-Leu-Gly-DOX
conjugate and evaluated its localisation after i.v. or i.t. application,
as well as the efficacy, compared to free DOX in rat prostate
carcinoma model (R3327-AT1). After i.t. administration DOX-
polymer conjugate was detected only at the site of administration
for 24 h, whilst 4 h after i.v. administration it was detected in high
doses in heart/lungs, spleen and liver. Furthermore, the i.t.
administered DOX-conjugate was significantly more effective than
DOX-conjugate (i.v.) or free DOX administered by i.v. or i.t routes®>.
Another formulation containing DOX in supramolecular gel showed a
20% reduction in the tumour volume and approximately a 60%
decrease in the tumour weight as compared to i.v. administration of
drug in solution, in an early stage colon cancer mouse model. The
same formulation was tested in a breast tumour model and showed
a 40% reduction in tumour volume relatively to i.v. injection of
DOX®6, Similarly, a Taxol® derivative (Taxol-succinic acid-
glutathione) formed a supramolecular gel and reduced tumour
growth by half in breast tumour bearing mice upon i.t. injection
compared to i.v. administration of equivalent concentration of Taxol®
with final relative tumour volumes of 432 and 865% respectively.
Additionally, a fatal dose of Taxol® in the hydrogels was at least
7.5 times higher than that of Taxol®%”,

The work of Yang et al. evaluated the influence of i.t., intraperitoneal
(i.p.) and s.c. administration of DCX loaded mixed micelles gel
(MMG) in the ovarian SKOV-3 cancer tumour model in mice.
Although not significantly different, MMG administered i.t. resulted
in the lowest tumour growth rate when compared with i.p. and s.c.
administration of the same formulation. Also, all three groups (i.t.,
i.p. and s.c.) showed a significant reduction in tumour volume as
compared to the untreated control. Additionally, after s.c injection,
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MMG was compared with the gel alone i.e does not contain micelles

and showed a significantly lower tumour growth rate®3.

An example of local delivery of gel loaded monoclonal antibody
formulation for colorectal cancer was designed by Lee at al. The
monoclonal antibody, Avastin®, was loaded in a vitamin D -PEG
triblock gel and its efficacy was compared with Avastin® solution in
two tumour models. In the first, subcutaneous colorectal (HCT 116)
murine model, a subcutaneously administered gel formulation
significantly reduced the tumour growth rate relative to i.p. and i.v.
administration of the Avastin® solution. Evaluation in another
colorectal cancer peritoneal metastatic tumour model showed that
s.C. injection of the hydrogel formulation had higher survival rates
than i.v. injection of Avastin® solution, respectively 87 and 55 %

survival over 62 days®°.

The following report compares the effect of a microcapsules injected
i.t. with other routes of administration and presents some interesting
features of particles in local delivery. Microspheres, loaded with DOX,
cisplatin or 5-fluoruracil, were tested in two mammary
adenocarcinoma mice models. One tumour in mice was developed
subcutaneously and another intramuscularly (i.m.) and results were
not dependent on the model used. Data showed that efficacy in
tumour reduction was achieved only if microspheres were applied at
6 injection sites around the tumour perimeter, while the same
systems administered in the centre of the tumour were ineffective.
Also, it was shown that 5 separate treatments, every 14 days, were
significantly more effective than a single treatment. Systemic and
intratumourally bolus injections of chemotherapy at maximum

tolerated dose (MTD) did not show an effect on tumour growth?’°,

Overall i.t. administered formulations proved to be superior for
cancer treatment whether they were in a form of polymer

conjugates, gels or particles with better efficacy and less toxic side

20



effects and also with less frequent administration. If these preclinical
outcomes could be translated to the clinical setting, they could bring

significant advantages for patients undergoing chemotherapy.

1.5 Platforms for local delivery in cancer

Local delivery is administration of the active drug/formulation
directly into the tumour or injecting into the resection site. Benefits
of local delivery are described in 1.4. however, there are only a few
types of formulations that show promising clinical data. They are
mainly polymer depots and include particles, gels, films, wafers and
rods (Table 1-3).

Table 1-3 Examples of local cancer drug delivery platforms

Name Drug Active Cancer type Status Ref.
delivery ingredient
platform
Gliadel® | Wafer Carmustin Brain cancer Approved 71
by FDA
Paclimer | Microspheres PCX NSCLC and Phase I/II 7273
ovarian cancer
NA | Millirods DCX Liver cancer Preclinical 74
NA | Films PCX Lung cancer Preclinical 73
OncoGel®  Hydrogel PCX Oesophageal Phase II 76
cancer

One of the first commercialised implants for cancer therapy was
Gliadel®, a wafer developed by the Langer research group and
approved by the FDA in 1996. Gliadel wafers (14 mm diameter) are
composed of spray dried and compressed polymeric microparticles
(1-20 pm).

copolymer of 1,3-bis-p-carboxyphenoxy propane and sebaic acid

Microparticles were loaded with carmustin and a

was used for their preparation. The formulation has shown to be
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present in the resection site up to 6-8 weeks after implantation’”.
Gliadel® wafers are used in the treatment of aggressive brain cancer-
glioblastoma usually after complete or partial surgical resection of
the tumour. This treatment has improved median survival with
comparable side effects to patients that only underwent surgical

removal of tumour’?,

Another formulation progressed to phase 1 clinical studies is
Paclimer® a microsphere formulation with median diameter of 53 um
made of polyphosphoester polymer with a high loading of paclitaxel
(PCX) (10% w/w). These microspheres provided slow release of PCX
for a period of 90 days. In subcutaneously developed lung tumours
in mice, the Paclimer® formulation administered i.t., reduced
significantly the tumour growth rate compared to i.t. administration
of a commercial PCX formulation with the same dose’?.
Intraperitoneal administration of Paclimer® formulation was
investigated in patients with recurrent ovarian cancer and
progressed to a phase I clinical study. Tolerated dose was found to
be up to 1200 mg/m?2. Paclitaxel was slowly released for 8 weeks
and polymer residues were found even months after administration.
However, this formulation was not progressed further and the

reasons for this decision were not disclosed’3.

An additional successful local delivery system are rods, with a dowel
shaped structure, whose diameter is usually smaller as compared to
its length and vary from nano to millimetres. The composition of rods
can be polymers (usually amphiphilic) which self-assemble first to
micelles and by varying the system conditions (polymer
concentration, a presence of surfactants, temperature) can be
transformed into a rod or even result in hydrogel formation’s.
Weinberg et al. designed PLGA millirods loaded with DCX and tested
them in a liver cancer model in rabbits. The millirods were implanted

inside the tumours and reduced tumour growth significantly where
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the tumour size was 10 times smaller compared to untreated

controls’4.

As an alternative to polymer depots for localised delivery, polymer
films have also been prepared. Liu et al. designed flexible
poly(glycerol monostearate co-e-caprolactone) films with 10% w/w
PCX for treatment of local recurrence’>. After complete tumour
removal in a lung cancer model in mice, films were implanted and
prevented recurrence in >80% of animals, while 0% was prevented

when commercial PCX was locally administered.

The most explored platforms for local cancer delivery are gels and

they will be reviewed in more details below.

1.5.1 Gels as a drug delivery platform

Gels are not easy systems to define due to their diversity and
chemical complexity. The first definition dates back to 1861 and was
given by Thomas Graham. While working on a distinction between a
crystalline and colloidal condition of matter, he noted that the
softness of the gelatinous colloid partakes of fluidity and enables the

colloid to become a medium for liquid diffusion’®.

A more explicit definition was proposed in 1926 by Jordon Lloyd and
was stated as: “only one rule seems to hold for all gels and that is
that they must be built up from two components, one which is a
liquid at the temperature under consideration and the other which,
the gelling substance proper, often spoken of as the gelator, is a
solid. The gel itself has the mechanical properties of a solid, i.e. it
can maintain its form under stress of its own weight and under any

mechanical stress it shows the phenomenon of strain.”

In the following years, numerous definitions arose. For instance,
John D. Ferry in his research on viscoelastic behaviour proposed that

gel is a substantially diluted system which exhibits no steady flow,
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where he basically excluded viscoelastic liquids from term gel8°. The
generally accepted definition is that proposed by Flory in 1974: “a
gel has a continuous structure that is permanent on the analytical

time scale and is solid-like in its rheological behaviour”.

Several other definitions appeared in the literature and the simplest
definition suggests that gels are systems composed mainly of a liquid
and minor amount of gelating compound (gelator) that together

form continuous phase resulting in a solid or solid like behavior81.82,

Considering their complexity, gels are usually classified in terms of
the source of the gelator, the solvent it gels and the type of
crosslinking (Figure 1-8). Firstly, considering the source of the
gelator, gels can be formed from naturally occurring gelators or ones
that are derived from synthetic compounds (artificial gels). Naturally
derived gelators are mainly macromolecules and examples include
gelatin, collagen, agar, starch and gellan gum. Artificial gels can
further be divided to polymeric (macromolecular) or supramolecular
(molecular) gels. The best known synthetic polymer gelators are
polyester, polyamide, poly(vinyl alcohol), polyethylene,
polyacrylate, polymethacrylate®3. Supramolecular gels are formed
from low molecular weight (LMW) compounds. While
macromolecular gels result from either physical or chemical
crosslinking or both®, supramolecular gels are formed through a
combination of physical non-covalent interactions. The type of
crosslinking impacts the mechanical characteristics of the gel.
Polymer chains in chemically cross-linked hydrogels are
interconnected by permanent non-reversible bonds. These hydrogels
are utilised when tough and stable properties are required. In
contrast, physical hydrogels result in weaker gels which are more
vulnerable to shearing by mechanical forces. Nonetheless, their
dynamic nature brings two characteristics: viscous flow under shear

stress (shear-thinning) and time dependent recovery upon
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relaxation (self-healing) properties, making them desirable for

injectable formulations.

Also, depending on the solvent used for the gelation, gels are divided
into two major groups of hydrogels and organogels. If an organic
solvent is used gels are characterised as organogels®>. Conversely,
hydrogels are formed in an aqueous medium, where a small amount

of solvent maybe used to solubilise the gelator.

Gel classification

Source Medium
Natural Artificial Organic Aqueous
r Constitution T
Macromolecular Supramolecular
r Crosslinking
Chemical Physical

Figure 1-8 Gel classification in terms of the source of the gelator, the medium it

gels, constitution and the type of crosslinking.

The presence of an organic solvent brings a certain toxicity into the
formulation and it is often the limiting factor for organogels being
used in drug delivery. Therefore, hydrogels are more common.

Additionally, an advantage of physically crosslinked hydrogels is
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their ability to be injected through a syringe and delivered in a low
invasive manner in vivo. When applying a shear stress upon
injection, these soft and responsive materials flow, with subsequent
gel reformation in situ once the stress is removed, which is of

importance in drug delivery to maintain controlled release in vivo?86.

1.5.1.1 Polymeric gels

A conventional group of hydrogels consists of a macromolecular
network formed using a crosslinker, a small reactive molecule that
forms a bridge between polymer chains. Indeed, these gels were
characterised as covalently irreversible structures, through which
drug can diffuse®’. Due to crosslinker related toxicity and non-
flexible structure, another group of hydrogels that are formed using
environmental triggers (temperature, pH or ionic strength) have
gained considerable interest. Sol-gel chemistry or reverse thermal
gelation uses polymers with moderate hydrophobicity for hydrogel
preparation. These polymers are rarely used alone but rather as
copolymers (combination of multiblocks)®. Polymers with such
characteristics include: poly (propylene oxide) — PPO; poly (lactide-
co-glycolic acid) - PLGA; poly(N-isopropylacrylamide) - PNIPAM;
poly (propylene fumarate) - PPF; poly(caprolactone) - PCL;
poly(urethane) - PU and many others. They are soluble in the
aqueous medium at low temperatures. However, as temperature
increases they interconnect and form a gel. To minimise the
hydrophobic parts of the polymer chain in contact with water, their

hydrophobic parts tend to aggregate and crosslink.

One of commercialised tri block copolymer gels is OncoGel®. This
formulation is PCX loaded PLGA-PEG-PLGA thermosensitive gel
which demonstrated controlled release of PCX for 6 weeks. When
injected intratumourally in a breast tumour model in mice at 1/10 of

the systemic dose resulted in a similar number of long-term
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survivors as i.v. Taxol® alone. Furthermore, OncoGel® combined
with radiation therapy for inoperable oesophageal cancer was well-
tolerated with no dose-limiting toxicities and negligible systemic
exposure’®, However, in phase IIb clinical trials, where OncoGel®
was evaluated as adjunctive therapy to systemic chemotherapy and
radiation for localised oesophageal cancer, neither a statistically
significant difference in overall tumour response nor difference in the

12-month survival between these two groups was observed?®?.

In addition, gels can be formed as a result of electrostatic
interactions between two polymers of two opposite charge or a
polymer and a small molecule of opposite charge. The, extensively
used polymer, chitosan, was crosslinked using B- glycerophosphate
salts as a base for a thermogel platform developed by BioSyntech
for regenerative medicine and therapeutic delivery®?. Berrada et al.
used this platform for encapsulation of camptothecin and showed its
slow release of over 30 days. In a radiation-induced fibrosarcoma 1
(RIF-1) tumour model, the gel delayed tumour growth more
effectively than systemically administered camptothecin, where
animals were sacrificed when the tumour reached 4 times of its initial

volume at 25 and 6 days respectively®?.

1.5.1.2 Low molecular weight gels (LMWGs)

In the recent years, there has been immense interest in gels
obtained from low molecular mass gelators, also known under the
name of supramolecular gels. Materials used for their formation are
molecules smaller than 3 kDa and compared to polymeric gelators,
they have the ability to gel medium at concentrations as low as 1%
wt. Small molecules self-assemble into long fibres, whose
entanglement leads to hydrogel formation or self-assembled fibrillar
networks (SAFINs)?2. The mechanism of self-assembly from single

molecules into higher-order hierarchical assemblies and
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characteristics of gel on macroscopic scale are not well defined.
Initial assembly of LMW gelator molecules is driven by non-covalent
bonds between molecules, where these weak forces are responsible
for one dimensional anisotropic aggregation of single molecules into
fibrils (Figure 1-9). On the next level growth of these assemblies is
continued as they form fibers or take other shapes such as rods,
sheets, tapes. Finally, fibers interact into crosslinked networks that
can support the solvent phase which results in a “solid-like” gel on

the macroscopic level®3.
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LMWG One directional Individual Cross-linked Macroscopic gel

molecules order self-assembly fibre fibres

Figure 1-9 Schematic representation of LMWG self-assembly. Non-covalent
bonding of single molecules into hierarchical assemblies as their primary structure
followed by fibre formation and their entanglement into macroscopic form of a gel.
Blue-purple area presents often diverse gelator structure (polar and non-polar

regions) and yellow lines present non-covalent bonding between the molecules.

Self-assembly is governed by weak physical interactions and certain
functional groups are found to support formation of fibres and their
association. The amides and ureas can connect through hydrogen
bonding; long alkane chains create van der Waals forces and/or
hydrophobic interactions while nucleobases and carbohydrates have
a predisposition for H-bonding®%. Furthermore, there are distinct
molecule types reported as LMW gelators such as steroidal,
cholesterol, fatty acid, sugar, nucleoside, di/tri peptide and urea
derivatives. They are thoroughly discussed by Skilling et al. in the
latest review on LMWGs?>, herein examples will be presented on their

application in cancer drug delivery.
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LMWGs in cancer therapy are increasingly reported over the last
decade. For instance, DOX was physically entrapped in oligopeptide
(H2N-Gly-Ala-Ile-Leu-COOH (peptide 1) and H2N-Gly-Phe-Ile-Leu-
COOH (peptide 2)) type of hydrogel and slowly released up to 85-
90% in first 45 h. Additionally, these gels remained stable at lower
pH, typical of the interstitial tumour environment and exhibited a
similar release profile (75-80% release after 35 h)?6. Cheetham et
al. reported another way of obtaining anticancer-LMW gel where a
prodrug is the gelator®’. In fact, the anticancer drug camptothecin
was conjugated to a B-sheet-forming peptide through a linker, where
the peptide multi-functionality allowed conjugation of 1, 2 or 4
camptothecin molecules. Release studies revealed slow release of
camptothecin without a burst effect. Systems with 2 or 4
camptothecin molecules showed higher stability to hydrolysis in
presence of glutathione. They also confirmed in vitro efficacy in a
human MCF-7 breast cancer cells. It is important to point out the
main advantage of this type of formulation is high drug loading of
38%. Wang et al. reported Taxol conjugate with Gly-Tyr-Lys
tripeptide with even higher drug loading (49%)%8. They also
introduced a folic acid ligand hypothesising its role as a targeting
moiety. Two clinically used peptides, Lanreotide (Somatuline®) and
Degarelix for hormone therapy are in the form of gels. Somatuline®,
a synthetic cyclical octapeptide, is produced in a pre-filled syringe
and is given by deep subcutaneous injection. It is used to control the
symptoms such as acromegaly by reducing growth hormone (GH)
and insulin growth factor-1 in prostate cancer patients with an
inadequate response that cannot be treated with surgery and/or
radiotherapy. Its antiproliferative activity is also being tested (phase
ITI clinical trial) in patients with metastatic or locally inoperable, well-
differentiated (grade 1) midgut neuroendocrine tumours®?, Similarly,
Degarelix (Firmagon®), a gonadotropin-releasing hormone (GnRH)

receptor antagonist, forms a depot upon subcutaneous
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administration. The acetate salt of the decapeptide amide binds
reversibly to the pituitary GnRH receptors, reducing the release of
gonadotropins and consequently testosterone in treatment of

patients with prostate cancer©,

1.5.1.3 Gel-nanoparticle composite

Systems in which a gel is in any way associated or contains any of
nanoparticulate systems is defined as a gel nanocomposite!®l, One
of the first applications of gel nanocomposite formulations was the
use of inorganic nanoparticles to adsorb or attach to polymer chains
evoking crosslinking of hydrogels. Besides that, NPs would bring
mechanical strength by being entrapped in the hydrogel network,
replacing traditional chemical crosslinkers. Such examples are
silicate NPs for crosslinking hydrogels made of PEO and chitosani??;
N,N’-methylenebis(acrylamide)103; PVA104,
poly(dimethylacrylamide) (PDMA)!%> and amongst others, the
recently published clay - polyacrylamide nanocomposites!?. Also,
there are examples of polymeric gel networks used for stabilisation
of nanoparticles. Gold and silver nanoparticles tend to aggregate and
polymeric networks formed by poly(2- vinyl pyridine)i?’,
poly(sodium acrylate)1, or with a LMW gelator such as tryptophan-

containing peptide amphiphile!®® are reported to stabilise them?19,

Our focus is on composite formulations for localised and cancer

delivery, therefore some examples are listed in table 1-4.
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Table 1-4 Examples of gel-NPs for localised drug delivery

Nanocarrier Gel Drug Application Ref.
PEG-b-PLA | HPMC NA Local delivery 11
NPs
(Dye)
Eudragit | Chitosan NA Vaginal delivery 112
NCs
(Dye)
PLA-PEO Chitosan PCX Ovarian cancer 113
NPs | phosphatidylcholine
PCEC NPs  Pluronic F127 Honokiol Local delivery 114
Chitosan | Chitosan GEM Bladder cancer 115
NPs
Liposomes PEG Camptothecin Breast cancer 116

As shown in the Table 1-4, polymeric over supramolecular gel-NPs
composites are predominant. NPs and the gelator characteristics and
their amounts influence the properties of gel-NPs formulation. In the
recent publication by the Langer group, hydroxypropyl
methylcellulose derivatives (HPMC-x) were formulated with
poly(ethylene glycol)-block-poly(-lactic acid) (PEG-b-PLA) NPs in a
NP-gel system for local delivery. Firstly, commercial styrene NPs
were used and particles > 100 nm failed to produce the gel.
Moreover, they showed that the number of particles is a critical
parameter that facilitates gel formation. Swapping styrene particles
for polymeric (PEG-b-PLA) NPs increased the number of interactions
with the polymer when HPMC is functionalised with Ci> moiety,
resulting in stronger adhesion and a significant increase in storage
modulus. These gels exhibited shear-thinning injectable properties
with full recovery after the remove of stress!!l. Common features
that local drug delivery can benefit from nanocomposite gel

formulations are altered drug release profile and improved gel
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strength. Contri et al. designed composite formulations of a chitosan
gel in association with Eudragit polymeric NCs containing Nile Red
(NR) as a model drug for local vaginal delivery. The presence of NCs
brought a higher viscosity of the gel, prolonged mucoadhesion and

increased penetration in vaginal delivery!12,

Grant et al. also tested in vivo release of PCX from gel-NPs
composite. They produced chitosan phosphatidylcholine stabilised
hydrogels in which PCX loaded PLA-PEO nanoparticles were
dispersed!!3. In vitro release of PCX from chitosan films was
evaluated in presence of ovarian SKOV-3 cancer cells and has
exhibited a zero-order release profile. Also, a sustained without burst
effect release profile was modelled from drug excretion data in an in
vivo i.p. administered implant in healthy mice over 2 weeks.
Furthermore, they demonstrated suitability of this composite for
local delivery by absence of inflammation and infection at and

adjacent to implantation site.

For localised cancer delivery, depot formation after injection into the
tumour is important. Honokiol, a hydrophobic drug with antitumour
activity was loaded into poly(e-caprolactone)- poly(ethylene glycol)-
poly(e-caprolactone) (PCEC) nanoparticles which were then
incorporated into thermo-sensitive Pluronic F127 hydrogell!4. This
formulation showed slight retardation in its drug release profile
compared to release from NP alone. However most importantly, the
gel-NPs system exhibited gel-depot formation upon s.c. injection in

mice.

Bernkop-Shnirch et al. designed a composite formulation for bladder
cancer and compared composite and NCs formulation in terms of
drug release and gelling properties. Bioadhesive thiolated chitosan
NPs were dispersed in a chitosan gel and rheological frequency
measurements showed very poor and weak gel characteristics.

However, after 4 h, more than 50% of GEM is released from the NPs
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while the gel exhibited release in a more controlled manner with only
30% of GEM released. Additionally, the gel formulation retained its
gelling properties in artificial urinel!>, Similarly, camptothecin loaded
liposomes physically entrapped into PEG gels were reported by Lallo
et al.116, While almost complete release of the camptothecin from
the liposome or gel only was observed in the first 24 h, the liposome-
gel composite formulation reduced the release of camptothecin to
only 20% in the same timeframe. Additionally, efficacy was tested
upon s.c. injection in a mouse breast cancer model and the
composite formulation achieved a notable reduction in the tumour
growth compared to untreated control. However, this reduction was

not significantly different from the efficacy of drug solution alone.

The synergistic effect of gel-NP composites, in terms of gel strength,
slower release and subsequently better stability at the
administration site, is certain. More composite formulations of
polymeric gels and NPs are discussed in 4.1. However, LMWGs-NPs
for cancer drug delivery have not been reported to the best of our

knowledge.

1.6 Gemcitabine

Gemcitabine is cytidine analogue (2',2'-difluoro-2'-deoxycytidine -
dFdC) and its hydrochloride form is known under the name Gemzar®
(Eli Lilly and Company). Gemcitabine hydrochloride (GEM-HCI) is
water soluble and intravenously administered alone or in
combination with other anticancer drugs in the therapy of several

cancers.
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Figure 1-10 The chemical structure of gemcitabine.

In 1996 it was approved by the FDA as a first line treatment of non-
resectable (Stage II or Stage III) or metastatic (Stage 1IV)
adenocarcinoma of the pancreas. It is also indicated as second-line
therapy for patients who have previously been treated with 5-
fluorouracil. In the same year, it started to be used in combination
with cisplatin for the first-line treatment of patients with inoperable,
locally advanced or metastatic NSCLC. Later in 2004, gemcitabine in
combination with paclitaxel was adopted for first-line treatment of
patients with metastatic breast cancer after the failure of prior
anthracycline-containing adjuvant chemotherapy. Additionally, in
combination with carboplatin gemcitabine is used for the treatment
of patients with advanced ovarian cancer after completion
of platinum-based therapy!!’. It can also be used for bladder cancer,

Hodgkin's lymphomas, cervical and bone cancer!i8,

1.6.1 Uptake and mechanism of action

Considering gemcitabine’s hydrophilic nature, diffusion into the cell
at effective doses is not possible, hence its uptake relies on the
presence of transporters responsible for nucleoside internalisation.
These transporters are proteins at the cell surface and are: human
equilibrative nucleoside transporters (hENT) or concentrative (hCNT)

transporters. Gemcitabine is taken up by hENT1 and hENT2 and
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hCNT1, hCNT2 and hCNT3 transporters. The hENTs seem to be
extensively found in various cell types, while the hCNTs appear to
be more specialised to e.g. intestinal and renal epithelia, liver and

leukemic cells119-121,

Cell uptake is not a guarantee for dFdC action as it first has to be
transformed to its phosphorylated active form. As the deoxycytidine
analogue, phosphorylation to monophosphate form (dFACMP) is
done by deoxycytidine kinase (dCK), while active di and triphosphate
forms of gemcitabine (dFdCDP and dFdCTP, respectively) are
obtained by other mono (UMP-CMP) and diphosphate pyrimidine
kinase (DPK)122,

dFdC is metabolised by cytidine deaminase (CDA) to 2',2'-
difluorodeoxyuridine (dFdU) with reduced activity!?3. Gemcitabine
monophosphate is deaminated by deoxycytidylate deaminase
(DCTD) into 2',2' -difluorodeoxyuridine monophosphate
(dFdUMP)124,  Additionally, 5’-nucleotidase (5’-NT) catalyses the
hydrolysis of phosphates therefore converts dFdCTP into dFdCDP and
dFdCDP into dFdACMP. As a result, dFdCMP is reduced to the inactive

form of gemcitabine!2>,
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Figure 1-11 Schematic representation of gemcitabine uptake, cellular and
mechanism of action. 1) Internalisation of gemcitabine (dFdC) by human
nucleoside transporters (hNTs). 2) Gemcitabine phosphorylation to gemcitabine
monophosphate (dFdCMP) by deoxycytidine kinase (dCK), phosphorylation of
dFdCMP by monophosphate pyrimidine kinase (UMP-CMP) to gemcitabine
diphosphate (dFdCDP) and its subsequent phosphorylation to gemcitabine
triphosphate (dFdCTP) by di phosphate pyrimidine kinase (DPK). 2) Deamination
of dFdC and dFdCMP by cytidine deaminase (CDA) and deoxycytidylate deaminase
(DCTD) respectively. 4) Dephosphorylation with 5’-nucleotidase (5-NT).
Mechanisms of action are indicated by blue dashed lines: 5) incorporation into
DNA; 6) incorporation into RNA; 7) inactivation of ribonucletide reductase (RNR),
8) inhibition of deoxycytidine monophosphate deaminase (DCTD); 9) inhibition of
thymidylate synthase (TS).
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The mechanism by which gemcitabine induces apoptosis is by its
incorporation into DNA. dFACTP acts as a nucleoside analogue of
deoxycytidine triphosphate (dCTP) which promotes its incorporation
into the DNA helix during replication. Only one more deoxycytidine
is able to be incorporated when masked-chain termination occurs.
The advantage of masked chain termination is that after gemcitabine
incorporation, any additional nucleoside that is added allows
gemcitabine to bypass DNA repair enzymes!26, Although far less
studied gemcitabine incorporation in RNA was reported by Ruiz van

Haperen et al.1?7.

Gemcitabine diphosphate also acts as an inhibitor of ribonucleotide
reductase (RNR). The RNR is an enzyme that controls the
transformation of ribonucleotides into deoxyribonucleotides.
Obtained deoxyribonucleotides are used in DNA synthesis and repair,
hence inactivation of RNR by dFdCDP influences DNA replication
rate!?8, Additionally, DCTD is directly inhibited by dFdCTP resulting
in dFACTP higher intracellular concentration. These are known as
self-potentiating mechanisms of gemcitabine!?°. Another potential
mechanism is inhibition of thymidylate synthase (TS). The dFAdUMP
is a product of dFdCMP deamination and can be an analogue of 2’ -
deoxyuridine monophosphate (dUMP) which is a natural substrate of
TS. Incorporation of a gemcitabine derivate instead of dUMP can

cause DNA damage!39,

1.6.2 Gemcitabine resistance

Gemcitabine is administered i.v. and usually at very high doses
(single injection of ~1000 mg/m?). The high activity of CDA in the
liver and the spleen is responsible for the short half-life of
gemcitabine (<70 minutes in patients)!31. Therefore, administration
of high doses is required which is effective at the beginning of the

treatment but eventually leads to tumour resistance. Complex and
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multiple mechanisms of gemcitabine (GEM) action give an
opportunity for abnormalities to take place; therefore, resistance to
GEM can be developed via different mechanisms. For instance, it was
shown in vitro that cells that lack nucleoside transporters are
resistant to GEM132, Additionally, confirmed clinically, patients with
detected hENT1 showed a prolonged survival of 13 months
compared to 4 months survival in patients that lacked these
transporters!33, In a similar manner, this was shown for levels of
deoxycytidine kinase (dCK) which is enzyme needed to
phosphorylate gemcitabine to its active form. Investigated on
various tumour models in mice, it was shown that ovarian tumours
with highest dCK enzymatic activity of 18 nmol/h/mg protein had
lowest relative tumour volume (0.02) compared with head and neck
(HNX-22B) where dCK activity was 3.3 and a relative tumour volume
0.98134, Relative tumour volume is expressed as maximal T/C

(tumour volume treated mice/tumour volume control mice).

Also, it was shown that elevated level of enzymes that are usually
responsible for the elimination of GEM, such as CDA, can also be
responsible for its resistance!3>. For example, Fujita et al. showed on
2 pancreatic cancer cell lines (SUIT-2 and Capan-1) that the CDA
level was significantly increased in their gemcitabine resistant

parental cells.

1.6.3 Gemcitabine prodrugs

One of the ways to improve GEM efficacy in the presence of such
resistance mechanisms is its modification to prodrugs. Potential, and
the most explored sites for modification are the 4-(N) position of

cytosine and the 5’ position of the ribose molecule.

Modification at the 4-(N) position protects gemcitabine from
deamination as the first step of its elimination. Recent work of Khare

et al. reported 4-(N) tocopherol poly (ethylene glycol) succinate
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(TPGS) modified GEM as a molecule designed to self-assemble into
a micelle formulation. In pancreatic cancer cell line (BxPC-3) native
GEM and TPGS-GEM micelles showed similar ICso values of 2.4 and
1.6 uM respectively. However, when nucleoside transporters were
blocked, ICso value for GEM was 5 times higher, while TPGS-GEM
micelles did not express any significant change in ICso value showing
that they are not dependent on NTs to cross the membrane.
Additionally, the micellar formulation showed in vitro stability
against CDA with 90% of gemcitabine present after 30 minutes while
only 10% of GEM remained, in the presence of CDA in the medium,
in the same timeframe!3%. Similarly, further prodrugs with PEG'37,
PEG active targeting conjugates!38, triterpenes!3® have shown
improved efficacy of GEM towards resistance. Furthermore, one of
the GEM prodrugs with valproic acid conjugate at 4-(N) position,
LY2334737, reached clinical trials. The low rate of in vitro hydrolysis
<14% over a 6 h incubation period resulted in a prolonged circulation
of gemcitabine. However, dFdU is still shown to be major metabolite
in vivo in mice and dogs'4%. In combination with other oral prodrugs,
LY2334737 has reached phase 1b clinical trial for the treatment of

solid tumoursi4t,

Lipophilic side chains are conjugated at the 5’ position in order that
GEM can be internalised independently of hNTs by passive diffusion
across the cell membrane. This found was useful for tumours with
low expression of these transporters, as confirmed with eladic acid
(CP-4126)'%2 and cardiopilin (NEO6002)'43 derivatives of GEM.
Modification at 5’ site could mean that 4-(N) position stays
unprotected against cytidine deaminase and that these prodrugs are
less promising. However, Qi et al. showed that 5’ modification can
have the same or better potency than the previously described
LY2334737 (4-(N) valproic gemcitabine derivative). They conjugated
a C18 chain to monophosphate ester at the 5’ position of GEM and
showed ICsg values of 39.7, 567, 30 and 284 nM compared to ICso
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values of LY2334737 of 1350, >10%, >10% and 4284 nM respectively
for NSCLC, pancreatic, prostate and colon cancer cell lines 144, As
well as being designed for intracellular delivery, the 5" modifications
of monophosphate form of gemcitabine also ensures that activity will

be independent of kinase expressionl4>,

1.7 The proposed platform

The main aim of cancer drug delivery systems currently under
research is to target cancer cells avoiding healthy tissue and provide
prolonged release, consequently reducing the frequency of
chemotherapy. Hydrogels are ideal systems for local cancer delivery
since they have the potential for prolonged residence time at the
injection/implantation site. However, drugs loaded directly into
hydrogels often result in relatively rapid drug release, due to the
high-water content and large pore sizes of hydrogels. On the other
hand, nanocarriers, as alternative for more controlled release, are
usually prepared in a liquid form and difficult to maintain at the site
of the disease on their own as can be quickly processed by body
systems. However, as it was shown they often bring strength that
soft injectable gels sometimes lack. Their association could result in
a synergistic effect, implying that gel would localise longer in a body

providing higher local retention of drug loaded nanocarriers.

1.7.1 Aim of the project

In this research project, a new injectable drug delivery platform for
cancer therapy is proposed and investigated. Such platform is based
on the incorporation of polymeric nanocapsules (NCs) into a gel
network. This platform design is primarily relevant for inoperable
cancers, but the gel-NCs formulation could also be injected into

tumour resection sites.
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The proposed platform should confer injectable properties that can
be easily used in patients with late tumour stages that are too weak
to undergo surgery. Due to usually late diagnosis, one such
inoperable tumour is pancreatic cancer; therefore, gemcitabine was
chosen as a model drug to explore. Additionally, considering
drawbacks that gemcitabine faces (short half-life and acquired
resistance) its modified form, N4-myristoyl gemcitabine, was
selected. This hydrophobic modification on gemcitabine further

allowed its encapsulation in the lipid core of NCs.

Considering that tumours in late stage can be bigger than 5 cm and
are often spread to nearby lymph nodes, distribution of anticancer
drugs further from the injection/resection site is needed. Hence,
using very small nanocapsules to ensure penetration deeper through
the whole tumour and possible trafficking to the lymphatics would
be important to achieve. Finally, the introduction of the gel structure

should ensure localised drug delivery over many cell cycles.
Objectives of this PhD thesis are:
e Production of small NCs (<100 nm) (Chapter 2).
e Maintained activity of GEM C14 - loaded NCs in cancer cells in
vitro (Chapter 3).
e Production of injectable gel-NCs composite formulation.
e Use of LMW gelators in the nanocomposite gel formulation, as
its use with NCs for cancer delivery has not been previously

explored (Chapter 4).
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2 Development of polymeric nanocapsules

Nanocapsules are normally defined as colloids composed of a lipid
core surrounded by a polymer shell39:146:147 The polymer can define
the targeting characteristics of the nanocapsules whilst the lipid core
can be used as a reservoir for drugs especially with low water
solubility. The encapsulation of drug in the lipid core of nanocapusles
can also protect the drug from either chemical or enzymatic
degradation. However, drugs can also be attached to the polymeric

She||148—150_

Depending on the application, nanocapsules with various
characteristics have been manufactured. Physico-chemical
characteristics that can be modified include size, surface charge,

shape, and the release rate of the drug.

This thesis is focused on the design, development and
characterization of nanocarriers for cancer therapy. In fact, in
nanocarrier targeting in cancer therapy, it is both the tumour biology
(abnormal vasculature, extracellular matrix, blood flow,
permeability), and physicochemical properties of nanocarrier (shape,
size, surface chemistry and charge) that affect the uptake and the
retention of nanoparticles at tumour sites'>1-1%6, For instance, Liu et
al. studied the biodistribution of liposomes ranging from 30 to 400
nm and the results of the study indicated that liposomes ranging
from 100 to 200 nm were 4-fold more concentrated in tumours
compared to liposomes below 70 and above 200 nm. Indeed, 20%
of injected dose (ID) of 200 nm liposomes were taken up by the
spleen which further increased with size whereas 70% of the ID of
particles below 50 nm were taken up by the liver!>’. When it comes
to nanoparticles smaller than 100 nm, the work of Lee et al. on block

copolymer micelles showed faster clearance of micelles with
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diameter of 25 nm from breast cancer xenografts compared to 60
nm micelles. In the same study functionalisation of 25 nm micelles
with epidermal growth factor showed delayed clearance to the level
of uncoated 60 nm micelles>8. Similarly, Jiang et al.'>® showed the
importance of size on in vitro internalisation. Their gold nanoparticles
(2-100 nm in size) coated with the antibody (Herceptin) showed
significant increase in uptake when incubated with ErbB2-
overexpressing human breast cancer SK-BR-3 cells, compared with
unmodified nanoparticles. Moreover, internalisation of antibody-
coated nanoparticles was highly dependent on size, with the most
efficient uptake occurring within the 25-50 nm size range. Although
it is difficult to generalise on the optimum size range for penetration
within tumours, it is evident however that nanocarriers <100 nm are

beneficial.

So far polymeric nanocapsules (NCs) have been generally produced
with an average size between 100 and 200 nm?'®9, while the
production of NCs <100 nm could only be achieved through the use
of high temperatures!®l. A great variety of NCs have been produced
by Alonso and co-workers 162-164 ysing different polymer shells, i.e.
chitosan!42:165  polyargininel®, protaminel®” and more recently
polyglutamic acid-polyethylene glycol (PGA-PEG)!%8. Plitidepsine-
loaded PGA-PEG NCs of approximately 190 nm in size led to an
increase (2.5-fold) in the maximum tolerated dose (MTD) and a
significant reduction in tumour growth (xenograft human renal
carcinoma, MRI-H-121) when compared with the control plitidepsin
formulation (Cremophor® EL solution)!6®, In addition, PGA-PEG NCs
were found to be drained into lymph nodes faster than the 200 nm
NCs of the same composition. Moreover, when loaded with docetaxel
these NCs were able to significantly reduce lymphatic metastases
and substantially improve the survival rate when tested on an
adapted orthotopic lung metastasic cancer model'%8, More recently,

Teijeiro C. and Cadete et al. showed in their PhD theses the
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production of 100 nm HA NCs and their ability to target docetaxel in

an A549 orthotropic lung tumour model.

In conclusion, there is significant information regarding the
production of a large array of polymeric NCs with a size equal to or
larger than 100 nm. Considering the advantage of small
nanoparticles in terms of enhanced internalisation and
biodistribution into the tumour, we concluded that it was important
to produce polymeric NCs smaller than 100 nm. Hence, the main
objective of the work described herein has been to produce NCs with
an oily core and a polymeric shell and to evaluate their potential for
the delivery of anticancer drugs. Docetaxel and a lipophilic derivative
of gemcitabine -N4-myristoyl gemcitabine (GEM C14) were chosen
as model drugs which could potentially benefit from the defined

nanotechnology.
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Aim:
Design, development and characterization of anticancer drug-loaded
polymeric NCs smaller than 100 nm for intra-tumoural drug delivery

are explored in this chapter.
Hypothesis:

The adequate choice of the formulation and processing parameters
can lead to a formulation of polymeric NCs with a size smaller than
100 nm.

Objectives:

1. To determine the influence of the surfactant and the amount
of oil on the size of nanoemulsions, as precursors of
nanocapsules.

2. To produce nanocapsules with a polymer shell.

3. To define the influence of the chemical structure of the oil on
the size of NCs.

4. To encapsulate anticancer drugs into the NCs.

5. To evaluate the physical stability of NCs.

6. To evaluate the in vitro release of an anticancer drug.
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2.1 Materials and methods

2.1.1 Self-emulsification method

There are a variety of techniques reported for the production of
polymeric NCs. The basic principle for their formation involves the
dispersion of an oil into an aqueous phase with the aid of high energy
sources (sonication, ultrasound, heat) or low energy sources (simple
mixing), which rely on the use of solvents and/or high amounts of
surfactants*?. Some authors!69.170 divided these techniques into two
categories: solvent-free and solvent displacement techniques.
However, in order to emphasise the importance of energy
consumption, here the production of NCs will be differentiated

according to high or low energy sources used.

High-energy methods include the use of rotor/stator devices,
ultrasound or high-pressure homogenisers (HPH). Depending on the
method used and the formulation parameters it is possible to
modulate the size of the nanoparticles. For instance, changing HPH
pressure and the number of passes through the HPH, particles of
135 nm can be obtained!’!. Recently, using ultrasound curcumin-
loaded polymer double layered (chitosan and
carboxymethylcellulose) NCs of approximately 150 nm were
produced!’?2, The size of the NCs prepared by the solvent
displacement could be modified by adjusting the amount of the
different ingredients forming the NCs, as well as the nature of the
solvent and its elimination rate'”3-17>, Chorny et al. reported
tyrphostin loaded nanospheres formed of poly(D,L-lactide) and
Pluronic F-68 with a size <100 nm using a nanoprecipitation
technique where polymer content was key parameter in controlling
the size. The technique based on the phase transition temperature
(PIT)176:177 has also been shown to lead to the formation of lipid NCs

(no polymer shell) with a size of <100 nm16%178, However, in this
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case, the temperature had to be increased up to 80°C in order to

produce these small NCs.

A goal of this project was to produce NCs <100 nm using a low
energy, solvent-free and, thus, environmentally friendly technique.
For this we chose the self-emulsification technique. Such a technique
can be easily scalable and, therefore, attractive for further

development of the formulation presented here.

Initially, self-emulsification was mainly used as a way of preparing
oral lipid-based drug delivery systems in order to improve oral
bioavailability of poorly water soluble drugs. These systems include
lipid depots (oils and (co)emulsifiers) containing drug which after
oral administration rapidly disperse (self-emulsify) in
gastrointestinal fluids producing micro- or nano- emulsions, thereby
augmenting its absorption, preventing precipitation and increasing
bioavailability of the drugs. Various drugs have been incorporated in
self-emulsified drug delivery systems (SEDDS) such as
cyclosporine!’?, danazol'®, diazepam and novel anti-depressant
drugs'81.182 = vitamin E'83, and ubiquinone!®*. Some of these

formulations have progressed to marketed commercial formulations

185,186

The explanation for spontaneous emulsification dates back to 1972
when Ruschak and Miller showed models of super-saturation
between two immiscible phases and subsequent diffusion between
them, as a mechanism responsible for formation and growth of
droplets!®’. More recent literature has confirmed that the mechanism
for self-emulsification lies in the presence of surfactants at very high
concentrations (230-60%)188. The surfactant molecules are localised
at the oil-water surface of the emulsion droplet and reduce the
interfacial free energy, thereby resulting in a thermodynamically
spontaneous dispersion!84189 Although not thoroughly investigated,

it has been suggested that the self-emulsification mechanism goes
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through several steps from formation of an interphase between oil-
water by addition of surfactants; water penetration through the
interphase leading to solubilisation within the oil phase and finally
dispersion of droplets in the form of liquid crystals. Gentle agitation
(for instance mild magnetic stirring), induces faster water
penetration which leads to interface disruption and the droplet

formation.

In addition to the formation of SEDDS, the self-emulsification
techniqgue has also been reported for the production of

nanoemulsions90-192,

With all these benefits that self-emulsification technique has, it
should still be borne in mind that one of the major disadvantages of
this technique is the need for surfactants at high levels, a fact that
may lead to toxicity of the formulation. Although this is not such a
concern for our localised cancer delivery application i.e.
intratumoural drug delivery. For other drug delivery applications,
further purification of the nanocapsules and partially elimination of

the surfactants would need to be considered.

A few antitumoural drugs have been formulated in SEDDS with the
final goal of using them for oral administration93-195, For instance,
a self-microemulsifying drug delivery system (SMEDDS) formulation
of doxorubicin (size ~200 nm) administered orally to mice bearing
fibrosarcoma tumours exhibited comparable efficacy and
significantly lower toxicity than DOX administered i.v.1°®. Similarly,
Yang et al. prepared SMEDDS (2 nm microemulsions) containing
paclitaxel and showed a higher bioavailability than the commercially
available form of paclitaxel (Taxol®) 1°4, In a similar manner, Seo et
al. showed the increased bioavailability of a self-nanoemulsifying
drug delivery system (SNEDDS) formulation containing docetaxel as
compared to the free docetaxel. The same formulation was

administered intravenously and the anti-tumour efficacy was found
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to be very similar to the one achieved following oral

administration19>,

Cadete et al. pioneered the development of HA NCs using a self-
emulsification technique. These original nanocapsules, which were
loaded with the antitumoural drug docetaxel, had a size of
approximately 140 nm. Taking this work as a reference, the goal of
this project was to reduce the size of the nanocapsules below 100
nm. For this, a number of formulation parameters were defined
(amount of surfactants and oil, type of oil, amount of cationic
surfactant and type of polymer) and their influence on physico-

chemical characteristics of NCs was analysed.

2.1.2 Materials used for production of nanoemulsions and

nanocapsules

Chemicals used for production of nanoemulsions:

Oils: Miglyol® 812N oil which contains caprylic/capric acid
triglyceride - medium chain triglyceride (MCT) was kindly donated
by CREMER OLEO GmbH & Co. and Maizine® 35-1 (glyceryl linoleate)

by Gattefosse, France.

Surfactants: Kolliphor® HS 15 (PEG-660-12 hydroxystearate) was
kindly donated by BASF ChemTrade GmbH; Tween® 80-
polyoxyethylene sorbitan monooleate and
hexadecyltrimethylammonium bromide (CTAB) were purchased

from Sigma.

In addition to materials used for the production of nanoemulsions

following chemicals were needed for production of NCs:

Polymers: Sodium hyaluronate 50kDa (HA, LifeCore biomedical);

poly-L-glutamic acid sodium salt 5kDa - (PGA, Sigma).
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Cytotoxic drugs: Docetaxel (DCX, from Fluka); N4 myristoyl
gemcitabine (GEM C14) was synthesised by Kathryn Skilling, PhD
student at School of Pharmacy, University of Nottingham, UK.

For the HPLC analysis Centripure P10 columns were purchased from
EmpBiotech, Germany and AMSbio, UK and solvents of HPLC grade
were purchased from commercial suppliers and used without further

purification. Ultra-pure water used throughout the experiments.

2.1.3 Preparation and optimisation of NCs

Polymeric NCs were produced by a self-emulsifying method. This is
a very simple and mild technique where fine oil-in-water emulsions
are spontaneously produced when an oil phase is added to aqueous
phase under gentle agitation. Blending the oil and surfactant in
appropriate ratios at low heat (40-50 °C) until all solubilised and
dispersing them directly in water which was at room temperature
(RT) produces a nanoemulsion, or NCs in presence of polymer in the
aqueous phase. The influences of different formulation parameters
on the physicochemical properties of the NCs were investigated. In
a first step, the experimental conditions for the production of
nanoemulsions with a droplet size less than 100 nm were identified.
In a second step, a polymer coating around the nanodroplets was
formed by simple addition of the polymer into the external aqueous

phase.

Figure 2-1 schematically presents the steps of the process and the
formulation variables investigated using a systematic approach.
Firstly, non-ionic hanoemulsions were produced (Fig. 2-1, i), where
oil phase consisted only of Kolliphor® HS 15 and Tween® 80 as a
non-ionic surfactants and as aqueous phase only pure deionised
water (Mili-Q) was used. In case of cationic nanoemulsions’
production (ii) the oil phase contained the cationic surfactant (CTAB)

in addition to non-ionic surfactants from step (i). In the next step,
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the addition of the anionic polymer coating (HA or PGA) to the
aqueous phase led to the formation of NCs (Fig. 2-1, iii). Finally, a
hydrophobic drug (DCX or GEM C14) was dissolved in the oil phase
in the presence of the surfactants and stirred at low temperature
overnight. Addition of this mixture into polymeric aqueous phase
resulted in the production of drug loaded polymeric NCs (Fig. 2-1,

iv).

Drug
o Y. Cationic and Cationic an Vs Cationic and
Non-ionic @ non-ionic @ non-ionic non-ionic @
surfactant 2 surfactant & surfactant surfactant &
oil . § oil § oil oil 5
40-50 °C 5 40-50 °C ) 40-50 °C : 40-50 °C 5

aqueous phase aqueous phase aqueous phase aqueous phase
Milli-Q water Milli-Q water Polymer solution Polymer solution
at RT at RT (HA/PGA) at RT (HA/PGA) at RT

SO

oil Nonionic @ Cationic surfactant @\ Polymero Drug &
O surfactants = w

Figure 2-1 Schematic representation of nanocapsule’s formulation development.
From left to right i) non-ionic emulsion preparation; ii) cationic nanoemulsion
preparation; iii) polymeric nanocapsules formulation; iv) drug loaded polymeric

nanocapsules formulation preparation.

2.1.3.1 Optimisation of nanoemulsions

In the first step of nanoemulsions’ development the following
parameters were investigated:

e (1) ratios between non-ionic surfactants (Tween® 80

and Kolliphor® HS 15). The following ratios Tween® 80:
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Kolliphor® were used: 1:5, 1:2, 1:1, 1:1.5, 1.5:1, 2:1, 3:1,
5:1, 24:1 w/w. For this analysis, the total weight of the
surfactants in each batch was fixed at 105 mg and the amount
of oil (Miglyol® 812N) was 55 mg.

e (2) total amount of surfactants. The total amount of
surfactants varied from 105, 90, 85, 75, 60 and 55 mg. The
amount of oil was fixed at 55 mg and the ratio Tween® 80:
Kolliphor® was fixed at 1:1.

e (3) oil content. The amount of surfactants was fixed at 90
mg and their ratio was 1:1, while the oil amount varied from

55 mg to 70 and 90 mg.

Oil and aqueous phase ratio of 1:8 was kept constant.

2.1.3.2 Influence of oil nature on physico-chemical

characteristics of nanoemulsions

Once the experimental conditions for the formation of the
nanoemulsions were fixed, the influence of oil nature on the size of
the nanoemulsions was evaluated. Mygliol® (caprilic/capric medium
chain triglycerides with HLB value 5)!°7 and Maizine® (glycerol

monolinoleate with HLB=4 (http://www.alfa-

chemicals.co.uk/pharma/products/maisine-35-1) were compared.

These oils, despite their similar required hydrophilic-lipophilic
balance (HLB) values, have a very different hydrophobic chain, a fact
that can influence their interaction with the surfactants and the
subsequent formation of the oily droplets. Indeed, while Maizine®
has linoleic acid, that is a carboxylic acid with an 18-carbon chain

and two double bonds attached on glycerol, Miglyol® 812N has
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mixture of in this case saturated capric and caprylic acids, which are
shorter (C10 and C8) than linoleic acid. Such variabilities can make
a difference in interaction with surfactants resulting in change in NC
size. The total amount of surfactants was 90 mg and the amount of
oil was 70 mg. Additionally, the ratios Tween® 80: Kolliphor® HS 15
investigated were 1:2, 1:3, 1:4, 1:5, 1:8, 1:10.

2.1.3.3 Preparation of cationic nanoemulsions and

polymer introduction

As a way to attract polymer onto the surface of the nanoemulsions,
a cationic surfactant was introduced into the system as a base for
subsequent electrostatic interaction with the anionic polymer. The

following variables were investigated:

e (1) concentration of the cationic surfactant. The amount
of CTAB varied in oil phase was 0.25, 0.5 or 1 mg. The
amounts of oil (Miglyol® 812N) and surfactants (Tween® 80:
Kolliphor® HS 15) were fixed at 70 mg and 90 mg (ratio 1:1)
respectively.

e (2) type of polymer was investigated. Sodium hyaluronate
or poly-L- glutamic acid were used as the polymer. Poly-
glutamic acid is a polymer of amino glutamic acid, while HA is
a polysaccharide composed of repeating disaccharide units of
glucuronate and N-acetyl glucosamine (Figure 2-2). The

amounts of these polymers were fixed at 2 mg/mL.

Oil and aqueous phase ratio of 1:8 in the final volume of 1.5 mL was

used.
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Figure 2-2 Structural representation of a) hyaluronic acid and b) poly-L-glutamic

acid.

2.1.3.4 Drug encapsulation

Two different drugs were encapsulated into the optimised NCs: DCX
and GEM C14. Following the report from A. Cadete, 2 mg of DCX
were solubilised in 1 mL of Miglyol® oil that was used for preparation

of oil phase as previously described.

Similarly, N4-myristoyl gemcitabine (GEM C14) was solubilised in
the selected oil (Miglyol®) at concentrations of 2, 3, 4 and 5 mg/mL
of oil. Surfactants were added in the oil phase in order to help the

solubilisation of the drug.

0

HN)J\/\/\/\/\/\/\
o ‘ /K
N 0

OH F

Figure 2-3 The chemical structure of GEM C14.
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2.1.3.5 In vitro drug release

Release of GEM C14 was assessed from HA 40 and HA 80 nm NCs.
The procedure for release involved incubation of 0.5 mL GEM C14
loaded NCs with 37.5 mL of release medium in water bath at 37 °C.
Firstly the release of GEM C14 from HA 80 nm NCs was assessed
both in PBS buffer (pH 7.4) and in addition with 0.1% SDS (pH=6.8).
Solubility of GEM C14 of 0.456 mg/mL in PBS (0.1% SDS) was
obtained by Mohammed Masar a PhD student at School of Pharmacy,
University of Nottingham. Considering that concentration of GEM
C14 in NCs is approximately 100 pyg/mL, upon incubation with PBS
if all the drug was released it would yield a concentration 0.0013
mg/mL of GEM C14 i.e 350 times the saturated solubility and hence
ensuring sink conditions. Since the presence of SDS did not affect
the release of GEM C14 (Appendix 1), in vitro drug release was
evaluated using PBS (pH=7.4). Also, most importantly further
dilution was not possible due to the drug detection limit. At
predetermined time intervals sample of 1 mL was taken out and
isolated by size exclusion chromatography columns (SEC) in order
to separate free drug from the NCs. The sample was replaced with 1
mL of PBS.

By taking asample the amount released at various times is calculated
using standard calibration curve. The actual amount of drug released
cumulatively is calculated by adding the amount discarded each time
with removing sample and replacing it with PBS to the amount in the
medium at certain time point. The released amount is calculated by
indirect method using following equation for percentage of

cumulative release:

) Xi— Xt
% cumulative release = i X100

where Xi is the amount initially loaded into NCs and Xt the amount

that is in NCs at time point t.
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2.1.4 Methods of characterisation

To evaluate the size and charge of NCs, morphology, encapsulation
efficiency and stability in in vitro cell culture media and upon storage
of the NCs, the methods of characterisation used are described

below.

2.1.4.1 Physicochemical characterisation of NCs

The average diameter and polydispersity index (PDI) of
nanocapsules were characterised by dynamic light scattering after
diluting the samples 3:100 with Milli-Q water. Zeta potential was
determined by Laser Doppler Micro-electrophoresis after 5:100
sample dilution with Milli-Q water. The measurements were

performed on a Malvern ZetaNano ZS, UK.

2.1.4.2 Isolation of nanocapsules and quantification of the

drug loading

All formulations were isolated using size exclusion chromatography
columns (SEC) - Zetadex 25M, CentriPure P10. Columns were
prepared according to the manufacture’s protocol. Non-isolated
formulation (1 mL) was transferred into the column and eluted with
water. Elutions of 200 ul were collected and their size, PDI and
attenuator factor were noted. The first 400 pl eluted from the column
were discarded and the following 1.6 mL were collected as they

contained the purified NCs.

Encapsulation efficiency was calculated as percentage of the drug in
isolated NCs compared to the total amount of the drug in NCs before

the isolation. Drug amount was quantified using HPLC.

Drug loading was calculated as percentage of the drug amount in the

total amount of lipid phase of NCs.
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For DCX NCs, the system was dissolved in acetonitrile and an aliquot
was injected in Agilent Zorbax eclipse XDB C8 HPLC column followed
by isocratic elution (55% Milli-Q water (containing 0.1% ortho
phosphoric acid), 45% acetonitrile) at 30 °C and UV detection at 227

nm.

In the case of GEM-C14-loaded NCs, they were dissolved in methanol
and then, an aliquot was injected in the C18 HPLC column followed
by isocratic elution (80% methanol, 20% pure water) at 30°C and
UV detection at 248 nm.

The standard calibration curves of DCX and GEM C14 were linear
(R2>0.999) in the range of concentrations between 0.2 and 5 pg/mL
and 0.5 and 50 ug/mL for DCX and GEM C14 respectively.

2.1.4.3 Morphological analysis by transmission electron

microscopy - TEM

Preparation of NCs for TEM imaging involved pipetting approximately
10-20 pl of formulation on to a carbon-coated copper grid. Samples
were then subjected to plunge freezing into slushed liquid nitrogen.
TEM was performed at 100 kV using a Tecnai 12 D1287 BioTwin
equipped with a Gatan 626 cryoholder. Images were acquired using

a MegaView III camera.

2.1.4.4 Freeze drying of NCs

One mL of NCs was pre-frozen in liquid nitrogen and then placed in
Biopharma freeze dryer for 48 hours or until a dried sample was
obtained. Calculated concentration of NCs was 83+13 and 78%+5
mg/mL for 80 nm and 40 nm NCs respectively. In chapter 4 different
concentrations of NCs are used and NCs with this initial concentration

are labelled as 8% w/v NCs.
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2.1.4.5 Stability of the nanocapusules

Colloidal stability of GEM C14 loaded NCs was assessed upon storage

at room temperature (RT) or in the fridge (8 °C) for up to 4 weeks.

Also, colloidal stability was also assessed upon incubation in PBS as
well as in the cell culture medium (RPMI 1460) used in the in vitro

cell culture studies. The dilution factor in these studies was 1:10

(v/v).

2.1.4.6 Statistical analysis

Unless it is stated differently, all experiments were performed in
triplicate (n=3%s.d.), where n is nhumber of independent replicates.
Statistical evaluation of data was performed using one-way analysis
of variance (ANOVA) comparison using GraphPad prism 7.01
GraphPad Software, UK.
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2.2 Results and discussion

2.2.1 Development and characterisation of nanoemulsions

As previously indicated, nanoemulsions were prepared using a self-
emulsifying technique following the steps presented in Figure 2-1.
The effect of a number of formulation factors (amount of surfactant
and their ratio as well as oil amount) that were investigated are
presented in Table 2-1.

Table 2-1 Influence of surfactants amount and their ratio as well as oil amount on
size of nanoemulsions. The oil:water ratio was kept constant at 1:8. Mean values

(n=3) are shown, error bars represent standard deviation of the mean, where n is

number of independent trials.

Ratio of Amount of Amount of

Tween® surfactants Miglyol®
80:Kolliphor® (mg) 812N (mg)
HS 15

1:5

1:2

1:1

1:1.5

1.5:1 105 55

2:1

3:1

5:1

24:1
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Ratio of Amount of Amount of
Tween® surfactants Miglyol®
80:Kolliphor® (mg) 812N (mg)
HS 15
55
60
75
1:1 55
80
90
105
55
1:1 90 70
90

2.2.1.1 Ratios between non-ionic surfactants (Tween® 80

and Kolliphor® HS 15)

The results in Figure 2-4 indicate the size of the nanoemulsion
droplets increases when the amount of Tween® 80 becomes greater
than that of Kolliphor® HS 15. Nanoemulsions >50 nm were obtained
when the ratio Tween® 80:Kolliphor® HS 15 is 5:1 and 24:1 with
average size of 48+9 and 127+9 nm respectively. When the amount
of these two surfactants in the oil phase is the same, or the amount
of Kolliphor® HS 15 is greater than that of Tween® 80, the average

size of nhanoemulsions decreases notably to 28+1 nm. The influence
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of Kolliphor® HS 15 on the size of nanoemulsion droplets has already
been reported!®l, However, in this previous study the nanoemulsion
was prepared using the “phase transition temperature method”. In
another more recent study, a number of surfactants and oils with
surfactant properties were investigated for the formulation of
glipizidein in SEDDS. The results indicated that the concentration of
Solutol® HS 15, which is a different brand name of Kolliphor® HS 15,

was critical in order to reduce the size of the emulsion droplets?®8,

150

1004

Size (nm)

501

l ] -'- -
0= T . T . T T T
1:5 1:2 1:1 2:1 3:1 5:1 24:1

1:1.5 1.5:1

Tween 80 : Kolliphor HS 15 (w/w)

Figure 2-4 Influence of ratio of non-ionic surfactants in oil phase on size of
nanoemulsions. Total amount of surfactants is 105 mg where ratio of Tween 80
and Kolliphor HS 15 varies 1:5, 1:2, 1:1, 1:1.5, 1.5:1, 2:1, 3:1, 5:1, 24:1 w/w.
Amount of Miglyol 812N oil used was 55 mg and oil:water ratio was kept constant
at 1:8. Mean values (n=3) are shown, error bars represent standard deviation of

the mean, where n is number of independent trials.

For all tested ratios of Tween® 80:Kolliphor® HS15 between 1:5 and
3:1, the size of the nanoemulsions was < 40 nm. It is important to
remind that all surfactants were solubilised in oil phase. Komaiko et

al. showed the importance of having the surfactant present in the oil
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phase for obtaining significantly smaller sizes of nanoemulsions as
compared to when surfactant is present in the aqueous phase!®°,
This is in accordance with work in this project where all surfactants

are melted and blended altogether in the oil phase.

The presence of Tween® 80 in high concentrations may have a
positive impact in terms of the interaction of the hanoemulsions with
cells. In fact, it has been shown that Tween® 80 affects the fluidity
of the CaCo-2 monolayer and inhibits the P-glycoprotein (P-gp) in
cells as an effect of modulation of membrane fluidity1°9:.200,
Moreover, this effect has also been shown to be important for
significantly higher uptake of Tween® 80-coated nanoparticles by
epithelial human brain cells when compared with non-coated

nanoparticles?0t,

Whilst, in 1991, it was shown that Kolliphor® HS 15 can reverse MDR
in human epidermoid carcinoma cells in vitro at concentrations 10-
fold lower than the toxic concentration292, Also, Cornaire et al.
screened a wide range of surfactants investigating their ability to
increase the absorption of P-gp substrate drugs by inhibiting P-gp
activity. When examining effect of excipients on digoxin transfer
across the intestinal mucosa in the rat everted gut sac model, they
noted 2.2-fold higher uptake with Solutol® HS 15 present?93,

Considering these advantages of Tween® 80 and Kolliphor® HS 15
which could potentially help to overcome multidrug resistance and
increase uptake by cancer cells, it was decided that the Tween® 80
and Kolliphor® HS 15 as 1:1 ratio should be used in the subsequent

optimisation of nhanoemulsions.

It is important to highlight that for all the nanoemulsions, whose size
is shown in Figure 2-4, the PDI values were < 0.2, which indicates

that the globule population is homogenous.
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2.2.1.2 Total amount of surfactants

Once the ratio Tween® 80:Kolliphor® HS 15 was fixed on 1:1, the
formulation parameter investigated was the total amount of
surfactants, which varied from 105 mg to 50 mg, while the rest of
the excipients, including the oil and aqueous phase ratio (1:8) was
kept constant. As expected, Figure 2-5 indicates that as the amount
of surfactant increases the size of the nanoemulsion decreases. For
instance, for the highest (105 mg) and lowest (50 mg) amount of
surfactants, the size of the nanoemulsions was 28+1 and 125+4 nm,
respectively. This agrees with the results of previous reports on the

formulation of nanoemulsions or NCs 190,195,
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Figure 2-5 Effect of total surfactant amount on size of nanoemulsions. The total
amount of surfactants was varied from 105, 90, 85, 75, 60 and 55 mg. The amount
of Miglyol 812N was 55 mg with constant ratio of Tween® 80:Kolliphor® HS 15 as
1:1. The oil:water ratio was kept constant at 1:8. Mean values (n=3) are shown,
error bars represent standard deviation of the mean, where n is number of

independent trials.
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Based on these data, and in order to keep the size of nanoemulsions
below 50 nm with the lowest amount of surfactants, we selected the
90 mg of surfactants (45 mg each of surfactant) for further

optimisation of the nanoemulsions.

2.2.1.3 Oil content

Once the amount of surfactants was fixed at 90 mg, the influence of
the amount of oil on nanoemulsions’ particle size was investigated.
For this purpose, formulations with 55, 70 or 90 mg of oil were
prepared. This effect is of high importance, as a higher amount of oil

would allow the incorporation of a greater amount of drug.

100 A
80 A
60

401

Size (nm)
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,\Q O“Q

Oilamount (mg/ml)

Figure 2-6 Effect of the amount of oil (55 mg to 70 and 90 mg) on the size of
nanoemulsions. Amount of surfactants (Tween 80 and Kolliphor HS 15) has kept
constant (45 mg of each), as well as the lipid-aqueous phase ratio at 1:8. Mean
values (n=3) are shown, error bars represent standard deviation of the mean,

where n is number of independent trials.

As expected, increasing the amount of oil led to the formation of
nanoemulsions with larger droplets. As the interest of the study was
to produce nanoemulsions with a size less than 50 nm, the maximum

amount of oil was fixed at 70 mg.
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Based on the formulation screening, it was decided that the
experimental conditions for the production of NCs would be the ones

presented in Table 2-2.
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Table 2-2 Composition and physico-chemical characteristics of 2 nanoemulsion systems that are chosen from wide range of sizes
for progression. Amount of surfactants and oil is provided below, while the oil:water ratio used was 1:8. Mean values (n=3) are

shown, error bars represent standard deviation of the mean, where n is number of independent trials.

Formulation Kolliphor® Tween® 80 Miglyol® Size PDI ZP
name HS 15 (mg) (mg) 812N (mg) (nm) (mV)
A | 45 45 70 60 £ 5 0.2 -5
B | 53 53 53 30+ 6 0.1 -4
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2.2.1.4 Influence of the type of oil on size of

nanocapsules

Using the same amount of surfactants and oil, as well as
maintaining the same ratio of lipid and aqueous phase, the
influence of the nature of oil on the physico-chemical
characteristics of nanoemulsions was investigated. For this,
Miglyol® (medium chain triglyceride oil) was compared to Maizine®
35-1 (glycerolmonolinoleate) as two oils of the similar HLB values
but with different chemical structures. The following formulation
parameters were used in both cases: 70 mg of oil, 90 mg of
surfactants (Tween® 80: Kolliphor® HS 15= 1:1) and an

aqueous:lipid ratio of 1:8.
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Figure 2-7 Effect of oils with different chemical structure on physico-chemical
characteristics of nanoemulsions. Amount of Miglyol 812N and Maizine 35-1 was

70 mg while the total amount of surfactants was 90 mg and the oil:water ratio
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was 1:8. Mean values (n=3) are shown, error bars represent standard deviation

of the mean, where n is number of independent trials.

The results in Figure 2-7 indicate that replacing Miglyol® with
Maizine® failed to obtain nanoemulsions smaller than 100 nm. An
explanation for this observation could be that Maizine® is a
monolinooleate derivative of glycerol, while Miglyol® is a medium
chain triglyceride oil with a combination of capric and caprilic acid
attached to glycerol backbone. Also, linoleic acid is a carboxylic
polyunsaturated acid with an 18-carbon chain and two double
bonds, while caprylic and capric are saturated acid with shorter
chain containing 8 and 10 carbons respectively. The difference in
structure of glycerol derivatives of these two oils and their
interaction with surfactants could have played a significant role in
achieving the desired size of nanoemulsions. Although there is not
an exact theory on how oil structure influences the physico-
chemical characteristics; alignment of surfactants and oil at the
interface of oil/water can impact features of nanoemulsions2%4,
Wang et al. used 4 different oils which all had HLB values of
approximately 11 but differed in chemical structure. They
demonstrated that, methyl decanoate, with straight saturated C12
chain gave the largest size, while smaller sizes were obtained
when the oils (methyl oleate and ethyl oleate) with a double bond
in the carbon chain were used. The smallest hanoemulsion size
was obtained with isopropyl myristate that has a short branch in
the ester structure?%>, They suggest that oils with unsaturated
chains favour smaller droplets which was not the case with data
reported here for the unsaturated C18 chain of Maizine 35-1 oil
and Miglyol 812N with saturated medium chain length molecules.
On the other hand, Habib Ali et al. investigated lipid geometry in
liposome formation and suggested that molecules with increased
alkyl chain formed more condensed structures, while asymmetric

lipids formed less condensed monolayers?%. The interaction
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between chains will dictate how closely molecule pack themselves
at interface. In our case, due to the unsaturated bonds in the 18
carbon chain, the increase in intermolecular distance reduces
interactions between hydrophobic regions inhibiting effective
packing despite longer chain in Maizine 35-1 compared to Miglyol
812N. It is probably that unsaturated structure of Maizine 34-1
chain imposes fluidity of interfacial film which favours the
formation of smaller curvature resulting in larger size of NEs

compared to the shorter and saturated chain of Miglyol 812N.

As previously shown, in section 2.2.1.1, the presence of a high
amount of Kolliphor® HS 15 was essential for the production of
small size nanoemulsions. Non-ionic surfactants used in this work,
Tween® 80 and Kolliphor® HS 15, have HLB values around 15 and
present a good choice in order to obtain an o/w NE. Hence, in this
study using Maizine® as the oil, the influence of the increasing
amount of Kolliphor® HS 15 in the lipid phase, was investigated.
The total amount of surfactants was 90 mg and oil amount was 70
mg.

Table 2-3 Influence of Tween® 80: Kolliphor® HS 15 ratio on size of
nanoemulsions when Maizine® 35-1 was used as the oil. The total amount of

surfactants was 90 mg and oil amount 70 mg while the oil:water ratio was kept

constant at 1:8. The number of independent trials was n=2.

Tween® 1:2 1:3 1:4 1:5 1:8
80:Kolliphor® HS 15
ratio (w:w)

Size (nm) 146 +8 159+9 192+ 1 189 % 224 +
11 21

PDI 0.27 0.26 0.27 0.3 0.3

The results in Table 2-3 show that increasing amount of Kolliphor®
HS 15 did not bring any decrease in size as it was the case when

Miglyol® was used as an oil instead of Maizine®. Moreover, PDI
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values were always above 0.2. Once more this has demonstrated
the importance of oil and surfactant structure no matter what their

ratio is.

2.2.2 Production of polymeric NCs from cationic

nanoemulsions

The nanoemulsions described above were obtained with non-ionic
surfactants and, consequently, their surface charge was neutral.
However, in order to form the shell with the anionic polymer
(either PGA or HA), cationic surfactants are used as a interphase
link between the oil phase and polymer 297, The resulting positive
surface charge favours the electrostatic interaction with a
negatively charged polymer and, hence, the formation of the

polymeric NCs.

Hexadecyltrimethylammonium bromide (CTAB) was used as the
cationic surfactant. CTAB is a highly toxic surfactant, that is a
characteristic of cationic surfactants in general, and it is known to
induce damage of mitochondria and apoptosis?®®. However, in the
context of this work, where the formulation is intended for
intratumoural delivery of cytotoxic drugs, the use of this
surfactant might be considered acceptable. This might justify the
use of this surfactant for the production of NCs, keeping in mind
the need to reduce its amount to a minimum?207:209.210  However, it
is has been shown in vitro that blank NCs (with no loaded cytotoxic

drug) exhibit very low toxicity211-213,

Following the incorporation of the cationic surfactant into

formulation, two different anionic polymers were selected for the

formation of the NC shell: sodium hyaluronate (HA) or poly-L-

glutamic acid sodium salt (PGA). The physicochemical properties

of the formulations containing increasing amounts of CTAB (0.25;

0.5 and 1 mg/formulation) and a fixed amount of either HA or PGA
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(2 mg/mL) were prepared. The rest of the components of the

formulation are those as indicated in Table 2-4.
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Table 2-4 Physicochemical characteristics of polymeric NCs and their primary

cationic nanoemulsions. First two rows present non-ionic nanoemulsions

prepared as shown in Table 2-2 where the primary nanoemulsion (A) is 60-70

nm in size, while primary nanoemulsions (B) are smaller in size approximately

between 30-40 nm. Cationic surfactant, CTAB, is added in order to get cationic

nanoemulsions,

followed by addition of polymer coating (hyaluronic acid or

poly-L-glutamic acid) to form polymeric NCs. All amounts are expressed in mg

per formulation

, where final formulation volume is 1.5 mL.

Primary CTAB HA PGA Size PDI ZP (mV)
emulsion (mg) (mg) (mg) (nm)
(Table 2-2)

Al - - - 60 £ 5 0.2 -5+2
B | - = = 30+ 6 0.1 4 +1
A | 0.25 = = 70 £ 5 0.2 +7 1
B | 0.25 = = 302 0.1 +3+1
A | 0.25 2 - 79 £ 6 0.2 -19+ 1
A | 0.5 2 - 76 £ 2 0.3 -18+ 5
Al 2 - agglomerates

A | 0.25 - 2 79 £ 5 0.2 -10 £ 1
A 0.5 - 2 66 £ 9 0.2 -8+1
A 1l - 2 70 £ 6 0.2 -3+2
B | 0.25 2 - 40 £ 2 0.2 -9+1
B | 0.5 2 - 41 + 1 0.2 -11 21
B |1 2 = agglomerates

B | 0.25 - 2 34 £ 2 0.1 -4 +1
B | 0.5 - 2 321 0.1 31
B |1 > 2 33£1 0.1 4 +1

The results in Table 2-4 indicate that the formulations with

composition “"A” (Table 2-2) exhibit a size of 70 to 80 nm, and zeta
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potential of -5 mV, 7 mV and -19/-10mV for non-ionic NE, cationic
NE and polymeric NCs (with either HA or PGA polymer)
respectively, while formulations with composition “"B” (Table 2-2)
exhibit a size of 30 to 40 nm size and zeta potential values of -4
mV, 3 mV and -9/-4 mV for non-ionic NE, cationic NE and
polymeric NCs, respectively. However, the incorporation of
increasing amounts of CTAB in the formulation did not bring any
significant increase in zeta potential. Therefore, to avoid using
high amounts of toxic surfactant, 0.25 mg of CTAB was selected
for the final formulations. It should be noted that the negative
charge of the NCs comes from the fact that the polymer is
surrounding the CTAB due to their ionic interaction. This effect is
illustrated in Figure 2-8, where it can be noted that the zeta
potential values switch from neutral (non-ionic nanoemulsion) to
positive (CTAB nanoemulsion) and, finally to negative, due to the

presence of the negatively charged polymer.

These changes in the zeta potential (ZP) values are lower than
those reported for HA NCs produced using solvent displacement
technique2%’, where the ZP value shifted from +30 mV, for the
nanoemulsion, to -40 mV, for the NCs. However, in the work
reported in Cadete A. thesis, where NCs were produced by the
self-emulsification technique, cationic NE had maximum charge
+10 mV which changed to -20 mV when HA NCs were formulated.
The lower charge of NCs produced by self-emulsification could be

a result of higher non-ionic surfactant content.
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Figure 2-8 Change in charge of nanoemulsions (system A and B) with the
addition of cationic surfactant (CTAB) and subsequent polymer coating (HA or
PGA). The amount of CTAB used was 0.25 mg. The amounts of polymers were
2 mg/mL, while the oil aqueous phase ratio was 1:8 and the final volume of 1.5
mL was used. Mean values (n=3) are shown, error bars represent standard

deviation of the mean, where n is number of independent trials.

It should also be noted that the ZP values were also influenced by
the amount of non-ionic surfactants (the higher the amount, the
lower the ZP and the smaller the size) and by the type of polymer
coating. The use of PGA led to the formation of NCs with lower ZP
values (-10 mV), as compared to those obtained for HA (-20 mV).
This may be due to the higher number of carboxylic and hydroxyl
groups in the HA molecule (Figure 2-2) which contributes to

negative charge compared to PGA.

Based on the collected information, the NCs selected for
subsequent experiments are those, whose characteristics are

shown in Table 2-5.
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Table 2-5 Characterisation of final systems that are going to be used in future
experiments. The compositions of NCs are the ones highlighted in orange from
Table 2-4.

Sample name Size (nm) PDI ZP (mV)

HA 80 nm NCs | 79 £ 6 0.2 -19+1
PGA 80 nm NCs 79 5 0.2 -10+ 1

HA 40 nm NCs | 40 = 2 0.2 -9+1
PGA 40 nm NCs | 34 = 2 0.1 -4 +1

From now on the abbreviated name of the formulations will be:

HA 80 nm NCs Hyaluronic acid coated NCs in size of 80 nm

PGA 80 nm NCs | Poly-L-glutamic acid coated NCs in size of 80 nm

HA 40 nm NCs | Hyaluronic acid coated NCs in size of 40 nm

PGA 40 nm NCs | Poly-L-glutamic acid coated NCs in size of 40 nm

2.2.2.1 TEM characterisation of polymeric NCs

Samples for TEM imaging were prepared as described in 2.1.4.3.
Sample preparation is very important step since, during drying or
under the vacuum of an electron microscope, shrinkage or
rearrangement of the sample can happen. In the case of NCs,
there is an oil phase dispersed in an aqueous phase and during
the drying process, the elimination of water might lead to the
destabilisation of the system. To avoid that process, in this study
the fixation of the samples was done in cryogenic conditions. In
Figure 2-9 HA NCs in size of 40 and 80 nm are prepared and
imaged on the day of preparation using cryo-TEM. These TEM
images confirm regular, spherical structure of nanocapsules

showing as well a fairly uniform size distribution.
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Figure 2-9 TEM images of A) HA 40 nm and B) HA 80 nm NCs imaged under

cryo conditions. Scale bars are 200 nm.

When compared with DLS measurement it can be confirmed that
both NCs systems are <100 nm in size. There is a difference in
size between samples in image A as compared to the image B (A
is ~ half the size of B). This is in line with DLS measurement,
although it seems that TEM images show even smaller size of NCs.
This may be due to fundamental principles of the techniques
used?4. In order for average size obtained by DLS to be
comparable with other techniques sample has to be monomodal
(i.e. only one peak), spherical, monodisperse (i.e. very narrow
width of distribution) and diluted in a suitable dispersant.
Additionally, during DLS measurements, the sample is in a
hydrated state and the size obtained includes any molecules that
are associated with nanocaspules. These can be either molecules
of solvent or surfactant or polymer which will appear larger by
DLS, while they might not be detected by TEM due to poor
contrast. On the other hand, the difference might be in part
because of oil droplets shrinkage upon freezing, during sample
preparation for TEM, which together with limitations as described
above of the DLS technique could serve as an explanation for this

slight difference in size between these two techniques214:.215,
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2.2.3 Encapsulation of anticancer drugs and purification of

NCs

The selected compositions of NCs were loaded with DCX or GEM
C14 according to the method described in 2.1.3.4. Although GEM
is a first line drug treatment for advanced pancreatic cancer, it has
a short half life and its uptake relies on the presence of human
nucleoside transporters (hNT) (see chapter 1.6.1 section).
Therefore, GEM was modified by conjugation of a myristic acid
chain on the N* position on the pyrimidine ring to give N4-
myristoyl gemcitabine. Myristic chain brings, both, possible
protection of the drug from deamination and introduces
hydrophobicity to the drug which is needed for its incorporation

into the oil phase of NCs.

The physicochemical characteristics of the loaded NCs and the
encapsulation efficiency values are shown in Table 2-6. The
encapsulation efficiency values were calculated as described in
2.1.4.2. For the determination of this parameter NCs were isolated

as described below.

Prior to the determination of the drug loading and in order to
minimise the amount of surfactants in the NCs suspension, it was
important to establish an adequate isolation procedure. So far, the
most common methods used for the separation of colloids have
been ultra-centrifugation, size exclusion chromatography (SEC)
membrane filtration?1®. The ultra-centrifugation technique is
based on the fact that particles of different sizes move with
different velocities making particles separate according to a
density gradient. Unfortunately, in the case of ultra-small low
density particles, as it is the case of the NCs, the quality of

separation is poor. Hence, as described in 2.1.4.2. size exclusion
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chromatography (SEC) was elected as a method for the

purification of the NCs.

For the visual representation of NCs’ separation through the SEC
column, a very lipophilic dye Sudan III is incorporated in HA 80
nm NCs. Subsequently elutions of 200 ul with water were run
through the column and collected in eppendorfs. An image of
elutions collected through SEC column can be found in Appendix
2. Between elutions 2 and 10, gradient of pink colour is present
showing where the NCs formulation is eluted. In other elutions
colour is fading away or is absent. This observation is in line with
size measurement data presented in Figure 2-10. Elutions with the
pink colour that are collected from SEC column also show the size
of desired formulation (~ 80 nm and PDI of 0.2)

2009
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Figure 2-10 Physico-chemical characteristics of elutions after HA 80 nm NCs
loaded with a lipophilic dye is run through the SEC column. Mean values (n=3)
are shown, error bars represent standard deviation of the mean, where n is

number of independent trials.

An additional parameter that was considered for the identification

of the NCs-containing sample was attenuation from the DLS
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measurement which is the parameter related to the particle
concentration in the sample. Its normal value for these polymeric
NCs is between 6 and 7. In order not to dilute isolated formulation
too much, elutions with attenuation above 7 were discarded. The
final isolated formulation was collected between 0.4 and 2 mL, as

shown in pink in Figure 2-10.

Finally, Table 2-6 shows characteristics of loaded NCs. A slight
increase in size of the NCs, due to the loading of the drug into
their core, is noted. The surface charge and polydispersity index
remained the same as in the case of the non-loaded NCs. Overall,
the encapsulation efficiency values for both, for DCX and GEM
C14, were around 90% for an initial drug loading of 0.1% (w/w).
An increase in initial theoretical loading of GEM C14 into the oil did
not result in any significant increase in the final drug loading. This
could be due to the limited solubility of the drug in the oil.
Therefore, it was concluded that the saturation of the oily phase
was achieved with the original amount.

Table 2-6 Physico-chemical characteristics of NCs loaded with either DCX or
GEM C14. HA 80, HA 40, PGA 80 and PGA 40 nm NCs loaded with DCX or GEM

Ci14 (0.1% w/w). Mean values (n=3) are shown, error bars represent standard

deviation of the mean, where n is number of independent trials.

System Drug Size (nm) PDI ZP (mV) EE (%)
HA 80 nm DCX 71 £5 0.2 21 +£1 96 £ 2
PGA 80 nm DCX 61 £2 0.2 -8+1 93 £ 3

HA 40 nm DCX 39+£1 0.2 -18 £ 1 89 £+ 15
PGA 40 m DCX 32+ 4 0.2 -8+£2 94 + 4
HA 80 nm GEM C14 80 x£7 0.2 -19+5 95 £ 8
PGA 80 nm GEM C14 78 £ 2 0.2 -3+1 90 £ 5
HA 40 nm GEM C14 46 £ 3 0.2 -23 2 92 7
PGA 40 m GEM C14 36 3 0.2 -3+2 90 x5

79



It should now be considered as to whether this drug loading is
sufficient for intratumoural delivery. The best example to
benchmark our data against is that of Lee et al., where a polymeric
film designed for treatment of gastrointestinal cancer contained
150 pg of GEM per implant and showed appropriate loading as it
induced complete regression of CT-26 colon carcinoma s.c. model
in mice?!’, With a drug loading of 0.1% (w/w) or 100 pg/mL of
drug we can achieve only 10 ug per tumour (max volume that can
be injected is typically 100 pl). Hence, NC drug loading should
probably be increased in order to optimise the formulation for

future in vivo experiments.

2.2.4 Stability of the NCs upon storage, in PBS and in cell

culture medium

Stability of the NCs upon storage

From an industrial and translational perspective, it is important to
obtain systems that are stabile upon storage. Also, from the
physiological perspective, it was important to investigate the
stability of the NCs in PBS, pH=7.4 and in the cell culture medium
RPMI, as described in section 2.1.4.5. GEM C14 drug loaded NCs
were used for this experiment without separation of free drug by
SEC.

In Figures 2-11 and 2-12, the physico-chemical stability of the NCs

under storage conditions at either RT or 8 °C is presented.
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Figure 2-11 Stability of NCs upon the storage at room temperature and its
influence on size of NCs. HA 80, HA 40, PGA 80 and PGA 40 nm NCs were stored
in a cupboard at RT and size was evaluated weekly. Mean values (n=3) are
shown, error bars represent standard deviation of the mean, where n is number

of independent trials.
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Figure 2-12 Stability of NCs upon storage in fridge at temperature of 8 °C and
its influence on size of NCs. HA 80, HA 40, PGA 80 and PGA 40 nm NCs were
stored in the fridge and size was evaluated weekly. Mean values (n=3) are
shown, error bars represent standard deviation of the mean, where n is number

of independent trials.

In the stability study, no aggregation or precipitation of
nanoparticles was observed during storage for up to 1 month. This
good colloidal stability profile, which could be attributed to the

electrostatic repulsion between the negatively charged
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nanocapsules is in line with the stability data reported for other
polymeric based NCs174.218-220  Additionally, changes in particle
size of the nanoparticles throughout the entire course of the study
were minimal. In Figure 2-13 a comparison of the size of NCs after
4 weeks storage in the fridge or at RT is shown. Formulations with
HA exhibited an increase in size of <10 nm, while PGA NCs,
independent on size, show increases in size of 10 to 30 nm after
4 weeks storage in the fridge or at RT. It is important to note that
PGA formulations showed significant (1 way ANOVA, p<0.05)
increase in size after 4 weeks storage in fridge for PGA 80 nm NCs
and at RT for both PGA 40 and 80 nm NCs. As explained in section
2.2.2., the reason for this could be the lower negative charge of
the PGA NCs. When sedimentation, aggregation and flocculation
are not present in the system, increase in size in nanoemulsions
is explained as a consequence of coalescence and/or Oswald
ripening. Coalescence is process in which two droplets merge into
a larger one because of film thinning between them. Whilst,
Ostwald ripening is caused by the diffusion of molecules of the
dispersed phase through the continuous medium. In this case, not
only drug is moving but small drops that have large area per
volume, they lose material, disappear and bigger drops grow in
size. The driving force for this process is concentration gradient of
the solute molecules between smaller and bigger droplets (solute
describes material contained within the droplets i.e. the dispersed
phase of an emulsion)4%221,  Since PGA coated NCs exhibited a
bigger increase in size it can be speculated that lower polymer
coverage (assessed by ZP) led to weak repulsive forces between
PGA NCs compared to HA NCs system. This resulted into film
thinning and NCs coalescence. Both mechanisms (coalescence
and/or Ostwald ripening) lead to an increase in average size and
measuring size in a time dependence manner cannot distinguish

between these two mechanisms of destabilisation.
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Figure 2-13 Influence of the storage conditions (room or fridge temperature)
on the size of NCs after 4 weeks. Size of HA 80, HA 40, PGA 80 and PGA 40 nm
NCs was assessed after storage in a cupboard at RT or in the fridge at 8 °C.
Mean values (n=3) are shown, error bars represent standard deviation of the
mean, where n is number of independent trials. 1 way ANOVA Dunnett’s
multiple comparison test, size of NCs after 4w storage compared with initial size
at day 0. *(p<0.05).

2.2.5 Stability of the NCs in PBS and in cell culture medium

A critical aspect for the physiological relevance of the formulations
is their stability in bio-relevant media. In fact, it is known that
stability in biological media is the barrier in the development of

many nanoformulations??2. Therefore, the stability of NCs in PBS
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and RPMI medium supplemented with 10% of foetal bovine serum

was investigated.
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Figure 2-14 Physico-chemical characteristics (size and PDI) of HA 80 and HA 40
nm NCs after incubation with PBS and RPMI medium. Measurements were
performed on the day of the incubation at RT. Mean values (n=3) are shown,
error bars represent standard deviation of the mean, where n is number of

independent trials.

As can be seen in Figure 2-14, the size and polydispersity index of
HA 80 and HA 40 nm NCs did not change significantly (p>0.05 for
both NCs formulations, paired t-test) after incubation in PBS.
Although not significant, a slight increase in the PDI value was
observed upon incubation of the NCs in RPMI medium. This could
be due to higher salt content (2x potassium ions) in the RPMI
medium and is more likely due to the potential interaction of the
proteins, from RPMI and FBS serum, with the NCs. Presence of
polymers and other molecules on the surface of particles is well

known approach for establishing electrostatic and steric
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stabilisation to NCs222-224, Besides the polymer coating, the effect
of PEG groups in terms of preventing the steric repulsion of
proteins and the consequences in the biodistribution of
nanocarriers is well known. For instance, in a recent study by
Matteis et al. it was shown that the stability of NCs in biological
media was dependent on polymer coating. When chitosan NCs
were PEG grafted, the size of NCs in biological media remained the
same, while for NCs coated only with chitosan an increase in size
from 100 to 400 nm was observed. In NCs explored in this
chapter, presence of Kolliphor® HS 15 - surfactant with hydrophilic
PEG chains part (polyglycol mono- and di-esters of 12-
hydroxystearic acid) probably together with the polymeric shell
contributes to the NCs stability in the medium. Given that there is
no change in mean size, NCs appear appropriately stable for intra-

tumoural injection in vivo.

2.2.6 In vitro release of GEM C14 from NCs

In vitro drug release assay represents a key study in drug
development and the release profile can serve as a quality control
parameter to differentiate between various formulations. Souza et
al. reviewed methods used for the in vitro release assessment
from nanosized formulation??>. Three most commonly used
methods are sample and separate (SS), use of dialysis
membranes (DM) and continuous flow (CF) or combinations of
these. In theory, the selection of appropriate release method
should consider the one that mimics in vivo conditions the best.
In this review, the authors stress the importance of the
composition of the medium and temperature used, and suggest
the use of physiological parameters (pH=7.4, 37 °C). However,
correlation between in vitro and in vivo data cannot be easily

established. Some of the differences between the in vivo and in
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vitro release conditions are related to presence of enzymes,
proteins and cells in addition to the shear forces due to the blood
circulation and/or a consequence of the low volumes used in the

in vitro studies?22°,

In theory, in vitro studies should be designed as close as possible
to simulate in vivo conditions. However, in practical terms this is
not feasible due to analytical reasons. In any case, in an attempt
to obtain information that could be useful in the design of
nanocarriers, researchers have followed different experimental
conditions, some of which are indicated in Table 2-7. Polymeric
NCs in combination with gel and systems containing GEM are of
higher interest because of the relevance to this project. Since the
lipophilic derivative of gemcitabine is used in our experiments
other systems that show release of hydrophobic drugs are also of
interest. It can be seen that for the most of the formulations,
independent of route of administration or type of nanomaterial,
PBS (pH=7.4) is used as a release medium. Sometimes for
compounds with low solubility in water, small amounts of
surfactants or solvents are added to maintain sink conditions. As
for the method of release, SS and DM are mainly used. Volume of
release medium used differs between methods of release. While
for DM higher volumes are reported, in SS method ratio of

formulation to medium is rarely above 1:5.
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Table 2-7 Conditions of in vitro drug release evaluation from nanocarriers that are described in the literature. Abbreviations: PTX - paclitaxel;
ACSF - artificial cerebrospinal fluid; BSA - Bovine Serum Albumin; OR - oil red; DW - deionised water; SC - subcutaneous; *several
formulations variations were tested; i.c. — intracavitary; DOX - doxorubicin; DCX - docetaxel; n.a.- in some papers the ratio of formulation

to release medium is not provided.

Type of Drug Method of Release medium Formulation to % Released Route of Ref.
nanosystem release medium ratio (time) Administration
NPs | GEM C14 SS PBS, 7.4 2mg + 3 mL 50% (24 h) i.v. 227
Micelles | PTX DM PBS, 7.4 + 10% n.a. 55% (192 h) - 228
PEG 400
Liposomes* | GEM DM PBS, 7.4 1 mL+ 50 mL 10-90% (24h) - 229
NCs | DCX SS PBS, 7 sink cond. ~35% (24 h) sC. 174
NCs DCX SS PBS, 5 sink cond. 50% (8 h) - 230
NPs | GEM SS PBS, 7.4 2mg+ 1 mL ~70% (30 d) n.a. 231
NPs | GEM DM PBS, 6.4 5mL+ 100 mL ~40% (24 h) i.c. 115
Gel-NPs ~20% (24 h)
NCs | Curcumin DM W/P80/EtOH 1mL+200mL 35% (72 h) i.p. 220
(80:2:20 v/v)
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Type of | Drug Method of Release medium Formulation to % Released Route of Ref.
nanosystem release medium ratio (time) Administration
NPs DOX SS PBS, 4 n.a. 5% (48 h) - 165
NCs | plitidepsin SS PBS, 7.4 sink cond. 80% (1 h) i.v. 169
LMWO gel | Pyrazineamide SS W/+ p- toluene 1:1 50% (24 h) - 232
sulfonic acid. 60% (24h)
LMWO gel | Niclosamide SS W Xerogel + 150 ~50% (48 h) - 233
mL
LMWO gel | 1. ibuprofen DM+CF 1. PBS, 7.4 Sink 1. 50% (24 h) skin 234
2.indomethacin 2. EtOH 2. 20% (24 h)
Hydrogel | GEM C12 SS ACSF, 7.35 200 pl +300 pl 57% (48 h) i.t. 235
Gel-NPs | BSA SS DW 200 yl + 1.5 mL  ~40% (48 h)  sc. 111
OR ~10% (48 h)
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2.2.6.1 Release of GEM C14 from HA NCs

A 0.5 mL of NCs sample containing approximately 100 ug/mL GEM
C14 was incubated with 37.5 mL of PBS (7.4). GEM C14 is a poorly
water soluble drug and high medium volumes are needed in order to
ensure sink conditions. The buffer volumes used were higher than

reported for lipophilic derivatives (Table 2-7 ref. 227.235),

In Figure 2-15 release of GEM C14 from HA 40 and HA 80 nm NCs is
shown. Initially there was burst release of 20% of the drug which is
usually attributed to the release of the drug that is adsorbed on the
surface of NCs. The presence of non-ionic surfactants which tend to
migrate to the oil water interface can solubilise some drug and is the
possible reason for burst release?36, After the initial burst release,
slow release of GEM C14 from the NC was reached over 1 month
with 63 + 8 and 66 = 10 % released from HA 40 and HA 80 nm NCs
respectively. This observation is a result of low solubility of GEM C14

in the aqueous phase.

Nanoparticle size can influence the drug dissolution rate due to
different surface areas as previously reported?3’. However, the drug
release plots of 40 and 80 nm NCs are almost overlapping with minor
differences in percentage of drug released. Lamprecht et al. showed
that lipid NCs of various diameters (25-100 nm) exhibit only slight
differences in release where these smaller particles release lipophilic
drug amiodarone only slightly slower than bigger ones?38. They
attributed this behaviour to packing density of the surfactant
molecules, which hinder the diffusion of the drug from the interface
and thus delay the release. Considering that NCs presented in this
thesis have higher amount of surfactant than oil and that difference
is greater for smaller NCs, the increased compactness of surfactant

at the interface of the smaller particles can hinder release from
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smaller NCs to the same extent as the larger NCs, even with a larger

surface area available for diffusion.
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Figure 2-15 Release of GEM C14 from HA 80 and HA 40 NCs with drug loading of
0.1%. Volume of NCs formulation used was 0.5 mL with 37.5 mL of PBS (pH=7.4).
Experiments were performed at 37 °C. Mean values (n=3) are shown, error bars
represent standard deviation of the mean, where n is number of independent

trials.

Kinetics of the release were fitted with to Ritger-Peppas model.

Diffusional release is described with following equation:

M,
_—= )(n
M. KXt

Where M presents mass of the drug released at time t, M« is the
mass of the drug that formulation contained initially, hence Mt/Mw
presents the fraction of drug released at time t, K is the constant of
the release rate. An indicator of the mechanism of drug release is
diffusion coefficient, n, which for spherical carriers if n<0.43
indicates Fickian diffusion. If 0.43<n<0.85 is a characteristic of a
non- Fickian transport and n=0.85, a zero order drug release
mechanism is prevalent??°. The approximation is valid for the first

60% total released drug?3°:240,
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Figure 2-16 Fitting the release data indicating that GEM C14 is released from NCs

by Fickian diffusion. Mean values (n=3) are shown, error bars represent standard

deviation of the mean, where n is number of independent trials.

Table 2-8 Release exponent (n) and correlation coefficient (R) by fitting the GEM
C14 release profiles for HA 40 and HA 80 nm NCs.

HA 40 nm NCs HA 80 nm NCs
n | 0.2492 + 0.0327 0.2344 + 0.02116
R? 0.9508 0.9761

The release data was highly correlated to the Ritger-Peppas model
(> 0.95). Diffusion exponent values obtained by fitting the release
data of GEM C14 are 0.25 and 0.23 for HA 40 and HA 80 nm NCs

respectively. When n<0.43, release is governed by Fickian diffusion.

Antonov et al. used this model for release of desonidine
(corticosteroid) from polymeric NCs. Depending on method of
release used i.e. dialysis bag or Franz diffusion cell they report non-
Fickian (anomalous) with n=0.47 *= 0.03 and Fickian release,
respectively?41, Similarly, Jager et al. used this model for release of
indomethacin from NCs. However, they obtained a non-Fickian
(n=0.5-0.7) release mechanism. These NCs had a substantially
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larger size range (250 - 390 nm) which also did not result in
differences in the drug releases mechanism?42, Indeed, the release
profile and the mechanism is not only influenced by the type of the
NCs and their size but also by the drug release method used, making

it difficult to compare the systems.
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2.3 Summary

Developed here are new small polymeric NCs with a size of
approximately 40 nm with potential applications in cancer drug
delivery. These nanocapsules are composed of an oily core and a
polymeric shell consisting of HA or PGA. The optimisation of the NC
formulation gave the ability to tune the size of the NCs from 30 to
150 nm with different surface charges depending on the nature of
the polymeric coating and showed the importance of the oil and

surfactant selection in achieving the small size.

The two structurally diverse anti-cancer drugs selected in this study
were docetaxel, a hydrophobic drug, and a prodrug of gemcitabine
modified at the N4 position on the pyrimidine ring with a myristic acid
chain (GEM C14). Both were incorporated with high encapsulation
efficiency into the polymeric NCs without changing their physico-
chemical characteristics. Functionalisation on the pyrimidine ring of
gemcitabine introduces the hydrophobicity required to solubilise the
drug within the hydrophobic core and achieve high encapsulation
efficiency (90%). Solubility of GEM C14 in oil phase, without using
any solvents, allowed a final loading of 0.1 % which corresponded to
100 pg of GEM C14 per mL of HA 80 nm NCs. Additionally, GEM C14

exhibited slow release from the NCs over 1 month.

Importantly, these systems are produced using very mild, solvent
free technique with low environmental impact, and that is suitable

for industrial use.

These small NCs were stable in simulated biological conditions in
different media and showed a good stability upon storage. Hence,
they were further investigated for their ability to inhibit cancer
growth in in vitro and were then co-formulated in association with a
hydrogel. This work will be presented in Chapters 3 and 4

respectively.
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3 In vitro activity of drug loaded nanocapsules in

cancer cells

Nanocarriers have the ultimate goal to deliver a cytotoxic drug to the
site of the disease and minimise toxicity elsewhere in the body. Many
nanocarriers successfully deliver drug to the tumour and elicit

antitumour activity greater than the drug alone (see section 1.3.7).

Since the NCs formulation reported in this thesis are loaded with
GEM, pancreatic carcinoma cell lines were selected as the focus for
these in vitro studies. Apart from that, use of HA and PGA polymer
coatings of NCs could be beneficial as nanoparticles coated with
various polymers are used to target tumours that express specific
receptors. For example, overexpression of CD44 receptors on
pancreatic cancer cell lines has been widely reported?43-24>,
Furthermore, pancreatic cancer cells acquire GEM resistance after a
few cycles of administration. Hong et al. investigated possible
mechanisms involved and suggested that CD44 positive cells might
be responsible for GEM resistance?43. They carried out experiments
for markers present on cancer stem cells and concluded that CD44
was significantly more highly expressed in GEM resistant cells, while
other two markers were unchanged or decreased. Indeed, CD44 is a
receptor for HA. Therefore, using a HA polymer coating on the
nanocapsules could be a means of targeting to CD44 positive cells
and overcoming drug resistance. Similarly, Dalla, E. et al. designed
GEM prodrug-loaded liposomes coated with HA which showed
increased uptake in MIA PaCa-2 cell line that highly expressed CD44
receptors while the cells that did not express CD44 receptors (VIT 1)
showed similar uptake to non-coated liposomes and free drug?#6. In
addition, it has been reported that the molecular weight of HA

influences its binding affinity towards CD44 receptors. More
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precisely, it has been suggested that the HA chain should be
composed of at least 6 sugar units for an efficient occupation of HA
binding site on CD4424’ and that the affinity increases for higher

molecular weight HA248,

Another natural and biodegradable polymer, PGA, that was used in
the preparation of NCs, has previously shown potential in
overcoming the barriers that malignant disease brings?4°:2°9, In
recently published work of Liu et al. improved in vivo efficacy of
combretastatin in conjugation with PGA is demonstrated?°!. Actually,
tested in a murine colon C26 tumour, PGA conjugate of
combretastatin, resulted in significantly higher tumour suppression
rate of 74% compared to 24% tumour suppression rate
demonstrated by the combretastatin alone. Another PGA
nanocarrier, micelles, showed excellent progress in an in vivo
treatment of pancreatic tumours in mice. Indeed, pegylated PGA
micelles loaded with oxaliplatin restricted tumour growth, reduced
metastasis and immensely extended overall survival of 80%, after
100 days of treatment with micelles formulation. Only 20% of overall
survival was reported for the group treated with oxaliplatin only.
Additionally, the penetration and retention within the tumour,
authors attributed to the PEG shield and very small size of
nanoparticles (30 nm)2°2. The targeting properties of PGA-
nanocarriers can further be enhanced by attaching other targeting
moieties such as antibodies. Docetaxel was encapsulated in a
chitosan-PGA matrix to which anti EGFR antibody was conjugated
and tested in two colorectal cell lines: HT-29 cells that express EGFR
and IEC-6 cells that do not express EGFR. A two-fold increase in
cellular uptake was shown in HT-29 cell line in vitro. In vivo, there
was no significant difference in biodistribution when the carrier was
conjugated to the antibody, while cetuximab docetaxel particles had

better elimination time compared to non-coated particles?>3.
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Xu and co-workers loaded PGA -doxorubicin conjugate (PGA-Dox)
into non-porous silicon particles which demonstrated slow release of
pDox and subsequent internalisation by breast cancer cells (MDA-
MB-231) in vitro. In an in vivo murine model, Dox was cleared
quickly regardless of the formulation (Dox; PGA-Dox, silica-pDox),
while toxicity-wise PGA-Dox and silica formulation did not cause high
accumulation in the heart, Dox alone led to severe cardiac damage
in mice. Additional tests showed that silica PGA-Dox nanoparticles
are able to overcome MDR with specific distribution ability to

tumours which have metastasised to lung and liver23#,

It can be concluded that nanocarriers coated with HA or PGA show
targeting activity towards pancreatic and colon cancer cell lines,
therefore GEM C14 loaded HA or PGA NCs were tested in colorectal
(HCT 116) and pancreatic (MIA PaCa-2 and Panc-1) carcinoma cell
lines. Ability of NCs to overcome drug resistance was tested on GEM
resistant Panc-1 cell line and importance of overcoming drug

resistance in cancer is further discussed below.
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3.1 Material and methods

GEM C14-loaded NCs as reported in Chapter 2 were assessed for in
vitro activity on cancer cell lines. Eight formulations (HA 80, HA 40,
PGA 80 and PGA 40 nm NCs blank or loaded with GEM C14) were tested
and compared with GEM C14 and GEM hydrochloride (GEM-HCI).

NCs were prepared as per 2.1. The initial concentration of GEM C14 in

NCs was approximately 25 pM. Blank NCs did not contain drug.

GEM C14 was obtained as explained in 2.1.2. and GEM hydrochloride
(GEM-HCI) was purchased from Sigma.

Reagents:

Cell culture medium-RPMI 1640, phosphate buffer serum (PBS), foetal
bovine serum (FBS, F7524); trypsin; 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide - MTT and methylene blue were
purchased from Sigma and solvents DMSO and methanol were
purchased from commercial suppliers and used without further

purification.

3.1.1 Cell lines used:

Colorectal cancer cell line:

e HCT 116

e Vincristine (VC)-resistant colorectal cancer cell line: HCT 116 VR

Pancreatic cancer cell lines:
e MiaPaCa-2

e Panc-1
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e GEM-resistant Panc-1

Human carcinoma cell lines (HCT 116, MIA Paca-2 and Panc-1)
were all sourced from the American Type Culture Collection (ATCC)

and GEM-resistant Panc-1 was donated by Lodewijk Dekker.

General cell culture:

Cells were serially sub-cultured in 25 cm? tissue culture flasks (Costar)
incubated at 37 °C in a humidified atmosphere of 95% air and 5% CO..
Cells were grown in RPMI 1640 medium supplemented with 10% v/v
FBS. Once cells had reached approximately 70% confluence they were
sub-cultured. Medium was aspirated and 1 mL trypsin-EDTA added to
detach cells. Cells were re-suspended in 5 mL fresh medium, and 0.5
to 1 mL transferred to a new flask containing 7 mL fresh, complete
medium. Cultures at approximately 70% confluence were used for the

experiments.

**It was ensured that cells are mycoplasma-free using Alonzo test.
Additionally, bulked up stocks of cells were preserved in liquid nitrogen
in 1 mL aliquots stored in cryovials. This was all done in order to ensure

minimal genotypic/phenotypic drift.

3.1.2 Assays:

3.1.2.1 Growth inhibition assay:

The MTT assay was used for mitochondrial activity evaluation, a
surrogate marker for viable cell number. Briefly, cells were seeded into
96-well plates at a density of 3x103 cells/well in 180 ul of culture
medium. An extra plate was prepared containing cells from each cell

line in order to carry out an MTT assay at the time the cells were
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treated. This allows the initial optical density (OD) to be determined.
After 24 h, cells were treated with drug alone (GEM C14), blank NCs
and GEM C14 loaded NCs starting with GEM concentration from 25 uM
followed by serial dilutions where each one was 10 times lower than
previous. Four wells were used for each condition. Control cells were
treated just with medium. Following 72 h incubation time, 50 pl of 2
mg/mL MTT solution were added to each well. Cells were incubated for
a further 2.5 h to allow formazan production. The aqueous medium was
then aspirated and the formazan product solubilised in DMSO (150
pl/well). Absorbance at 570 nm (optical density - ODs70) was read using
an EnVision 2104 Multilabel Reader.

Data Analysis

Estimated concentrations of each test agent were calculated that could
inhibit cell proliferation by 50% (GIso). The ODs7o value for the GIsp was

calculated using the following formula:

Control ODs5q — Initial ODs .
0D570 at GISO =5 2 + Initial 0D570

where Control ODs7o represents the absorbance of non treated cells in
the end of the treatment and Initial ODs70 stands for absorbance of
untreated cell at the time when cells were initially treated. The
concentrations at which cell growth is inhibited by 50% (GIsq) were
calculated from the dose-response curves estimated by linear
interpolation between two closest values after taking into account the
initial optical density acquired at the time of treatment. MTT assays
were carried out on three separate occasions with at least three repeats

and mean GIso values were calculated.
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3.1.2.2 Colony formation assay

The clonogenic cell survival assay was used in order to evaluate the
ability of colorectal and pancreatic cancer cells to produce colonies after
brief treatment with GEM, GEM C14 and blank and GEM C14 containing
NC systems. Briefly, cells were seeded at low concentrations (300-
400/well) in 6-well plates and cultured for 24 hours. Cells were exposed
to free GEM, GEM C14 GEM C14 NCs in concentration of 10, 100 and
500 nM and blank NCs for 24 hours. The gemcitabine-containing culture
medium was replaced by a drug-free medium. Surviving cells were
incubated at 37 °C for 7 and 14 days for HCT 116 and MIA PaCa-2 cells
respectively, to allow formation of colonies. When colonies in control
wells contained > 50 cells colonies were fixed, stained and counted.
Colonies were fixed in 100% MeOH for 10 min, followed by staining with
0.05% methylene blue in 1:1 d.H20:MeOH forl 10 min. Methylene blue

was rinsed with tap water, colonies were air-dried and counted.

Plating efficiency represents the percentage of colonies formed in
control wells, compared to the number of cells seeded. This parameter
varied between 40 and 60% for both HCT 116 and MIA PaCa-2 cell line.

After colonies were counted, ICso values were calculated. ICso value
represents the concentration where the number of colonies in treated
wells is reduced to 50% compared to control. First, the number of
colonies was expressed as a fraction of control and then ICsqg was
calculated from dose response parameters by interpolation between 2
closest values. At least three independent survival experiments with
one repeat were performed for each cell line. Groups were compared

with one-way analysis of variance where groups were greater than two.
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Results and disussion

3.2 Effect of NCs on cancer cell lines

Two human tumour cell lines: colon - HCT 116 and pancreatic -
MiaPaCa-2, were used to assess the in vitro activity of NCs. All four NC
systems whose formulations are presented in Chapter 2 (HA 80; HA 40;
PGA 80 and PGA 40) were tested blank or loaded with GEM C14 and
compared with activity of GEM C14 prodrug and GEM-HCI. Growth
inhibition and colony formation of cancer cells after the treatment with

NCs has been assessed.

3.2.1 Growth inhibition of HCT 116 and MiaPaCa-2

Human colorectal and pancreatic carcinoma cells were exposed to serial
dilutions of NCs (blank or loaded with the drug) and to drug alone for
72 h. Subsequently, MTT assay as described in 3.1.2.1. was carried out
to assess cell viability. Examples of dose-response curves are shown in

Figure 3-1.

It can be seen that the HCT 116 cell line is sensitive to all tested
formulations with concentration-dependent profiles. However, a
difference between the cytotoxicity profiles for blank, loaded NCs and
the free drug could be observed. While blank NCs evoke sensitivity only
at the two highest concentrations, loaded NCs as well as free drugs

show higher potency against cancer cells.

Similar growth inhibitory profiles are noted for the MiaPaca-2 cell line
(Figure 3-1B). Nevertheless, it should be noted that the growth curve
of HA 80 nm NCs loaded with GEM C14 is almost overlapping with the
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growth inhibitory curve of drug alone (GEM C14), showing that these

two systems have similar activity in MiaPaCa-2 cells.

Growth curves of all blank NCs were very similar, with no significant
difference between the profiles of NCs which are coated with the
different polymers. Additionally, the reduction in size of NCs from 80 to
40 nm did not bring any different effects on either cancer cell line. GEM
Cl4-loaded NCs also exhibit similar profiles independent of polymer
coating or size of NCs. These individual growth curves are available in
Appendix 3. In work of Elbaz et al. similar effects were reported.
Doxorubicin (DOX) Ag-NPs were coated with 3 different polymers. Use
of polyvinyl alcohol (PVA), polyethylene glycol (PEG) or polyvinyl
pyrrolidone (PVP) as a polymer coating of DOX-Ag-NPs did not cause
any significant difference on the percentage of viable breast cancer
(MCF-7) cells?11,

103



HCT 116 % HA 80 blank
4+ HA 80 nm GEM C14

< GEM C14
-t- GEM-HCI

' — TO

OD at570 nm

Concentration (nM)

MIA PaCa-2

- HA 80 nm blank
=+ HA 80 nm GEM C14
- GEM C14

-t- GEM-HCI

OD at570 nm
=)

Concentration (nM)

Figure 3-1 Example dose-response curves generated from 72 h MTT assay data for
(top) HCT 116 and (bottom) MiaPaCa-2 cells treated with HA 80 nm NCs (blank or
loaded with GEM C14), GEM C14 and GEM-HCI. Blank NCs do not contain drug and

are diluted in the same way as loaded NCs in order to match amount of NCs.
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In order to highlight differences between the systems investigated, Glso
values are presented in Table 3-1. Additionally, in Figures 3-2 and 3-3
statistical differences are illustrated.

Table 3-1 Mean GIso values (nM) * s.d. of tumour cell lines following 72 h treatment,

with all types of blank or GEM C14 loaded NCs and with GEM-HCI or modified GEM
alone, generated by MTT cell viability assay.

System/cell line HCT 116 MIA PaCa - 2
HA 80 nm GEMC14 | 15+ 6 10+9
PGA80Nm GEMC14 8 + 1 11+ 6
HA40nm GEMC14 8 + 3 14 £ 10
PGA40nm GEMC14 | 10 = 8 11 +£3
HA 80 nm blank | 1203 £ 460 250 + 43
PGA 80 nm blank | 702 + 234 374 £ 263
HA 40 nm blank | 820 + 413 439 + 250
PGA 40 nm blank | 596 + 173 254 + 132
GEMC14 |2+ 1 20+ 1
GEMHCI | 1 £1 64

GEM C14, GEM-HCI and all NCs loaded with GEM C14 evoke sub-pM
GIso values in both cancer cell lines, which can be interpreted as a very
good potency. The GIso values of all systems containing drug fall within
an order of magnitude of each other, demonstrating a narrow range.
On the other hand, the results showed a 10 to 100-fold difference in
cytotoxicity when blank NCs were compared to the drug-containing
NCs.
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Figure 3-2 Growth inhibition studies on all blank and loaded NCs compared to drugs
alone on HCT 116 cell line. One-way ANOVA Tukey's multiple comparisons test
*¥***(p<0.0001); ***(p<0.001);, **(p<0.01); *(p<0.05). Mean values (n=3) are
shown, error bars represent standard deviation of the mean, where n is number of

independent trials.

Groups from Table 3-1 were compared with one-way analysis of
variance with Tukey correction and after the treatment of HCT 116 cells,
no significant difference is noted among blank nor among loaded NCs
(data not shown). However, there is a significant difference between
loaded and blank NCs (p<0.05; Figure 3-2). These results imply that
the growth inhibition of colorectal cancer cells is mainly due to drug
activity. GlIsp values of GEM C14 and GEM-HCI were not significantly

different from GIso values of loaded NCs, but they were significantly
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different from blank NCs. Moreover, similar statistical analyses results

are obtained for the MiaPaCa-2 cell line (Figure 3-3).
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Figure 3-3 Growth inhibition studies on all blank and loaded NCs compared to drugs
alone on MiaPaCA-2 cell line. One-way ANOVA Tukey's multiple comparisons test
*¥***(p<0.0001); ***(p<0.001);, **(p<0.01); *(p<0.05). Mean values (n=3) are
shown, error bars represent standard deviation of the mean, where n is number of

independent trials.

Interestingly, GEM C14 and GEM-HCI showed similar growth inhibitory
profiles, indicating that modification of GEM on N-terminal did not
influence drug potency. On the other hand, this modification enabled
the encapsulation of GEM into the lipid core of NCs. In already
mentioned work of E. Dalla Pozza et al. it was also shown that
commercially available and modified (C12 chain) GEM have similar in

vitro effects on MiaPaCa-2 and VIT1 pancreatic cell lines. Additionally,
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their previous studies showed that modified GEM has a longer half-life
in plasma and higher in vitro toxicity compared to the free drug. In the
work of Yu. et al. the equivalent toxicity of C14 modified GEM to non-

modified GEM on BxPC-3 cell line was also reported??’.

Although not statistically significant, a slightly lower GIso value of GEM
Cl4-loaded NCs (10 to 14 nm) over the one of the GEM C14 free drug
(20 nm) was observed for MIA PaCa -2 cell line. The explanation could
the related to the different cellular uptake mechanisms of the free and
encapsulated drug. This was hypothesised by Bastianchic et al.,
investigating cytotoxicity of GEM-C12 prodrug loaded into lipid NCs on
glioma U 87 cancer cells. ICsg values of their GEM-C12-loaded NCs and
free GEM C12 prodrug were in micromolar region (0.18 and 0.56 uM
respectively)?3> which is higher than what we report for similar GEM
C14 prodrug although against different cancer cell line. Similarly, higher
activity of drug loaded into NCs compared to free drug was reported by
L.R. Jaidev et al. Indeed, GEM loaded into PLGA nanospheres gave 45%
and 54% lower ICso values than free drug when tested in vitro on
MiaPaCa-2 and ASPC-1 pancreatic cell lines. Interestingly, this effect
was not confirmed in PANC-1 cells, where the ICso value was 29%
higher for GEM-loaded nanospheres compared to free GEM. Their work
supports the thesis that nanospheres may use other uptake
mechanisms, such as endocytosis, which contributed to toxicity of the
polymeric nanospheres23!. Additionally, Yu et al. reported no significant
difference in toxicity between GEM, GEM C14 and albumin-GEM
nanoparticles, as a result of in vitro cytotoxicity assays on the BxPC-3
pancreatic cancer cell line. However, in an in vivo tumour model,
significantly slow tumour growth was monitored in albumin
nanoparticles treated mice compared to mice treated with GEM or GEM-

C14 alone??7,

108



Considering that GEM in its mechanism of action replaces one of the
building blocks of nucleic acids during DNA replication for which it has
to enter the cell, we can speculate from this data that GEM-C14-loaded
NCs can enter the cancer cells and deliver the drug into the cytosol,
from where the drug may diffuse into the nuclei. Further discussion on
the mechanism of internalisation is not possible without performing
additional assays. Assays that could elucidate this mechanism better
include tritiated thymidine incorporation assays which together with cell
counts can determine whether DNA is replicating; flow cytometry
assays to determine cell cycling; gamma-H2AX to determine DNA

double strand break damage.

Overall, it can be concluded that polymeric NCs managed to
successfully deliver the loaded GEM prodrug and lead to the expected

growth inhibitory effects on colorectal and pancreatic cancer cells.

3.3 Colony formation after the treatment with NCs

The ability of the cancer cells to form colonies after 24 h exposure to
NCs (blank or loaded) and the free drugs was assessed. The
experimental procedure for this test is described in 3.1.2.2. The
concentration of free drug or drug in NCs used in this experiment
ranged between 10 and 500 nM. These concentrations were derived
from GIso values obtained by MTT assay and this wide range was taken
so that GIso values of all formulations would be included in the
clonogenic assays. Although, it should be noted that while the number
of cells initially seeded in MTT assays was 103, for clonogenic assay only
300-400 cells were seeded prior to the treatment. However, the 2
assays examine different phenomena. The MTT assay was designed to

examine the ability of drug to inhibit growth / proliferation of cells
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undergoing continuous exposure to the drug. The principle of the
clonogenic cell survival assay is to determine the ability of a cell to
survive brief challenge (24 h) with the test agent and retain
proliferative capacity, thereby maintaining its reproductive ability to

form a colony, or re-populate a tumour.

3.3.1 The clonogenic cell survival of HCT 116 and MIA PaCa-2

cancer cells

The number of colonies formed (colony forming units — CFU) upon the
treatment of HCT 116 cells with all 4 types of blank NCs as well as their
paired GEM C14 loaded NCs are shown in figures 3-4 and 3-5. The
ability of cells to survive exposure and proliferate after treatment is
compared with control, untreated cells ‘capacity to form colonies un-
impeded by any test agent. Blank NCs do not contain drug and are
diluted in the same way as loaded NCs. Therefore, the x-axis in Figure
3-4 is labelled with equivalent concentration although there is no drug

present.
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Figure 3-4 Influence of NC concentration on number of colonies formed after the
treatment of HCT 116 cells with the blank NCs. Blank NCs do not contain drug but
they are diluted in the same way as loaded ones. 1 way ANOVA Dunnett’s multiple
comparison test, NCs compared with number of colonies in control *(p<0.05);
**(p<0.01).

It can be seen that blank NCs diluted in a way that they match the
amount of loaded NCs in concentration of 10 and 100 nM, negligibly
impact number of colonies formed. However, for 500 nM blank NCs
number of colonies is slightly reduced especially for the NCs with the
smaller size (HA 40 nm and PGA 40 nm) which were statistically

different from the control (p<0.05). Smaller NCs have lower oil and
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higher surfactant content than the larger ones. It is possible that
elevated surfactant concentration can influence the toxicity of the
system and cause the reduction in the number of colonies formed.
Oyarzun-Ampuero et al. also reported toxicity of blank NCs in the
presence of cationic surfactant (CTAB or benzalkonium chloride) at
higher concentrations!®2, They drew their conclusion from cell viability
data and not from a clonogenic assay. Nevertheless, as already
discussed, considering local delivery of anticancer drug to the tumour,
slight toxicity as a consequence of surfactant amount should not be

prohibitive for this application.

In the case of GEM C14-loaded NCs (Figure 3-5) 100 and 500 nM GEM
C14 concentrations caused significant reduction in the number of
colonies, while for 10 nM treatment the number of colonies remained

similar to the control (~150 colonies).

The effect of free drug (GEM C14 and GEM-HCI) on HCT 116 cell colony
formation is presented in Figure 3-6. After treatment with 100 and 500
nM of these drugs almost no colonies formed. The lowest concentration
(10 nM) of either GEM C14 or GEM-HCI decreased the number of

colonies at least 2-fold compared to the number of colonies in control.
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Figure 3-5 Influence of GEM C14 concentration on number of colonies formed after

the treatment of HCT 116 cells with the loaded NCs. Control presents number of

colonies for non-treated cells. 1 way ANOVA Dunnett’s multiple comparison test, NCs

compared with number of colonies in control. ***(p<0.001); **(p<0.01).
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Figure 3-6 Influence of GEM C14 versus GEM-HCI concentration on number of colonies
formed after the 24h treatment of HCT 116 cells with drug alone. 1 way ANOVA
Dunnett’s multiple comparison test, NCs compared with number of colonies in control.
*¥*k*(p<0.0001); ***(p<0.001).

The clonogenic cell survival assay was also performed in MIA PaCa-2
cells. Examination of the effect of blank NCs on the number of colonies
(Figure 3-7) revealed concentration-dependent decrease in colony
formation. The highest amount of blank NCs (500 nM) reduced the
number of colonies from 174+44 (control) to 50+39 (HA 80 blank).

As expected, an even greater reduction in the number of colonies was
detected when MIA PaCA-2 cells were briefly exposed to GEM C14-
loaded NCs, where the highest concentration of GEM C14 (500 nm)
reduced the number of colonies from 174+44 (control) to 1+1 (HA 80
nm) (see Figure 3-8). Neither polymer coating nor NC size confer
distinctions in survival among blank and loaded NCs. Free and
unmodified drug seem to cause similar effects as drug-loaded NCs
(Figure 3-9).

114



HA 80 nm blank HA 40 nm blank

2501 2507
200 1 2004
150 1 | 150 |
=} =
w w
1) *
1004 © 1004
50 | 50 **
T
0- T T 0- T T
N Q Q Q N o Q QS
Q&,\o > N @ Q\*o ~ N <
O o
O . . . .
Equivalent concentration (nM) © Equivalent concentration (nM)
PGA 80 nm blank PGA 40 nm blank
2507 2509
2004 | 2004 |
150 150
=) =
w * '
o 8}
1001 —|— 1001 .
50 504 |
0~ T T 0- T T
N Q Q N N Q N Q
Q\‘\o ~ N @ (\x\o > N <
® ®

Equivalent concentration (nM) Equivalent concentration (nM)

Figure 3-7 Influence of NCs’ concentration on number of colonies formed after the
treatment of MIA PaCa-2 cell line with the blank NCs. 1 way ANOVA Dunnett’s multiple
comparison test, NCs compared with number of colonies in control. *(p<0.05);
**(p<0.01).
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Figure 3-8 Influence of GEM C14 concentration on number of colonies formed after
the treatment of MIA-PaCa-2 cell line with the loaded NCs. Control presents number
of colonies for non-treated cells. 1 way ANOVA Dunnett’s multiple comparison test,
NCs compared with number of colonies in control. *(p<0.05) ***(p<0.001);
**(p<0.01).
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Figure 3-9 Influence of GEM C14 versus GEM-HCI concentration on number of colonies
formed after the 24h treatment of MIA PaCA-2 cells with drug alone. 1 way ANOVA
Dunnett’s multiple comparison test, NCs compared with number of colonies in control.
***(p<0.001); **(p<0.01).

3.3.2 ICso values

In order to better detect differences between blank and loaded NCs,
and compare their effect with free drugs on colony formation in
pancreatic and colorectal cancer cells, ICso values were calculated as
described in 3.1.2.2. and compared using one-way analysis of variance
with Tukey correction. Calculated ICso values for all systems in both cell
lines (HCT 116 and MIA PaCA-2) are presented in Table 3-2. Summaries
detailing significantly different ICso values are presented in Figures 3-
10 and 3-11.

117



Table 3-2 ICso values (nM) of all blank and loaded NCs on colorectal and pancreatic

cancer cell line.

System/Cell line HCT 116 MiaPaCa-2
HA 80 nm blank NCs | 485 = 135 352 £ 7
HA 40 nm blank NCs | 365 = 100 247 + 95
PGA 80 nm blank NCs A 380 £ 149 362 + 123
PGA 40 nm blank NCs | 367 + 126 291 £ 122
HA 80 nm GEM C14 NCs 87 £ 15 127 + 25
HA 40 nm GEM C14 NCs | 86 £ 20 88 + 54
PGA 80 nm GEM C14 NCs 73 £ 10 89 + 25
PGA 40 nm GEM C14 NCs 80 £ 20 98 + 43
GEM C14 37 £7 161 + 29
GEM-HCI 11 £7 83 £ 20
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Figure 3-10 ICso values for all systems of blank, loaded NCs and non-encapsulated

drug on HCT 116 cell line calculated from clonogenic assay data. ***(p<0.001);

**(p<0.01).
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Figure 3-11 ICso values for all systems of blank, loaded NCs and non-encapsulated
drug on MIA-PaCa-2 cell line calculated from clonogenic assay data. **(p<0.01);
*(p<0.05).

ICso values for the colorectal cell line show a significant difference
between blank NCs and their GEM C14-loaded pair. Similarly, blank NCs
have significantly higher ICso value than free drug, while there is no

significant difference between loaded NCs and free drug (Fig. 3-10).
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A quite similar statistical analysis is obtained for the MIA PaCa-2 cell
line. ICso values of blank NCs are statistically different from loaded NCs
and free drug, with p values slightly higher than for HCT 116 cells (Fig.
3-11). These results concur with conclusion drawn from growth
inhibitory (MTT) assays, hence supporting literature described above
(3.2.1.).

Interestingly, if ICso values of the same system are compared between
two cell lines (HCT 116 and MiaPaCa-2), no significant difference can
be found. For instance, ICso values of HA 80 blank NCs in HCT 116 cells
is not significantly different from ICso values of the same systems in
MIA PaCa -2 cells. However, there is a significant difference when ICsg
values of GEM C14 are compared between these two cell lines. The
same conclusion stands for GEM-HCI. This may be a consequence of
variable cancer cell line sensitivity to GEM. GEM sensitivity was
screened in a wide range of pancreatic cell lines by Iwamoto et al.
Pancreatic cancer cell lines, such as MIAPaCa-2, Panc-1, BxPC-3, were
very sensitive to GEM and showed low ICso values (6.81, 8.07, 6.67
Mg/mL). On the other hand, PK45p and PK59 cell lines exhibited ICso
values that are 30-50 times higher (417 and 295 pg/mL), and are
characterised as gemcitabine-resistant cancer cell lines2>>. Overall,
there is distinctive toxicity of loaded NCs when compared to blank NCs

and ability of NCs to deliver the drug to cancer cells is shown.

3.4 Can NCs overcome drug resistance?

Treatment of human cancers very often includes chemotherapy.
Unfortunately, this type of therapy is frequently limited because of
inherent or acquired resistance to the drugs used. After prolonged

treatment, the chemotherapy becomes ineffective as cancer cells
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develop resistance to more than one agent i.e. multi drug resistance
(MDR). Various mechanisms involved in drug resistance include: drug
elimination, detoxification, increased DNA repair activity, reduced
uptake due to lack of receptors/transporters, defective apoptotic
pathways, over expression of drug efflux pumps and many others26,
Increased expression of transporter proteins (efflux pumps) that lowers
drug concentration inside the cell is one of mechanisms majorly
reported to contribute to MDR2>7/. More than 200 proteins that
participate in molecules’ transport through the cell are members of ABC
(ATP-binding cassette) family. Most of the efflux pumps involved in
cancer drug resistance belong to this ABC family of proteins and include
permeability glycoprotein (P-gp; MDR1 protein), followed by multidrug
resistance associated proteins (MRP1-MRP9), and breast cancer
resistance protein (BCRP)2°8. P-gp protein is widely explored and highly
expressed on colon, kidney, pancreas and liver carcinoma and lower P-
gp levels are expressed in breast, ovary, lung, oesophagus, stomach,
lymphomas and confer acquired resistance?>®. Some of the drugs that
are affected by presence of efflux pumps are vinblastine, vincristine,
doxorubicin, daunorubicin, actinomycin, paclitaxel?¢®. A protein that
does not belong to ABC family and it is often included in discussion on
MDR is lung resistance protein (LRP) situated in cytoplasm in
ribonucleoprotein particles. It has been reported that this protein is
responsible for hindering the access of drugs to their intracellular

targets?61t,

Approaches to overcome drug resistance include the synthesis of
prodrugs which under enzymatic or chemical transformation improve
delivery and release of drug'4?, as well as the conjugation with ligands
(peptides, antibodies, growth factors etc.) and adoption of a stimulus-

responsive concept?3:262.263  Additionally, targeting efflux transporter
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proteins by combination therapy with chemosensitisers, or use of small
interfering RNA to down regulate MDR related proteins to secure access
for chemotherapeutic agents or nanocarriers, has been explored264-267,
An alternative and straight-forward approach involves the drug

encapsulation into nanocarriers2>7,268,269,

3.4.1 Are vincristine (VC) resistant cells resistant to

gemcitabine?

Here activity of polymeric NCs on an MDR cell line was evaluated. A
colon cancer cell line (HCT 116) resistant to vincristine was developed
by Vijay Raja. HCT 116 cells were exposed to stepwise incremental
concentrations of VC and after 6 months, stable acquired resistance
was developed; cells survived and were routinely maintained in nutrient
medium spiked with 2 yM VC. It was established that these cells

expressed P-gp?7°.

Firstly, we examined whether HCT 116 VR cells demonstrated
resistance towards naked drugs i.e. GEM-HCI and GEM C14.

GIso values of GEM C14 or GEM-HCI, obtained from MTT assays
performed in the HCT 116 VR cell line, were 8 £ 10 and 6 £ 10 nM
respectively. These nanomolar values demonstrate the sensitivity of
HCT 116 VR cells towards GEM, therefore, they are unsuitable for
testing the hypothesis that NCs may overcome drug resistance. Dose
response curves illustrating GEM activity on the HCT 116 VR cell line
are available in Appendix 4. The reason for the absence of resistance
to GEM on VC resistant cell line might be GEM is not a P-gp substrate.
Moreover, resistance to GEM is developed via different mechanisms,

such as alterations in nucleoside transporters, high levels of cytidine
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deaminase, mutation on the p53 gene, overexpression of ribonucleotide

reductase and thymidylate synthase, as discussed in Chapter 1.

3.4.2 GEM resistant cell line

A pancreatic GEM resistant cell line was obtained by continuous culture
of parental Panc-1 cells in gemcitabine and maintained with
gemcitabine at a dose of 1 pM. This cell line was developed and kindly
donated by Lodewijk Dekker. Thus, was offered the possibility of testing
the activity of free drug and drug-loaded NCs on both sensitive and

GEM-resistant pancreatic cancer cells (GEM R Panc-1).
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Figure 3-12 Growth inhibitory profiles of HA 80 nm NCs blank or loaded with GEM C14
and for GEM-HCI or modified GEM on Panc-1 cell line.
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Figure 3-13 Growth inhibitory profiles of HA 80 nm NCs blank or loaded with GEM C14
and for GEM-HCI or modified GEM on GEM resistant Panc-1 cell line.

Example dose-response curves generated from 72 h MTT assay data
for Panc-1 and GEM resistant Panc-1 cell lines treated with HA 80 nm
blank or NCs loaded with GEM C14 and with commercial or modified
GEM are presented in Figures 3-12 and 3-13.

Figure 3-12 shows similar dose response curves to that of MIA PaCa-2
and HCT 116, blank NCs show reduced activity against Panc-1 cell line,
while loaded NCs and free drug exert higher growth inhibitory activity
revealing similar profiles. In contrast, in the GEM resistant Panc-1 cell
line (Fig. 3-13) the free drug in the form of either GEM C14 or GEM-HCI
exhibited negligible growth inhibitory effects except at the highest
concentration (25 uM). NCs, either blank or loaded with GEM showed a
much higher potency with no significant difference between blank and
loaded NCs suggesting that the empty NCs give activity. Calculated GIso

values are presented in Table 3-3.
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Table 3-3 Mean GIso values (nM) % s.d. in tumour cell lines following 72 h treatment,
with HA 80 nm NCs blank or loaded with GEM C14 and for GEM-HCI or modified GEM,

generated by MTT cell viability assay. Resistance factor (Rf) is ratio of GIso values of

the same system compared between sensitive and resistant cell lines.

GIso (nM) Panc-1 Panc-1 GEM Resistant Rf
HA 80 nm blank | 293 + 50 760 % 246 2.6
HA 80 nm GEM C14 13 + 3 410 + 463 31.5
GEM C14 14+ 1 8300 + 5523 592.9
GEM-HCI | 7 £ 3 20124 £ 4521 2857.1

On the other hand, the GIso values observed in the Panc-1 and MIA

PaCa-2 cell lines were very similar, as shown in Table 3-1. In that case,

blank NCs exhibited a significantly lower toxicity compared to the
loaded NCs and free drug (p<0.001, ANOVA), while no significant

difference was observed among the drug-loaded NCs and the free

drugs.
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Figure 3-14 Mean GIso values (nM) £ s.d. of Panc-1 cell line following 72 h treatment,
with HA 80 nm NCs blank or loaded with GEM C14 and for GEM-HCI or GEM C14.

On the contrary, very high GIso values (low potency) of free drug (GEM-
HCl and GEM C14) on GEM resistant Panc-1 cell line are significantly
different than GIso values of loaded NCs. Nevertheless, loaded NCs did
not totally reverse/overcome drug resistance i.e. HA GEM C14 loaded
NCs did not achieve GIsg value in the same order of magnitude on Panc-
1 and GEM R Panc-1. However, it is important to note that also the GIsgo
value of blank NCs is significantly lower than the GIso value of free drug
in GEM R Panc-1 cell line (Fig. 3-15).

The interaction between NPs and cells can be surfactant-dependent.
Among many surfactants that showed influence, CTAB has shown major

role as a chemosensitiser in reversing MDR268.271, The presence of CTAB
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in blank NCs can possibly explain similar toxicity as of loaded NCs on

GEM R pancreatic cell line.
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Figure 3-15 Mean GIso values (uM) £ s.d. of GEM resistant Panc-1 cell line following
72 h treatment, with HA 80 nm NCs blank or loaded with GEM C14 and for GEM-HCI/
or modified GEM. 1-way ANOVA: *(p<0.05); **(p< 0.005).

Researchers are trying to develop systems that will circumvent MDR.
One of the methods is an actual modification on the drug itself. A
thorough review detailing promising modifications on gemcitabine was
given by Moysan et al. Nevertheless, as it can be seen from Fig. 3-15
Panc-1 GEM resistant cells has acquired resistance for C14 modified
GEM as well.

A resistance factor which compares the ratio of ICsg values for resistant
and drug sensitive cell line is often used to describe the ability of a

system to circumvent the resistance by comparing resistant factors of

128



free drug and nanocapsulated system. In the work of Kievit et al.
resistance factor for free drug was 56 * 2.3 and for loaded NPs this
factor was 3.3 = 0.1%72, For free cisplatin, Krieger et al., report
resistance factor of 4.46 between cisplatin resistant and sensitive cell
line, while for a liposomal formulation this factor was around 1273, The
ratio between resistance factors of free and encapsulated drug in these

two papers is 4 and 10 respectively.

In our work resistance factors for GEM-HCI, GEM C14 and GEM C14-
loaded NCs are calculated by comparing GIso values of these systems
in Panc-1 sensitive and Panc-1 GEM resistant cell lines, the values are
presented in Table 3-3. The ratio between resistance factor of free GEM
C14 and encapsulated drug is 20, while for GEM-HCI it rises to 90.
Compared with already reported literature data, these differences are
significant. Moreover, we have shown that polymeric NCs represent a
promising system in overcoming MDR taking into account that blank

NCs also show activity probably due to the high surfactant content.
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3.5 Summary

Here we report in vitro activity of polymeric NCs loaded with modified
GEM in comparison with that of the free drug itself against two human
cancer cell lines (HCT 116 and MIA PaCa-2). Additionally, the activity
of polymeric NCs was assessed in pancreatic (Panc-1) cell lines: parent

GEM-sensitive and its derivative GEM-resistant phenotype.

Antiproliferative assays revealed that GEM C14 and GEM C14-loaded
NCs significantly inhibited growth and colony formation in human

cancer cell lines.

The significant difference between loaded and blank NCs implies that
the growth inhibition of cancer cells is mainly due to drug activity. GEM
C14 and commercially GEM-HCI show similar growth inhibitory profiles,
indicating that modification of GEM on N-terminal did not influence drug

potency.

Comparing ICso values derived from clonogenic cell survival assays, no
significant difference can be found among NC formulations. However,
HCT 116 and MIA PaCA-2 cell lines seem to show different sensitivity
towards free drugs (GEM C14 and GEM-HCI).

The activity of NCs in Panc-1 cells is similar to that in HCT 116 and MIA
PaCa-2 cell lines. GEM-resistant Panc-1 cells confers resistance towards
modified GEM as well, while the situation is different for polymeric NCs.
Resistance factors for GEM C14-loaded NCs, GEM C14 itself and GEM-
HCl are 31.5, 592.9, and 2857.1 respectively, showing that NCs are far
less susceptible to drug resistance than free drug. Although polymeric
NCs are widely reported to deliver cytotoxic drug there is little
information on their ability to overcome drug resistance. This study

implies the use of NCs as a promising system for overcoming limitations
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of acquired resistance in cancer cells. However, further examination

should consider the effect of blank NCs in resistant cancer cell lines.
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4 Gel-nanocapsule composites for localised cancer

therapy

4.1 Systems designed for localised cancer therapy

The main aim of local drug delivery systems is to provide prolonged
release at the tumour site improving efficacy and consequently
reducing the systemic toxicity. Numerous drug delivery systems for
local cancer delivery have been investigated so far including systems
such as nanoparticles?’4, microparticles?’>, microspheres’?, fibers276.277,

films’>, cubes?’8, gels?7°9-282,

The focus of this chapter is the association of NCs with a gel designed
for the local intratumoural injection. Hydrogel composite formulations
containing micelles, microparticles, liposomes have been designed for
local delivery in various types of cancers®8:116,283,284 These formulations
exhibited a slower drug release profile, longer retention in the tumour
and greater tumour mass reduction than fromulations without a gel.
For example, Yeon, D. et al. reported a composite formulation of DOX-
loaded microcapsules and a 5-fluorouracil loaded hydrogel designed to
gel at body temperature. This composite inhibited tumour growth more
effectively than gel or microparticles alone and both drugs were
retained in the B16F10 melanoma tumour for 18 days, without

distribution of the drugs to normal tissues?8>,

PLGA microspheres are often used in gel composite systems for local

delivery of anti-cancer drugs. For instance, paclitaxel-loaded PLGA
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microspheres uniformly distributed in alginate gel beads significantly
decreased the tumour volume compared to Taxol® when injected into
a glioma tumour model in mice28, In another study, PLGA microspheres
loaded with camptothecin (CPT) or vincristine (VCR) in association with
a thermoresponsive gel were reported to increase the mean survival
time compared with non-treated rats. In addition, 2/6 animals treated
with VCR loaded composite exhibited long-term survival (>60 days)
with complete remission of the tumour?®’. Besides microparticles,
nanoparticles embedded into gel matrices have shown to drastically
decrease the mean number and weight of tumour nodules and
significantly increase the median survival time in a colorectal cancer
model in mice2®8. Furthermore, siRNA carrying oligopeptide-terminated
poly(B-aminoester) nanoparticles embedded in polyamidoamine-
dextran hydrogels improved transfection efficiency in breast cancer in
vivo when compared to the commercial reagents, INTERFERiIn® and

Lipofectamine® 289,

4.1.1 Chitosan gels

Chitosan hydrogels have been extensively reported as formulations for
localised drug delivery?°0-292 Beyond that, several more composite
systems consisting of chitosan gel and NPs have been
reported!15293.294 For instance, GEM loaded chitosan - thioglycolic acid
NPs dispersed in a chitosan gel were designed for bladder cancer
therapy and exhibited in vitro release in a more controlled manner
compared to NPs. Furthermore, the gel formulation remained as gel n
artificial urine. Likewise, camphotecin loaded chitosan nanocolloids
were loaded into a chitosan gel and it remained as a gel (partially

degraded) 7 days after subcutaneous injection into the flank of mice2°4.
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Nonetheless, a composite of chitosan gel and polymeric NCs have not
been reported to the best of our knowledge. Additionally, considering
the anionic nature of hyaluronic acid coating of NCs and its ability to
form complexes with chitosan as a polycation22>2%6, it made chitosan
an attractive material for composite formation of chitosan gel

containing HA NCs, as described in this thesis.

4.1.2 LMWGs for localised cancer delivery

LMWGs have gained attention in the last few decades for drug delivery
applications and there have been a few systems specifically designed
for local cancer delivery. For instance, a Taxol derivative (succinic acid
- glutathione) self-assembles into an injectable hydrogel and when
injected in breast tumour model in mice hinders tumour growth by two-
fold compared to an i.v. injection of Taxol® at same concentration.
Furthermore, the Taxol hydrogel was able to prevent metastasis®’. In
another example, DOX was physically entrapped in a gel made of L-
alanine hydrazide gelator and reported to reduce tumour burden by
40% as compared to an untreated control when injected into a breast
tumour model in mice. DOX alone at an equivalent concentration had a
negligible effect upon injection®. The LMW hydrogels have been
reviewed for cancer therapy by Tian et al.2?’. They presented a review
on numerous Taxol® prodrug based hydrogels and their inhibition of
tumour growth. In the same paper, peptide self-assembled fibres and
LMWGs with physically incorporated drugs are reviewed in terms of
drug release and tumour efficacy. Alternatively, nanocomposites of
supramolecular gels have been reported mainly with inorganic particles

Ag, Au, Si and metal NPs as described in 1.5.1.3. section.

The closest reported studies to our idea is the work of Moysan et al.

that showed the ability of a drug to influence gel formation. In
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particular, 4-(N)-lauroyl gemcitabine (GEM C12) encapsulated in lipid
nanocapsules at a certain concentration (>5% w/w GEM C12/oil)
formed a waxy gel. Below this drug concentration, no gelation occurred.
The gel showed the ability to reform after being dispensed from a
syringe through a needle??®. Bastiancich et al. used this gel system for
assessing local delivery in a subcutaneous glioblastoma tumour
model?3>, The prodrug alone caused a slight increase in the size of
tumour while only the gel formulation induced a significant reduction in
size. Furthermore, after 8 days the gel was still present at the injection

site.

However, supramolecular gel-NCs have not been previously reported
particularly in the scope of local cancer delivery, to the best of our

knowledge.

The chemistry-driven approach to discovery of self-assembled gelators
for drug delivery employed by the Skilling et al.?°? led to the synthesis
of the LMW gelator- N4-octanoyl-2'-deoxycytidine that forms a gel in
water without the presence of any solvents. This gelator was of

particular interest for association with NCs, due its biocompatibility.

Hence, this chapter is devoted to the formation and characterisation of
composite formulations, which encompass nhanocapsules and polymeric
or LMWGs. Using oscillatory rheology, the mechanical properties of
composite formulation were investigated with a focus on the effect of
the NCs on gel formation. Gel-NCs structure was confirmed by TEM.
Specifically, considering its application, the injectability and ability to

control release of nanocapsules was also assessed.
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Aim
Development and characterisation of polymeric or supramolecular gels
containing drug loaded polymeric NCs.

Hypothesis:

Physico-chemical characteristics of NCs (size and polymer coating) as
well as their amount, together with gelator concentration can influence
the type and number of interactions between gel and NCs defining gel

formation and its characteristics.
Objectives:

1. Association of chitosan- hyaluronic acid gels with hyaluronic acid
polymeric NCs.

2. Use of polymeric (HA or PGA) NCs loaded with GEM C14 (see
chapter 2) as a medium for supramolecular gel formation using N4-
octanoyl-2'-deoxycytidine gelator. Investigation of rheological
properties of the gel as a function of the following factors:

e type of NCs (size and polymer coating)
e concentration of NCs
e concentration of gelator
3. Examination of gel-NCs morphology using imaging techniques.
4. Release studies of fluorescent dyes from NCs and release from the

gel

5. Injectability of the gel-NCs formulation
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4.2 Materials and Methods

4.2.1 Materials used for manufacture of gels and gel-NCs

associated formulations

Chemicals used for manufacture of gels:
Polymers:
e Hyaluronic acid streptococcus sodium salt, 1500-1800 kDa -
hyaluronic acid of medium molecular weight (HA MMW), Sigma;

e Chitosan, 210-310 kDa (CS) Sigma.

Low molecular weight gelator:
e N4-octanoyl-2'-deoxycytidine, was synthesized by Kathryn
Skilling, PhD student at School of Pharmacy, University of

Nottingham, UK.

Fluorescent dyes:
e 9-Diethylamino-5H-benzo[a]phenoxazine-5-one - (Nile Red), MP
Biomedical;
e 4,4'4",4"'-(Porphine-5,10,15,20-tetrayl) tetrakis(benzoic acid)
- (Porphyrin), Sigma.
For preparation of the release medium, phosphate buffered saline (PBS)
in the form of tablets was purchased from Sigma. One tablet dissolved

in 200 mL of deionized water yielded 0.01 M phosphate buffer, 0.0027
M potassium chloride and 0.137 M sodium chloride, pH 7.4, at 25 °C.
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Solvents of HPLC grade (acetic acid) were purchased from commercial
suppliers and used without further purification. Ultra-pure water was

used throughout the experiments.

In addition to the materials already listed, to produce gel-NC

composites the following NCs were used:
e HA 80 nm NCs
e HA 40 nm NCs
e PGA 80 nm NCs

e PGA 40 nm NCs

The NCs were loaded with GEM C14 and formulated as described in
Chapter 2.

For preparation of polymeric gels double barrel syringe 5 mL 1:1 (K-
system MIXPAC, Sulzur Ltd) was used.

4.2.2 Preparation of gels and gel-NCs composites

4.2.2.1 Preparation of polymeric gels

Polymeric gels were prepared by mixing solutions of two oppositely
charged polymers using either a double barrel syringe or simple
magnetic mixing. In the first case polymer solutions are loaded in the
separate barrels of the double barrel syringe. Content is simultaneously
discharged into the vial through a mixing tip, where it has a static
mixing element. An image of the double barrel syringe is shown in

Figure 4-1.
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Figure 4-1 Photographed image of double barrel syringe

Another way of gel preparation included the addition of one polymer
into the vial that contained another oppositely charged polymer, under
magnetic stirring. The anionic polymer was HA MMW and cationic
polymer was CS. HA MMW was dissolved in pure water, while CS
needed a small percentage (3.4% (v/v)) of acetic acid to be solubilised.
Due to high viscosity, the maximum concentration of HA MMW
evaluated was 5 mg/mL. CS was also used at a concentration of 5

mg/mL.

A gel-NCs composite was prepared in the same way i.e. using double
barrel syringe or magnetic stirring. The way of introducing NCs into the
gel system was using the nanocapsule formulation as a dissolution
medium for HA MMW instead of pure water. HA 80 nm and HA 40 nm
NCs at concentration of 8% w/v were used in this experiment. Polymer
concentrations, HA MMW of 5 mg/mL and for gels formed using
magnetic stirring two additional concentrations of CS, 10 and 30 mg/mL

were also evaluated.

4.2.2.2 Preparation of hydrogels from LMW gelators

N4-octanoyl-2'-deoxycytidine was used as LMW gelator. It was
synthesized by Kathryn Skilling and reported to gel in water?°°. A heat-

cooling method was used to produce the gels. As follows, a defined
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amount of gelator was added to water and heated in a water bath up
to 60 °C until the compound completely dissolved. The sample was then
allowed to cool down to a room temperature for approximately 30

minutes.

For the preparation of gel-NCs composite, the procedure was the same
except that the gelator was dissolved in NCs formulation instead in pure
water. Following concentrations of LMW gelator were used: 0.5, 1, 1.5,
2,2.5,3,3.5and 4% (w/v).

All four NCs formulations were tested (HA 80, HA 40, PGA 80 and PGA
40 nm NCs). HA 80 nm NCs were tested at concentrations of 8; 4 and
2% w/v. For the comparison among different NCs, all NCs formulations
at a concentration of 4% w/v were formulated with 2% w/v gelator

concentration.

4.2.3 Encapsulation and quantification of fluorescent dye

Two fluorescent dyes, Nile red (NR) and porphyrin, were encapsulated
into nanocapsules. Ethanol solution containing either NR or porphyrin
was added into the oil phase. As previously explained in chapter 2, oil
phase was composed of surfactants (Tween 80, Kolliphor HS 15 and
CTAB), oil (Miglyol) and drug (GEM C14). After blending all components
together, oil phase plus dye, was stirred for few hours at 80 °C to
ensure that all ethanol is evaporated. NCs were formulated, as
described in previously (see 2.2.2.), by dispersing oil phase into
polymer solution under magnetic stirring. Final theoretical dye

concentration in NCs was approximately 10 ug/mL.
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4.2.4 Characterisation of NCs loaded with fluorescent dye

Size of NCs loaded with dye was determined using the Zeta sizer as
described in 2.1.4.1.

Fluorescent dyes were quantified using plate reader SPARK® 10M,
Tecan. Excitation/emission wavelengths used are 553/636 and 430/655

nm, for NR and porphyrin respectively.

Calibration curve for NR was made from NCs formulation as a stock and
lower concentrations were obtained by diluting NCs stock with PBS.
Solvatochromism3% of NR is phenomenon already described in the
literature and we found as well that the same theoretical concentration
of NR in different medium (oil, PBS, MeOH) gives different fluorescence
signals. To avoid any inconsistency in the data, calibration curve for NR
is made from NR loaded HA 80 nm NCs, where dilutions are made with

PBS - the same that was used as for release medium.

Such a phenomenon was not noted for porphyrin, however in order to
keep consistency, the calibration curve for porphyrin was obtained from

porphyrin loaded HA 80 nm NCs.

The standard calibration curves of both dyes were linear (R?>0.97) in

the range of concentrations between 0.2 and 5 ug/mL, see Appendix 5.

4.2.5 In vitro release experiment procedure

4.2.5.1 Release of fluorescent dyes from NCs

Procedure for release of compounds from NCs involved incubation of
dye loaded NCs with release medium at a defined ratio and in a water
bath at 37 °C. As a release medium, PBS of pH 7.4 was used. The ratio

of the volume NCs to volume of release medium was maintained at 1:5
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for NR and 1:25 for porphyrin. At predetermined time intervals, a
sample of 1 mL was withdrawn and isolated by SEC to separate free

dye from NCs. The taken sample was replaced with fresh 1 mL of PBS.

By taking a sample the amount, released at various timepoints, was
calculated using a standard calibration curve. The cumulative amount
of the dye released was calculated by adding the amount discarded
each time with removing the sample and replacing it with fresh PBS to
the amount in the medium at certain time point. The amount of
unreleased dye was determined by isolating the nanocapsules using
SEC column. Hence, the amount that is released is calculated by an
indirect method using following equation for percentage of cumulative

release:

) Xi — Xt
% cumulative release = i X100

1

where Xi is the amount of dye initially loaded into NCs and Xt is the
amount that is not released from NCs at time point t plus the amounts

that were removed with previous sampling.

4.2.5.2 Release from the gel-NCs formulation

Release of NR and porphyrin from gel system was performed in the
similar way as from NCs. Formulations containing 2% w/v gelator in

following NR loaded NCs were evaluated:
e 8% w/v HA 80 nm NCs;
e 4% w/v HA 80 nm NCs;

e 4% w/v HA 40 nm NCs.

A release of porphyrin from 2% w/v gel- 4% w/v HA 80 nm NCs

formulation was also assessed.
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Gels were formulated with 0.5 mL of NCs a day before the experiment
and then topped up with 12.5 mL of release medium (PBS, pH 7.4).

Samples were stored at 37 °C in a water bath.

Initially a ratio of 1:5 was chosen after a literature review on release
conditions from NCs and gel formulations (see table 2-7). However, this
volume of buffer was found to be too low for the release assessment
from gels, since whole release medium gelled during the release
experiment. Therefore, 12.5 mL was added to 2% w/v gel prepared in
0.5 mL NCs amount of gel and no gelling occurred and hence was used

for further release experiments.

At predetermined time points a sample was taken from medium above
the gel, the amount of NR released from the gel was quantified and
cumulative release was calculated. At this point, there was no
separation step as it was shown that NR was not released from NCs or

if it was so it was in low percentage (20% released after 72h).

To evaluate the integrity of NCs after gel formation, both NCs alone and
gel-NC composite were heated to 60 °C. At this temperature, the
gelator is expected to dissolve, liberating the NCs. A sample was
collected before the gel restructures, and the size was determined as
per 2.1.4.1.

4.2.6 Injectability of the Gel-NC system

After dissolution of the gelator in NR HA 80 nm NCs at 60 °C, while still
in liquid form, the formulation was loaded into a syringe and allowed to
cool to RT (~30 minutes). When the gel had formed, the content of

syringe was dispensed through a needle (25G).

Injectability was tested as well by mimicking in vivo procedure for local

tumour delivery. Chicken thigh was used as model in which a hole was
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bored and the gel was dispensed using a syringe. The tissue was

resected and shape of gel was imaged.

4.2.7 Methods for gel characterisation

4.2.7.1 Vial inversion

Vial or test tube inversion is a simple test for detecting if gels are
formed. Turning the vial, containing the formulation, upside down and
taking a note if the formulation flows or not is the basis of this test. If
no flow is observed from the formulation under its own weight, it is
assumed that sample is gel like. To obtain more quantitative
information on gel structure, further experiments should be performed

as will be described below.

4.2.7.2 Measurment of storage and loss modulus

Oscillatory rheology was carried out using an Anton Paar MCR302
Modular Compact Rheometer using a cup and vane geometry. Two
millilitres of gel sample was placed in a disposable measuring Cup EMB-
Z4 (Anton Paar) which was set into lower part of the rheometer (cup).
The upper part of the rheometer (vane) was positioned into the centre
of the gel at a depth of 2 mm. All gel samples were prepared a day
before the rheological measurement. Oscillatory amplitude sweep
measurements were carried out at strain varying between 0.05 - 100
%. The G’ and G” (storage modulus and loss modulus, respectively)
were measured at a constant angular frequency of 10 rad/s. The

temperature was set to 37 °C to mimic physiological conditions.
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4.2.7.3 Transmission Electron Microscopy (TEM)

TEM of gels that do not contain NCs were carried out by pipetting a
small amount of gel (5-10 ul) onto a carbon-coated copper grid (Holey
Carbon on 300 Cu mesh). Excess sample was blotted with Whatman 50
filter paper. The grid was subjected to high vacuum in a Gatan dry
pumping station (model 655) prior to inserting into the machine and

imaging at an accelerated voltage of 100 kV.

The gel-NCs formulation was imaged in cryogenic conditions. Sample
preparation for cryo-TEM imaging involved pipetting approximately 5-
10 pl of formulation onto a carbon-coated copper grid. Samples were
then subjected to plunge freezing into liquid ethane in a Gatan CP3
Cryoplunge system. Imaging was performed at a current density
measured at 10pA/cm2 for no sample on the fluorescent screen at
20000x magnification, TEM - JEOL 2100F equipped with a Gatan Orius
camera, operating at 100kV, Sample holder - Gatan 914 Cryo-
tomography holder.
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4.3 Results and discussion

4.3.1 Hyaluronic acid - chitosan gels

HA and CS gels were prepared by using a double barrel syringe. The
anionic and the cationic polymer solutions are loaded in the separate
barrels of the double barrel syringe and dispensed simultaneously
through the static mixer connected at the front into an empty vial.
Oppositely charged polymers used in appropriate concentrations
interact through electrostatic attraction and can result in gel formation.
This electrostatically-driven liquid-liquid phase separation i.e. complex
coacervation results in what are also called polyelectrolyte complexes
(PEC)3°t, Sometimes gel formation can be impeded by strong ionic

interactions and precipitates are formed302,

Barrel A was filled with a solution of HA MMW and a barrel B with CS at
a concentration of 5 mg/mL. Previously, HA MMW was dissolved in a
pure water, while CS needed 3.4% v/v of acetic acid in water and mild
heating over 2-3 hours. Solutions were simultaneously dispensed
through the static mixer into the vial. Figure 4-2 shows the formation
of a diffuse gel floating in the remaining fluid in the vial. It seems the
polymers were enriched in one of the separating phases as chitosan-

HA complexes seem to be a more compact and precipitated.
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Figure 4-2 CS - HA gel produced by a double barrel syringe, CS and HA were used in

concentration of 5 mg/mL. Gel is shown with an arrow.

The use of a double barrel syringe for a preparation of gels has been
widely reported in the literature303-305, |ikewise, chitosan and
hyaluronic acid hydrogels have received particular attention306-308,
Nonetheless, most of these systems employed chemical crosslinkers30°
or used polymers in order to generate reactive groups for hydrogel
formation30>307 An example of chitosan and hyaluronic acid gel formed
by complexation without use of any linkers or polymer modifications
was reported by Florczyk et al. They have designed a polymeric porous
scaffold mimicking the microenvironment of glioblastoma. This scaffold
was a compact complex, in the form of disc, with an average pore size
of 77.31 um?°6,

As already described, our goal was to assemble nanocapsules in a gel
network and use the resulting composite gel as a local drug delivery
system. In next subchapter, the association of polymeric NCs with HA-

CS gels is reported.
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4.3.2 Hyaluronic acid - chitosan gels with nanocapsules

HA 80 nm or HA 40 nm NCs were introduced into CS-HA MMW polymeric
gels. For this, HA-MMW was dissolved in HA nanocapsules with size of
80 or 40 nm (Fig. 4-3. b and c). The resulting suspension was
incorporated into barrel A, whereas the barrel B was loaded with an
aqueous CS solution as indicated in 4.3.1. Polymer concentrations, both
for HA MMW and CS, were 5 mg/mL. Nanocapsules were loaded with a
lipophilic dye NR for visual tracking. In Fig. 4-3, b) and c) a diffuse gel
was formed. The pink colour concentrated in the gel suggests the
presence of nanocapsules in the gel. Shortly (5 min.) after the gel-
nanocapsules preparation the remaining liquid around gel was
transparent or lightly pink and its colour intensified with time as the
nanocapsules were released from the gel. Three to four hours after the
gel formation, most of the nanocapsules were released based on the
colour of the gel which was almost translucent. The fast release was
expected if the gel’s pore size is considered. For this particular system,
the pore size was not investigated however according to previously
published reports, the pore size of CS-HA hydrogel systems are usually
in micrometre range?°%.310,311 " For example, Florzcyk et al. reported a
PEC CS-HA composite with a pore size of 77 um, Tan et al. also reported
a pore size of 10-100 um for their succinic CS - aldehyde HA3%7, and a
pore size of approximately 5 ym was reported for CH-PNIPAAM-HA
hydrogels by Fang et al.319. Considering the nanometric size of NCs and
micrometric pore size of the gel scaffold it can be speculated that NCs
diffused from the gel network. The reason for this could be that NCs
were just physically entrapped in the gel without any physical bonds

between the gel and NCs.
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Figure 4-3 Polymeric gels produced by a double barrel syringe. a) CS - NCs HA 80
nm/ HA 40 nm b) CS - NCs HA 80 nm - HA MMW, ¢c) CS - NCs HA 40 nm - HA MMW.
In case a) barrel A contains only HA NCs 80 or 40 nm NCs and barrel B contains a
solution of CS; while in b and c) barrel A contains HA polymer of medium molecular
weight dissolved in nanocapsules (HA NCs 80 and 40 nm), barrel B contains a solution
of CS. Concentrations of both polymers are 5 mg/mL and HA 40 or HA 80 nm NCs
were used at a concentration of 8% w/v. Gels were imaged in the same hour of the

preparation.

Figure 4-3 a) shows the gel-NCs system when barrel A contained only
nanocapsules (NCs HA 80 nm or HA 40 nm) without HA MMW polymer.
The barrel B contained only CS solution as in all previous cases. In this
experiment, gelation did not occur. It is shown that the presence of the
hyaluronic acid polymer of a higher molecular weight, than one present
as a coating of nanocapsules, is essential for the gelation process. The
molecular weight of hyaluronic acid streptococcus (HA MMW) used for
polymer interaction in gel was 1500-1800 kDa and for the nanocapsules
preparation sodium hyaluronate (HA) of 41-65 kDa. The hydrogel
formation is exclusive to the presence of both polymers HA MMW and

CS, regardless of the presence of HA NCs.
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It was observed that the shape of gel is inconsistent in each preparation
because of manual intervention in operating the double barrel syringe.
To better control this process, a modification in process of preparation
was evaluated. The solution of CS was added into the vial containing
HA MMW or HA MMW+NCs under magnetic stirring (Fig. 4-4). As in
experiments where the double barrel syringe was used, two different
gels were prepared: 1) gels through mixing two polymers alone and 2)
gel-NCs composite. The same polymer materials and NCs were used as
in experiments with double barrel syringe. The highest concentration of
HA MMW used in the experiment, before becoming too viscous was 5
mg/mL. Additionally, CS was tested at various concentrations of 5, 10,
30 mg/mL. It can be noticed that the volume of gel formed is greater
compared with ones prepared by a double barrel syringe. Higher
concentrations of CS influence the gel appearance and 30 mg/mL (Fig.
4-4 c) creates very viscous gels. The presence or absence of the

nanocapsules does not seem to influence the amount of gel formed.

-

Figure 4-4 Polymeric gels formed by magnetic stirring of chitosan in various
concentrations and hyaluronic acid at concentrations of 5 mg/mL with and without
NCs HA 80 nm. Concentrations of Chitosan used are: a) 5 mg/mL; b) 10 mg/mL; c)
30 mg/mL. White object marked with an arrow is a magnetic bar, while gel is wrapped

around it.
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Here we showed the association of NCs with CS-HA gel and how
polymer concentration and method of gel production influenced the

amount and appearance of the gel.

4.4 Low molecular weight organic gels - LMWGs

Preparation of polymeric gels using the double barrel syringe showed
some disadvantages including the fast release of NCs from the gel (Fig.
4-3 ¢), difficulty in manipulation and dependency on manual dexterity
to create the gel. Alternatively, LMWGs are produced using more
simplistic methods such as heat-cooling cycles or pH switch. In order
to get simpler and more reproducible process of manufacture, LMW

gelators were chosen for gel-NC composite.

To the best of our knowledge nanocomposite formulation that combines
polymeric NCs and LMWGs has not yet been published. However, an
addition of polymers to LMW hydrogels has shown superior
characteristics than supramolecular gels alone in terms of strength and
gelation time. For example, a small amount of HA (0.3 wt%) in
succinated taxol gels, resulted in higher G’ values and a more fibrillar
network with a presence of bundles compared to supramolecular gels
alone312, Similarly the addition of poly(acrylic acid) to pyridine-based
gelators gave a significant decrease in the critical gel concentration313.
Contrarily, in some cases, as reported by Adams and co-workers, the
presence of polymer (dextran) does not enhance the properties to the
LMW hydrogel (dipeptide type gel)3!4. In this case, gels with dextran
exhibited a lower G’ as compared to those in the absence of dextran,
and spherulitic structures and entanglement that are usually observed
in gels were less in the presence of dextran. These studies revealed

that structure and nature of the polymer affects the gel properties due
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to specific adsorption of the polymer on to the fibers which can not be

generalised.

4.4.1 LMW hydrogels - N4-octanoyl-2’'-deoxycytidine gelator

A nucleoside type of gelator with an octanoyl modification on the N4
position of deoxycytidine (Fig. 4-5) was synthesised by Kathryn Skilling

and reported to gel after solubilisation in water only2°°.
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Figure 4-5 The structural formula of N4-octanoyl-2’-deoxycytidine gelator

Manufacture of this gel involved solubilising the gelator in water by
heating to 60°C, while gelation occurred after cooling down the gelator
solution to room temperature. A preliminary screening of the gelation
process was done by a simple test of vial inversion; when no flow was
present the gel was formed. The range of gelator concentrations
between 0.5 and 2.5% w/v were tested and results of the vial inversion
test are shown in Fig. 4-6. The increase in turbidity, as well as presence
of small precipitates or tiny fibres were noted as the concentration of

gelator increases.
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Figure 4-6 Vial inversion of N4-octanoyl-2’-deoxycytidine gelator in water. Final

component concentration in % w/v is a) 0.5, b) 1, c) 1.5, d) 2, e) 2.5.

A quantitative way of characterising gels is to use rheological
measurements to get an insight of mechanical strength of the system.
The mechanical behaviour of soft materials such as hydrogels lie
between an elastic solid and viscous liquid. It is possible to quantify
both the viscous-like and the elastic-like properties of a material using
oscillatory rheology. During oscillatory tests, the measuring geometry
oscillates around the rotation axis instead of moving constantly in one
direction. Therefore, the measured values show not only the viscous
behaviour but also the stiffness (elasticity) of the sample. Amplitude

and frequency sweeps are among the most used tests.

During an amplitude sweep, the amplitude of the shear stress - is
varied, while the frequency is kept constant. The amplitude is the
maximum strain during oscillatory motion. For the analysis, the storage
- G' (solid like modulus) and the loss - G" (liquid like modulus) are
plotted against the strain (deformation). At low deformation G' and G"
are mainly constant and it is characteristic of an undisturbed sample.
This region is called linear-viscoelastic region (LVE). As soon as the
moduli start to decrease, the structure is disturbed and the end of the
LVE-region is reached. The ratio of the two moduli gives information
about the characteristics of the sample. When the storage modulus is

larger than the loss modulus, the sample behaves as a viscoelastic
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solid. In the opposite case - G" > G' in the LVE-region - the sample has
the properties of a viscoelastic fluid. In order to have a solid-gel like
structure, a long LVE region and G’ of at least one order of magnitude

higher than the G” value should be observed.
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Figure 4-7 Rheological data for N4-octanoyl-2’-deoxycytidine gelator in water.
Gelation time was < 30 minutes. Testing was performed a day after gel preparation.
Amplitude sweeps (G”and G”) of 0.5, 1, 1.5, 2 and 2.5% w/v, at 37 °C, y= 0.05 -
100% and w=10 rad/s. Mean values (n=3) are shown, error bars represent standard

deviation of the mean, where n is number of independent trials.
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The results derived from amplitude sweep rheology indicated that
concentration of gelator is a variable that can influence the gel strength
and as shown in Fig. 4-7, the lowest concentration of 0.5% w/v gave a
very small difference between G’ and G” (148 Pa and 57 Pa), while for
1% w/v gelator concentration, these values are 657 Pa and 89 Pa and
for 2% increased to 1760 Pa and 279 Pa respectively. The length of LVE
region for these concentrations (0.5, 1, 2% w/v) also increases from
0.1 to 1.833 and 2.29, respectively. LVE region was calculated using
Rheoplus Anton Paar software where deviation from linearity was <3%.
In LVE region, for each gel, G’ was always greater than G”, suggesting

the presence of an elastic three-dimensional network in the gel31>.

In Fig. 4-8 it can be clearly seen that G’ and G” values increase when
the concentration goes from 0.5 - 2% w/v. For the highest
concentration (2.5% w/v), the value of elastic modulus dropped to 517
Pa. This may be due to the presence of the precipitate that disturbs the

structure and reduces the strength of the gel.

The influence of the gelator concentration on the value of elastic module
has been reported elsewhere. For example, Mohmeyer et al. reported
sorbitol based LMWGs where the elastic modulus increased with
concentrations reaching a plateau at the two highest concentrations316,
A different behaviour was observed for gelator 14 aroyl L-cystine where
decrease in G’ values was observed above the concentration of 5 mM.
As an explanation they suggested that with the higher gelator
concentration, gelation process was almost instant which resulted in
shorter fibres and consequently reduced the elasticity of the system?31’,
In our study, the presence of the precipitate at the highest
concentration can be the reason for decreased G’ values. Considering

that gelation process lies between solubilisation and crystallisation, at
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a certain concentration it is possible to still have gel like system with

some precipitates that diminishes the elastic modulus of the gel.
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Figure 4-8 Influence of concentration of N4-octanoyl-2’-deoxycytidine gelator on gel
strength (G') in gel-water systems. Measurements were performed at 37 °C, y= 0.05
- 100% and w=10 rad/s and G values derived from LVE region at 0.1% strain. Mean
values (n=3) are shown, error bars represent standard deviation of the mean, where

n is number of independent trials.

As described in 4.1.2. of this chapter, LMWGs have already
demonstrated to be suitable platforms for drug delivery and especially
for intratumoural drug delivery. Besides their design to undergo
controllable and sustained release of drugs, they have been shown to
be retained at the site of the tumour injection which is directly related
to the network structure. A comparison of the elastic moduli values of
different gels reported led to the conclusion that they range from ~300
Pa for a curcumin loaded dipeptide self-assembled hydrogel38 to 1000
Pa for a Taxol-SA-GSSG gel®’ and Ferrocenyl di-cholesterol gelator31?,
and for derivatives of Fmoc gels320:321 which exhibited G’ values up to
10° Pa as was similarly found for DOX®® loaded carboxamide and

hydrazide alanine gels. For the nucleoside type LMW gelator presented
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here, assessment by the vial inversion and amplitude sweep assay,
show that these gels have good mechanical properties (G'= 500 - 2000
Pa). Absence of any solvent in the gelation process presents a great

advantage making it suitable for association with nanocapsules.

4.4.2 LMWGSs -NCs composites

Gel associated nanocapsules systems were produced in the same way
as gel-water systems (4.4.1.). Gelator was weighed into a vial and
topped up with the suspension of nanocapsules, heated up to 60°C for
half an hour and left at room temperature to cool down and to gel. Vial
inversion tests were done after 1h, while rheological measurements

were performed the following day.

4.4.2.1 Gels with 80 nm nanocapsules coated with hyaluronic

acid

HA 80 nm NCs were used as prepared initially as explained in chapter
2. Briefly, approximately 175 ul of the oil phase was solubilised in the
aqueous phase up to 1.5 mL total volume of NCs. After water
elimination (freeze-drying), the mass of this NCs was calculated as 8%
(w/v) and as such the nanocapsules were subsequently labelled as 8%
HA 80 nm NCs. From this concentration by dilution with pure water
other lower amounts of NCs were prepared and used for association

with the gel.

Gelator, N4-octanoyl-2'-deoxycytidine, in concentrations of 0.5 and 1%
w/v failed to gel in the presence of (8% w/v) nanocapsules although
gelation occurred in water as previously shown (Fig. 4-6). However,

increasing the gelator concentration to 2% and higher (2.5, 3, 3.5 and
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4% w/v) no flow was noticed in vial inversion 30 minutes after gelator

solubilisation and hence demonstrating the formation of gels.

4.4.2.1.1 Rheological studies

Amplitude sweeps were carried out for these gel-NCs formulations and
are presented in Fig. 4-9. Comparing with gel-water formulations, the
gel-NCs formulations have both moduli which start to decrease earlier
implying a shorter LVE region. For the determination of LVE region
using Rheoplus software, deviation from linearity had to be increased
to 5-9%. However, increases in gelator concentration resulted in
increased G’ values (Fig. 4-10) and also in the length of LVE. G’ values
taken from LVE region are 870, 1566, 4096, 4553, 10160 Pa for
concentrations 2, 2.5, 3, 3.5 and 4% w/v respectively. Comparing the
strength of gel in water formulations with the gel-NCs formulation at
the same concentration (2% w/v), the G’ values (1760 and 870 Pa
respectively) indicates that the gel without nanocapsules is stronger. It
can be concluded that 2% of gelator in the presence of 8% of NCs is
not enough to generate strong gels. Contrarily, higher gelator
concentration (2.5% w/v) results in a drop of G’ for the gel-water
system to 517 Pa, while presence of the NCs in the gel system results
in a three times higher G’ of 1566 Pa. Considering that gelator is an
amphiphilic compound, some of it might accumulate at the interface of
oil-water of NCs. Similarly Moysan et al. confirmed, by surface tension
measurement, that their amphiphilic drug (GEM C12) sits at the water-
oil interface since surface tension decreases with higher drug
content??8, Furthermore, they report an increase in storage modulus of
100, 2000 and 8000 Pa with drug concentration in lipid NCs for 5, 7.5
and 10% w/w respectively (Drug percentage is reported in respect to

the amount of oil). More importantly, gel formation did not occur when

158



drug concentration was <5%. The data are in accordance with what we

report here.
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Figure 4-9 Rheological data for N4-octanoyl-2’-deoxycytidine gelator in 8% w/v HA
80 nm NCs. Gelation time was < 30 minutes. Test was performed a day after gel
preparation. Amplitude sweeps (G” and G”) of 2, 2.5, 3, 3.5 and 4% w/v, at 37 °C,
y=0.05 - 100% and w=10 rad/s. Mean values (n=3) are shown, error bars represent

standard deviation of the mean, where n is number of independent trials.
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Figure 4-10 Influence of concentration of gelator on gel strength (G') in gel-8% w/v
HA 80 nm NCs systems. Test was performed a day after gel preparation at 37 °C, y=
0.05 - 100% and w=10 rad/s and G values derived from LVE region at 0.1% strain.
Mean values (n=3) are shown, error bars represent standard deviation of the mean,

where n is the number of independent trials.

4.4.2.1.2  Influence of amount of NCs on characteristics of gel-NCs

It was shown that increased gelator concentration resulted in stronger
gels, while 0.5 and 1% w/v of gelator was not enough to gel 8% HA 80
nm NCs. One explanation previously described was the accumulation of
gelator at the interface of NCs o/w phase (Figure 4-22). Accordingly,
lower amounts of NCs would reduce the surface area of the interface
for amphiphilic gelator to accumulate and hence would be available to
form the 3D fibre structure instead. To test this hypothesis, we
examined the influence of the amount of NCs on gelation. In next
experiments 4 and 2% w/v of HA 80 nm NCs were used instead of 8%
w/v. However, it should be borne in mind that often, the therapeutic
effect requires a higher amount of NCs. Hence, a balance between gel

strength and the amount of NCs needs to be established.
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Figure 4-11 Rheological data for N4-octanoyl-2’-deoxycytidine gelator in 4% w/v HA
80 nm NCs. Gelation time was < 30 minutes. Test was performed a day after gel
preparation. Amplitude sweeps (G’ and G”) of 1, 1.5, 2, 2.5, 3, w/v, at 37 °C, y=
0.05 - 100% and w=10 rad/s. Mean values (n=3) are shown, error bars represent

standard deviation of the mean, where n is number of independent trials.

161



Firstly, 1% w/v of gelator was enough to form a gel with 4 and 2% of
NCs (Fig. 4-11 and 4-12 top left graph) which was not the case with
8% of NCs where at least 2% of gelator was needed. Although for a
concentration 1% w/v of gelator, the amplitude sweeps gave a small
LVER (155 and 676 Pa for 4 and 2% w/v of NCs respectively). However,
with increased concentration LVER had good linearity and length was
extended. For the highest gelator concentration (3%) G’ values taken
from LVE region were 5370 and 21380 Pa, for 4 and 2% w/v of NCs
respectively. As expected, G’ value increased with the gelator
concentration in both systems containing 4% or 2% of NCs as shown
in Figure 4-13. As explained above (4.4.1.) concentration of gelator
influences gel characteristics. In addition, the influence of gelator
concentration on strength of LMW gel-NPs composite has been
assessed by Song et al. where they have reported an increase in G’
from 119 to 1000 Pa with a concentration increase of pyridine derivative
gelator from 4 to 7% and where the clay nanoparticles concentration
remained constant during this assessment. They also showed that
presence of small amount of NPs (1%) results in 7 times greater G’

values322,
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Figure 4-12 Rheological data for N4-octanoyl-2’-deoxycytidine gelator in 2% w/v HA
80 nm NCs. Gelation time was < 30 minutes. Test was performed a day after gel
preparation. Amplitude sweeps (G”and G”) of 1, 1.5, 2, 2.5, 3% w/v, at 37 °C, y=
0.05 - 100% and w=10 rad/s. Mean values (n=3) are shown, error bars represent

standard deviation of the mean, where n is number of independent trials.

163



80001
= B 1% (w/v)
©
& B 1.5% (w/iv)
c 6000
© T M 2% (wiv)
»

0,

§ 4000 - 2.5% (w/v)
) M 3% (w/v)
©
o
o - .

b)

300001
. Bl 1% (w/v)
@
e B 1.5% (w/iv)
c
S 20000 M 2% (w/v)
»
o\o 2.5% (w/v)
A
) M 3% (w/v)
= 10000
o T
o

o -
) o

Figure 4-13 Influence of concentration of gelator on gel strength in a) gel-4% w/v HA
80 nm NCs and b) gel-2% w/v HA 80 nm NCs systems. Gelation time was < 30
minutes. Test was performed a day after gel preparation at 37 °C, y= 0.05 - 100%
and w=10 rad/s and G values derived from LVE region at 0.1% strain. Mean values
(n=3) are shown, error bars represent standard deviation of the mean, where n is

number of independent trials.
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The influence of the amount of NCs on gel strength is summarised in
Figure 4-14. The results indicated that an increase in the amount of
NCs led to a reduction of the G’ values. In that instance, G’ values of
the system where 8% NCs formulation was used are drastically lower,
while the values in case of 2% and 4% NCs are closer to each other.
An explanation for this behaviour could lie in the affinity of the
amphiphilic gelator to collect at the oil-water interface of NCs. As the
amount of NCs increased, the number of gelator molecules at the
interface also increased resulting in the formation of a gel with a weaker
structure (Figure 4-22). However, in work of Basrur et al., the opposite
has been shown. The increase in concentration of Si NPs from 0.5 to
1% increased the modulus of LMWGs with smaller enhancements with
further increases in NP concentrations 313, Similar results were reported
by Cheng et al. where stronger oligopeptide gels were obtained with
increasing concentrations of gold NPs323., Unfortunately, the gel-NCs
system described in this chapter cannot be compared with their work
since Si or Au NPs and polymeric NCs differ much in chemical surface
composition and the work on the similar topics could not be found in
the literature. The closest example to our system is the one reported
by Moysan et al. which was described above (see 4.4.2.1.). They
showed a decrease of G’ values with the dilution of LNCs, which is the
opposite from what we obtained. However, in this case the gelator was
the drug included in the nanocapsules and thus the dilution of the NCs
implies reduction of gelator amount. Therefore, to conclude our data
showing a decrease in G’ values with an increase in NCs concentration
supports our hypothesis about the accumulation of the gelator at the
interface and a subsequent decrease of the gelator involvement in the

formation of gel network (Figure 4-22).
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Figure 4-14 Influence of concentration of nanocapsules on gel strength (G') in gel-HA
80 nm NCs systems, where gelator concentration is constant at 2% w/v, while
concentration of nanocapsules varies from 2, 4 and 8% w/v. Gelation time was < 30
minutes. Test was performed a day after gel preparation at 37 °C, y= 0.05 - 100%
and w=10 rad/s. Mean values (n=3) are shown, error bars represent standard

deviation of the mean, where n is number of independent trials.

The highest gelator concentration used (3% w/v) and lowest NCs
concentration (2% w/v) gives exceptionally high G’ values and is
something that would probably be the best system to choose in terms
of gel strength. However, a low amount of NCs means a low amount of
the drug loaded. Hence, for drug delivery purposes, an imperative
would be to use systems containing minimum of 4% of NCs. Based on
this we selected 4% w/v and 8% w/v as targeted concentrations of
NCs. Reported G’ of LMWGs have already been described in 4.4.1. and
their values range compare with ones reported here. Apart from LMWG
formulations, injectable polymeric gels report G’ values of 500 Pa for
liposome-hydrogel3?* and NP-hydrogel composites!l! which is well

below the values obtained for 8% NC -gel formulation.
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4.4.2.2 Comparison of gel strength between different

nanocapsules

As previously shown, HA 80 nm NCs in the concentration of 4% w/v
with 2% w/v of gelator gave optimal system. Here we investigate if NCs
different size and with a different polymer coating have an influence on

gel characteristics.

For that purpose, the following nanocapsules loaded with GEM C14 were

used:
e HA 40 nm
e PGA 80 nm
e PGA 40 nm

Gels were formulated as previously explained (4.2.2.2.) using 2% w/v

gelator concentration and 4% w/v NC.

Figure 4-15 Vial inversion of N4-octanoyl-2’-deoxycytidine gelator in presence of NCs:
a) PGA 80 nm; b) PGA 40 nm; c) HA 40 nm. Final gelator component concentration
in all systems is 2 % w/v; and amount of NCs used is 4 % w/v. Gelation time was <

30 minutes.

As shown in Figure 4-15. upon vial inversion, no flow was noted in any
of the vials enabling us to proceed with rheological measurements. As
with previous samples, amplitude sweeps were carried out, at 37°C and

varying the strain from 0.05-100%. All three types of NCs showed
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similar behaviour. When compared with HA 80 nm NCs in the same
conditions, it can be seen that curves are almost overlapping (Fig. 4-
16 d.). The same was confirmed using 1 way ANOVA - Tukey’s multiple
comparison test on G’ values derived from LVE region (0.1% strain). P
values > 0.05 were obtained. This data showed that the difference in
size of NCs from ~40 nm to 80 nm had no significant difference on gel
strength. Moysan et al. reported similar gel properties that were
independent of the size of lipid NCs, comparing NCs of 29 nm and 55
nm298_
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Figure 4-16 Effect of different NCs on gel strength. NCs of 40 or 80 nm in size coated
with either hyaluronic acid or polyglutamic acid were used in these experiments.
Concentration of gelator and NCs are constant, where N4-octanoyl-2’-deoxycytidine
gelator a concentration was 2% w/v with 4% w/v NCs. Amplitude sweeps (G’ and G”)
at 37 °C, y= 0.05 - 100% and w=10 rad/s. Mean values (n=2) are shown where n is

a number of independent trials. Gelation time was < 30 minutes.
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4.4.3 Fate of the nanocapsules at 60 °C

Gel manufacture involves solubilisation of the gelator in the aqueous
environment of NCs by heating at 60 °C for half an hour where also
elevated temperature can influence the characteristics of NCs. Hence
in Figure 4-17 effect of temperature on NCs with and without gelator is
shown where black bars present size of NCs (40 or 80 nm) initially
obtained; bars with grey lines belong to NCs heated at 60 °C and solid
light grey bars to gel-NCs formulation heated at 60 °C.
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Figure 4-17 Size (nm) of HA 40 or HA 80 nm NCs at 60°C with and without gelator.
Black bars present size of nanocapsules before heating or mixing with gelator at room
temperature. Black bars with grey lines present size of nanocapsules exposed to heat
at 60-70°C without presence of gelator. Grey bars present size of the nanocapsules-
gel system together, when heated/dissolved at 60-70°C. Mean values (n=3) are
shown, error bars represent standard deviation of the mean, where n is number of

independent trials.
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NCs heated to 60 °C exhibited only a slight increase in size to 55+3
and 98+17 nm for HA 40 and HA 80 nm systems respectively. However,
in the presence of the gelator, the size of NC for both systems,
increased up to ~200 nm. It seems that it is not the temperature that
causes increase in size of NCs, but presence of gelator around NCs. PDI
values for all samples were <0.2 suggesting that no aggregation

occurred.

4.5 Analysing the microscopic behaviour

Microscopic techniques are used to image gel morphology, its structure
and nature of fibres. The most widely used are electron microscopy
techniques (scanning and transmission; SEM and TEM respectively). In
order to elucidate better gel morphology in presence of capsules in

nanometre range, TEM was used over SEM.

4.5.1 Nano structure determination by electron microscopy

studies

Morphology of gels and NCs-gel system was assessed using electron
microscopy technique and it is performed as per 4.2.6.3. Vacuum
drying sample preparation for TEM imaging is more commonly
performed, since the preparation of the sample and imaging per se are
simpler and less costly, compared to cryo-TEM procedure. Gel in water
(Figure 4-18 a.) was imaged using that procedure, while gel-NCs
formulation required to be imaged in cryo state in order to preserve its
structure. Gel-NCs composite was imaged on the day of the

preparation.
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Figure 4-18 TEM images of N4-octanoyl-2’-deoxycytidinegelator in a) water 2% w/v;
scale bar is 500 nm; b) HA 80 nm NCs (2% w/v gelator - 8% w/v NCs),; scale bar is
1000 nm. Samples were vacuum dried before imaging. c) and d) cryo-TEM imaging
of 2% w/v gelator - 8% w/v HA 80 nm NCs.

The image in Figure 4-18 a) presents the structure of the hydrogelator
without NCs. A dense structure of relatively straight interconnected
fibres that are longer than 2 um and approximately 10 nm in diameter
is characteristic of this hydrogelator (2% w/v N4-octanoyl-2'-
deoxycytidine in water)2°°, Vacuum drying as a process of sample
preparation gives an image of the gel in the dehydrated state i.e. a
xerogel and can sometimes can result in formulations collapsing as
discussed in 2.2.2.1. This was the case with the gel-NCs formulation
(Fig. 4-18 b). The image showed a crosslinked nanofibre structure but
no NCs were observed on the sample. However, cryo-TEM was used

instead to image the sample allowing analysis of the sample in its
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hydrated state. Cryo-TEM image of the gel-NCs associated system is
shown in Figure 4-18 c. and d. The presence of fibrous network is
clearly seen with homogenous distribution of spheroid particles in
between fibres. This indicates that gel formation is not caused by
agglomeration. Furthermore, the NCs actually participated in the gel
network formation, and they appear to be physically entrapped in the
gel network (Figure 4-18. d.). The size of the NCs on the image c)
suggests that NCs retained their size <100 nm, while on d) NCs with
some larger diameters were observed (<200 nm). Increases in size of
the NC to 200 nm as measured by zeta sizer (Figure 4-17), in
comparison with data here, suggests that the particles are not
aggregating but that the nanofibres are associated with the

nanocapsules.

4.6 In vitro release of fluorescent dyes from NCs and gel-

NCs system

Production of gel-NCs composite, as previously stated, was intended
for intratumoural administration. The aim was to produce a gel system
that will slowly release NCs loaded with cytotoxic drug to facilitate its
delivery through the tumour. In order to investigate the biodistribution
of nanocapsules upon injection into an animal, in vivo imaging system
(IVIS) is commonly used. IVIS often requires introduction of a
fluorescent molecular probe that emits in the near infra-red region. This
is because animal tissue absorbs visible light, which prevents it from
reaching deeper structures. Additionally, high autofluorescence from
biological tissue at visible wavelengths (<650 nm) leads to poor signal-

to-background ratios and thus limits the detection32>,
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Therefore, two fluorescent dyes were incorporated in NCs: NR and
porphyrin. Besides them, encapsulation of DiD and Lumogen IR dyes
were attempted, but poor solubility (Lumogen IR) or change in
characteristics of the dye (DiD) after incorporation in the lipid phase
occurred. Addition of Tween 80 into the oil phase containing DiD
transformed its colour from blue-green to yellow-brown where the
specific interaction between DiD and Tween 80 masked its colour (see

Appendix 6). Hence these formulations were not progressed further.

NR is a hydrophobic dye which emits light below IR where signal could
not be separated from the background autofluorescence therefore is
not suitable for IVIS imaging. However, due to its lipophilicity and long

retention in NCs it is often used to follow the release of NCs from gels?°8,

On the other hand, porphyrins, due to their ring structure, absorbs
photons efficiently and are one of the compounds most used in
photodynamic therapy and for fluorescence diagnosis of cancer326:327,
It has also been reported elsewhere in encapsulated form in a hydrogel
328,329 for in vivo tracking upon intratumoural injection or designed for

tracking NPs330,

For the initial evaluation of the system PBS of 7.4 was chosen. After
evaluation of methods of release as discussed in Chapter 2 (Table 2-7)

a sample separate method was used for in vitro release experiments.

4.6.1 Release of Nile Red

Lipophilic dye NR was loaded into polymeric NCs as described in 5.1.2.
Size of NCs did not change with loading of NR (Table 4-1).
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Table 4-1 Size (nm) and polydispersity (PDI) index of the HA 80 nm NCs after
encapsulation of Nile Red. Mean values (n=3+SD), where n is a number of

independent trials, are shown.

Sample Size (nm) PDI

HA 80 79 4 0.2

HA 40 44 £+ 3 0.2

To investigate the release of the dye from NCs, the HA 80 nm
formulation loaded with NR, was incubated with PBS (1:5). SEC
columns were used to separate the released free drug from drug still
retained in the NCs. Figure 4-19 a. confirms that SEC can be used to
separate the nanocapsules from the NR due to small size of NR
molecules they are retained in the column, while dye encapsulated in
NCs is eluted in the first 2 mL. Figure 4-19 b. shows release of the NR
from NCs over 72 hours. Release of NR is very slow with a maximum
of 21% released after 3 days, which was expected considering that NR
is @ hydrophobic compound with higher affinity towards the oil core of

NCs compared to the release medium.
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Figure 4-19 Encapsulated NR separation from free dye by SEC columns using PBS
buffer as eluent. b) Release of NR from HA 80 nm NCs over 72h, where 1 mL of NCs
was incubated with 4 mL of PBS. Mean values (n=2) are shown where n is number of

independent trials.

4.6.1.1 Release of NCs from the LMW hydrogel

Drug release from NCs is described in 2.2.6.1. and a very high dilution
(0.5 mL of NC with 37.5 mL of buffer) of the NCs in the release medium
was used in order to maintain sink conditions. Results showed very slow
release of GEM C14 from NCs in buffer (~60% after 30 days). In case
of polymer hydrogels, a much lower dilution is commonly reported in
the literature and is usually not higher than 1:5111.232235 [ndeed, it
would not be plausible to follow drug release from the gel at that such
low dilutions as sink conditions would not be maintained. On the other
hand, if a very high volume of medium was used to follow the release
from the gel it would have a significant impact on dissolution of the gel
and the nanocapsules could be released instaneously. Therefore, it was
decided to follow the release only of NCs from the gel to get an insight

into the network between the gel and NCs.

Slow release of NR from NCs, indicated the possibility of understanding

the release of NCs from the gel by following the release of NR from the
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gel. Hence, 2% w/v gels prepared in 0.5 mL of NR NCs as described in
4.2.5.2. were incubated with 1.25, 2.5 or 5 mL of PBS. NCs formulations
were also loaded with GEM C14. Release studies were performed as per
4.2.4.1. With the time, loss of initial gels’ mass was noticed. However,
after 10 hours, the release medium contained more viscous structures.
After 24 h, complete gelation of the release medium occurred (Figure
4-20) independent of the volume buffer added to the gel. This can be
explained by gel disassembly in contact with water and reassembly of
fibres once the gelator was distributed in the medium. Hence, NC-gels
formed with 2% w/v gelator concentration need a higher volume of

medium to investigate the NCs’ release.

.,.'""",":
(L1

Figure 4-20 2% (w/v) gel - 8% HA 80 NCs system gelled release medium after 24h
incubation in water bath (37 °C). PBS, pH=7.4, was used as a release medium. Gels

were prepared in 0.5 mL of NCs and toped up with a) 1.25; b) 2.5; c) 5 mL of PBS.

Finally, release of the NCs from gel was followed in PBS with 12.5 mL
of buffer added to 0.5 volume of gel. No macroscopic gelling of the
medium was observed during the time of the experiment (72 h) and
moreover slow gel disassemble was noticed. Different size of NCs and
different amounts of NCs were compared (Figure 4-21). Release plots
show similar profiles. The gel containing 8% of NCs released NR slightly
quicker compared to gel with 4% of NCs. Although not significant, gels

containing 80 nm NC showed faster release than from gels containing
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smaller 40 nm NCs. Similar was reported for lipid NCs where GEM C12
plays a role as a gelator where NCs of 29 and 55 nm showed negligible

difference (10-20%) in release from their gel?°8,

@ 2% gel-HA 80 nm 4% NCs
- 2% gel-HA 80 nm 8% NCs
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Figure 4-21 Cumulative release of Nile Red/NCs from gel-NCs system at 37°C in PBS
medium, pH=7.4. Concentration of gelator in all systems is 2% w/v and NCs used in
this experiment are: HA 80 nm NCs of 4 and 8% w/v and HA 40 nm NCs in
concentration of 4% w/v. Gels were prepared with 0.5 mL volume of NCs and gel was
incubated with 12.5 mL of PBS. Mean values (n=3) are shown, error bars represent

standard deviation of the mean, where n is number of independent trials.

Following the release of NCs from the gel, size of the NCs released in
the medium was examined as well (Figure 4-23). Released NCs of <200
nm were observed, but much larger than initial size of NCs. Interaction
between gelator and NCs is certain, as TEM imaging of gel-NCs system
(4.5.1.) also showed presence of fibres and NCs mainly <200 nm. He
et al. also reported an increase in size of NCs in a thermoresponsive gel
formulation compared to NCs alone, where increase in the amount of
crosslinker (CaCly), in organogels made of 12-HSA, increased the size
of the beta-lactoglobulin coated lipid particles from 175 to 205 nm?331,

However, they do not provide more details and it is not possible to
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compare systems or have a hypothesis on the potential interactions
between gel and NPs. It was already hypothesised that drug
incorporated in molecular gels can connect to fibres through hydrogen
bonds, for example in case of hydrophobic curcumin31® and

camptothecin3?! in peptide hydrogels.
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Figure 4-22 Schematical representation of gelator participation in gel-NCs composite.
Apart from gelator self-assembly into fibers, it can hypothetically participate at oil-
water interface due to its amphiphilic structure. Additionally, connection between
gelator and polymer coating (HA) of NCs is presented in red rectangle through
hydrogen bonds. Chemical groups with potential for hydrogen bonding are presented

in red.

Using FTIR, Nagahama et al. suggested that laponite (Si) particles
connect with micelles though hydrogen bonds with PEG from the
surface of micelles. Similarly Nanda et al. assumed that hydrogen

bonds are reason for interaction between different ligands of Ag NPs
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and peptide gelators332, The pyrimidine of N4-octanoyl-2'-
deoxycytidine, used in our work, has hydrogen bond donors and
acceptors that were reported to contribute in self-assembly333, Besides
the intermolecular hydrogen bonds that provides the basis for self-
assembly of the gelator?®®, hydrogen bonds could also be the reason
for interaction between gelator molecules and polymers from the
surface of NCs (Figure 4-22).
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Figure 4-23 Size (nm) and PDI of the sample taken from the release medium over
72h of the experiment. a) 2% gel- 4% HA 80 nm system and b) 2% gel- 4% HA 40
nm system. Mean values (n=3) are shown, error bars represent standard deviation

of the mean, where n is number of independent trials.

4.6.2 Release of porphyrin

Porphyrin was loaded into HA 80 NCs as described in 4.2.3.
Encapsulation efficiency was ~60%, and size 93+9 nm (PDI=0.2). NCs
were separated from free porphyrin using SEC columns and as for NR,
free dye was retained in the column longer than NCs making SEC
suitable for their separation (4-24 a). In Figure 4-24 b. release of
porphyrin from NCs and gel are shown. Burst release of the porphyrin

from NCs of 80% occurred after just 2 hours and then no further
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porphyrin was released within 24 hours. Presence of gelator in the
system slowed porphyrin release in a manner that same percentage
(~80%) was released after 24 hours. Indeed, gel-nanocomposite
formulations have been previously shown to improve release kinetics.
For example, Lallo et al. showed that while topotecan was completely
released from liposome or hydrogel in less than 24 hours, a composite
formulations of liposomes and hydrogel slowed down the release to
20% in the same time framell®, Significantly (p<0.05) slower release
of docetaxel in presence of a pluronic gel was also reported from
peptide NPs288,
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Figure 4-24 a) Encapsulated porphyrin separation from free dye by SEC columns using
PBS buffer as eluent. b) Release of porphyrin from HA 80 nm NCs and gel system
over 24 h, where formulation to PBS ratio is 1:25. Mean values (n=3) are shown,
error bars represent standard deviation of the mean, where n is number of

independent trials.
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4.6.2.1 IVIS imaging

In collaboration with Phil Clarke from Faculty of Medicine & Health
Sciences, University of Nottingham, porphyrin formulations were
screened using IVIS Image software (4.3.1, Perkin Elmer). It was
concluded that porphyrin containing formulations emit light at near
infra-red wavelengths (680 nm) with good signal /background ratios at

low concentrations (~10 pg/mL).

In conclusion, there are two major requirements for a fluorescent probe

to be used for in vivo imaging of nanocapsules:

e to have NIR emission that gives a good signal to noise ratio

e to be retained in nanocapsule during the time of imaging,

Unfortunately, porphyrin incorporated in NCs, did not fulfill completely
both requirements. The porphyrin formulation has appropriate emission
in NIR, but its quick release from the nanocapsules does not allow
tracking of the nanocapsule release from the gel. Since, porphyrin
delivery is not aligned to the goal of the PhD this was not progressed

further.

4.6.3 Injectability of the NC-gels

When considering a formulation for direct intratumoural delivery,
injectability of the system is a crucial characteristic to evaluate. In
Figure 4-25 syringes loaded with gel formulation with and without NCs
are shown and their appearance after dispensing them through the
needle is shown at the bottom picture. After dispensing them into the
vial, the gel formulation with NCs remained in a gel form. The gel

formulation without NCs did not reform into the gel instantly, but only
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after some time (30 minutes to 1 h). However, the concentrations of
gelator in systems with and without NCs are not comparable, as

described earlier in 4.4.2.1.1. rheological studies.

0.5 % (w/v) 3.5% (w/v) 3% (w/v) 3% (w/v)
gel water 8% NCs 4% NCs 2% NCs

Figure 4-25 Gel formulations dispensed through the syringe (top picture) using needle
(25G) into the vial (bottom picture). Formulation used are: a) 0.5% (w/v) gelator-
water; b) 3.5% (w/v) gelator - 8% NCs; c) 3% (w/v) gelator — 4% NCS; d) 3% (w/v)
gelator — 2% NCs.

Indeed, from the rheological assessment 2% w/v gelator and NC
formulations had sufficient mechanical strength for tissue retention and
hence for a controlled release depot. Therefore, their ability to be
placed in tissue was tested and is presented in Figure 4-26.
Formulations with same gelator concentration (2% w/v) but different
amount of NCs (8 and 4% w/v) are compared in terms of injectability.
While the gel containing 4% w/v NCs retained its structure, the gel
containing 8% w/v NCs did not reform after dispensing through a
syringe. To mimic a resection site and intratumoural delivery, we bored
out a hole in chicken thigh and used a syringe (without needle) to place
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the gel inside and observed the shape of the gel. Bottom picture in
Figure 4-26 showed the ability of the gel - 4% w/v NCs to retain its gel

structure in the tissue, while the gel with 8% of NCs did not.

Figure 4-26 Images of 2% w/v gelator in a) 4% w/v HA 80 nm NCs or b) 8% w/v HA
80 nm NCs. Gels formed after dissolution at 60°C were stored in the syringe for 1
hour and dispensed into a vial or in a chicken muscle tissue. Images were taken 5-10

minutes after dispensing gels in into a vial/chicken tissue.

Gels and gel-nanocomposite formulations that reform after
intratumoural injection have already been discussed in 4.1.2. Recovery
sweep rheology is often carried to mimic the conditions that would be
encountered during injection into a tumour site. The measurements are
performed by varying the strain between stable condition (as quantified
by the LVE region found during the amplitude sweep) and at strain upon
which the gel would undergo complete deformation. By monitoring the
recovery between these strains gel behaviour upon injection could be
predicted. Several LMWG formulations®2>57071  and gel-NPs
composited®336 showed ability to recover to or near to initial strength.
Moysan et al. reported concentration dependant recovery with
significantly lower G’ values after dispensing a gel (5% gelator) through
a syringe, while higher concentrations almost fully recovered gel

184



strength?°8, Skilling et al. reported 70% recovery, after time dependant
test, for gelator used in this work2??°. We have shown here that
appropriate gelator and NCs concentration gives characteristics of a gel

that is able to reform after injection.
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4.7 Summary

Using hyaluronic acid and chitosan polymers in association with
polymeric nanocapsules, gives gels with an observed difference in
viscosity when different concentrations of chitosan were used. Further
investigation, in terms of gel strength and structure, would be needed

for this system to be considered as a drug delivery system.

To obtain optimal gel-NCs composite with use of LMWG the following

variables were tested:
e Gelator concentration
¢ NCs concentration

e Type of nanocapsules

It was concluded that for gel-NCs associated formulations, gel
formation is dependent on gelator concentration. Gel mechanical
strength increased with increase in gelator concentration, until
precipitates were formed which disrupted gel structure. Additionally, an
amount of NCs was found to be crucial for gel strength, since too high
amount inhibited the LMW gelator from forming the dense cross-linked
fibre structures around NCs. Varying concentration of both
components, optimal values of 4% w/v NCs and 2% w/v gelator were
obtained. The presence of nanocapsules in a nanofibre network was

confirmed by TEM imaging.

Changing NCs’ size (40 or 80 nm) or polymeric coating (hyaluronic acid

or poly-glutamic acid) did not have a significant impact on gel strength.

In conclusion, the amount of NCs and gelator concentration in the
formulation were dominant controlling parameters, affecting the

rheological properties of the gel-NCs system.
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Nanocapsules were slowly released from gel in first 24 hours (~60%),
after which an equilibrium was reached. Also, the change in size of NCs

(to 172 £ 24 nm) was observed after their release from gel.

Additionally, gel-NCs system exhibited an ability to reform after being

dispensed through a syringe.

Compared with previous studies on injectable polymer gel -
nanocomposites, data for this gel-NCs formulation suggests that it has

promise for applications in drug delivery.
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5 Conclusions and future perspectives

Using polymeric NCs and LMWGSs, a novel injectable composite was
designed for intratumoural application providing a slow delivery of
anticancer agent. The composite formulation was developed,
characterised and tested for in vitro efficacy, injectability and stability
in a physiological environment. In this chapter achievements obtained
from its development are described. However, there is always room for

further improvement and it is discussed below.

5.1.1 Development of polymeric nhanocapsules < 100 nm

The production of HA or PGA NCs, using a simple and environmentally
friendly self-emulsification method, is described in Chapter 2. Polymeric
NCs of this size have not been reported before using this method. The
optimisation of the composition in terms of non-ionic surfactants and
oil lead to the development of NCs <100 nm. In the optimisation
process it was found as expected that with the increase in the amount
of oil (Miglyol 812N), the size of the nanoemulsion increased. Also, the
higher the total amount of surfactants (Tween® 80 and Kolliphor® HS
15) the smaller the size of nanoemulsion. When the amount of Tween®
80 was greater than that of Kolliphor® HS 15 the size of the
nanoemulsion droplets increased. Under the same conditions, but using
a different oil influenced the size of nanoemulsions where replacing
Miglyol® 812N with Maizine® 35-1 resulted in a size increase from <100

to >150 nm.

In order to produce polymeric NCs, the presence of CTAB on the surface

of the nanoemulsion droplets facilitated the formation of the polymer
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shell of the nanocapsules as confirmed by the switch of the zeta
potential from positive to negative values. It was shown that the charge
of NCs is influenced by the amount of non-ionic surfactants and by the
type of the polymer forming the shell. Increasing the amount of non-
ionic surfactant resulted in less negative charge (less negative ZP
values). On the other hand, a polymer coating with a higher number of
negative groups (HA versus PGA) led to NCs with more negative ZP

values.

The physical characteristics including the spherical structure of NCs and
size < 100 nm were confirmed by TEM imaging. Additionally, NCs did
not show any significant change in size upon incubation in simulated
biological media (PBS and RPMI). The same was obtained at storage

conditions of 8 °C and RT over a period of 1 month.

For the purpose of final application, anticancer drugs, DCX and GEM
C14, were encapsulated with high EE (90%). The final drug loading of
the formulations developed was 0.1% (w/w). In vitro release
experiments showed slow release of GEM C14 from NCs with 60%

released during 1 month.

5.1.2 In vitro activity of nanocapsules in cancer cells

In chapter 3, the activity of NCs against cancer cell lines was explored
and following nanomolar potency of GEM C14 loaded NCs against
colorectal - HCT 116 and pancreatic - MIA PaCa-2 and Panc-1 cancer
cell lines was concluded. Furthermore, it was shown that the potency
of GEM C14 loaded NCs was independent of the polymer coating or the
size of the NCs. The non-encapsulated prodrug of gemcitabine and
GEM-HCI showed similar GIso values suggesting that modification on N-
terminal did not influence the drug potency. Potential contribution of

surfactants to activity in cancer cells was noted. In the clonogenic
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assay, brief exposure of a small humber of cancer cells to blank NCs
showed that blank NCs with higher surfactant content induced
statistically lower number of colonies formed when compared to the

control.

Activity of prodrug and NCs against anticancer drug resistant cell lines
was also assessed. While GEM showed sensitivity towards vincristine
resistant HCT 116 cancer cell line, in Panc-1 cell line with developed
resistance to GEM, negligible activity of GEM C14 was observed. The
resistance of Panc-1 cells to GEM C14 was significantly reduced, in
terms of GIsg value, when GEM C14 was loaded into the NCs. However,
GIso values of blank and drug loaded NCs were not significantly different
in GEM R Panc-1 cell line.

5.1.3 Gel-nanocapsules associated system for localised cancer

therapy

In chapter 4 a gel-NCs formulation was designed for local cancer
therapy. Composites of NCs and gels were formed. The work was
mainly focused on LMWGs, however NCs associated with polymeric gels
were screened initially. Polymeric gels of CS-HA were formulated with
HA 80 and HA 40 nm NCs using a double-barrel syringe or mixing with
magnetic stirring where the later procedure yielded a greater volume
of gel with better observable consistency. It was also shown that an
increased concentration of CS resulted in formation of more viscous
gels. These gels were not studied in detail as difficulties in keeping the
consistency between independent repeats occurred. In addition, quick

release of NCs from gel was observed.

N4-octanoyl-2'-deoxycytidine, a LMW gelator, formed gels by a heat-

cooling cycle in a suspension of NCs. Both gelator and NC
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concentrations influenced the gel strength. A low gelator concentration
(0.5 and 1% w/v) did not gel with 8% HA 80 nm NCs whilst reducing
the amount of NCs to 4 and 2% resulted in the production of gels. When
the gelator concentration increased, the mechanical strength of the gels
increased as measured by oscillatory rheology. Specifically, values of
storage and loss moduli (G" and G”), as well as the difference between
them and the length of LVE region increased in both gel-water and gel-
NCs formulations. Also, the gel strength was independent of the nature

of the polymer coating (HA versus PGA) or the size of NCs.

The release of NCs from the gel was followed incorporating NR into the
NCs. Upon exposure of the LMWG gel-NCs formulation to large volumes
of PBS, it was shown that gel can retain NCs as approximately 30% of
the NCs were released in the first 8h and 63% at 72h for 2% gel - 4%
HA 80 nm NCs formulation. The size or concentration of NCs did not

influence the release profile significantly.

Structure of this novel LMWG-NCs formulation was confirmed by TEM
where the presence of fibers >2 um in length and 10 nm in diameter
and NCs approximately 100 nm in diameter were observed in the same

sample.

As a final perspective of this formulation for local cancer delivery, 3%
w/v gel with 8, 4 or 2% w/v NCs formulations reformed instantly their
gel structure upon being dispensed through a needle. In addition,
formulation with gelator concentration 2% w/v and 4% w/v of NCs
retained its structure, after being placed by a syringe (without needle)

in @ hole of chicken thigh mimicking retention in tissue.
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5.2 Future work

5.2.1 Further optimization of NCs formulation

The objective to produce NCs <100 nm as a carrier for anticancer drugs
is achieved. However, very small NCs (~30-40 nm) were produced at
the expense of a decrease in the amount of oil. Although, the potential
of NCs as a carrier for anticancer drugs was demonstrated through high
encapsulation efficiency, a drawback was low drug loading (0.1%) of
the formulations developed. Hence, screening of additional oils and
surfactants that can accommodate more drug, while retaining small
size, would be beneficial. This is important in order to ensure drug

amounts at a therapeutic level.

Although NCs yielded good stability in PBS and RPMI, these simulated
biological media are far from in vivo conditions. The physicochemical
characterisation of the NCs incubated in human blood plasma and the
analysis of the potential protein corona around the NCs would give a

better insight on what would happen to NCs in the body.

5.2.2 NCs on cellular level

The activity of NCs in wild type cancer cell lines (HCT 116, MIA PaCa-2
and Panc-1) is shown and the activity of GEM C14 was not compromised
during the encapsulation process. Additionally, blank NCs were not
toxic at GIso concentrations against the same cell lines. Contrarily,
although GEM C14 loaded NCs showed significantly lower GIso values
compared to those of the drug alone towards a GEM resistant cell line,
surprisingly, both, blank and GEM-loaded NCs, showed similar activity.
Therefore, it would be important to elucidate the impact of all NCs

components on these cancer cells. For instance, the effect of especially
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the cationic surfactant, as a potential chemosensitiser, on cancer cells
could explain similar activity of blank and loaded NCs. Furthermore,
assessment of NEs’ activity (NCs without polymer coating) would help
to understand if polymer coating brings any targeting properties

towards receptors on these cancer cells.

In order to elucidate mechanism of GEM C14 and GEM C14 loaded NCs
on cancer cells future experiments should also involve confocal imaging
of fluorescently labeled NCs in order to confirm their uptake,
identification of transporters on the cell surface and their influence on
drug and NCs uptake, as well as, experiments which would explore
mechanisms by which apoptosis is induced. Finally, selectivity of NCs
towards non-cancerous cells (e.g. human fibroblast) also remains

unexplored.

5.2.3 Localisation of gel-NCs formulation upon intratumoural

injection

5.2.3.1 Polymeric gel-NCs composite

HA 80 or 40 nm NCs associated with HA-CS polymer network were
characterised mainly by visual appearance. Although increase in
viscosity was noted with polymer concentration, rheological evaluation
is needed to have an insight on gel strength. Furthermore, future
experiments should involve TEM imaging in order to elucidate gel-NC

structure.

Apparently, HA-CS gel containing NCs left in unreacted liquid showed a
relatively fast release of the NCs. However, this analysis was simply
based on visual qualification and a more rigorous analysis of this

process would be necessary. In brief, release experiments of NCs and
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drug from various polymeric gel-NCs formulation should be done in

order to optimise the formulation further.

5.2.3.2 LMW gel-NCs composite

It was confirmed that N4-octanoyl-2’-deoxycytidine gelator formed
fibrous structure around spherical NCs, however additional analysis is
needed to further analyze the type of interaction between gel and NCs
network. For example, it is possible that imaging of the samples from
release medium would give some more information on what is
happening in this complex system i.e. if NCs are diffused through gel
structure or fibre disassembly also occurred. Additionally, considering
the amphiphilic structure of both, the gelator and the modified drug,
surface tension measurements would be important to confirm whether
they have the potential to sit at the oil water interface of the NCs and

contribute to the connection between NCs and fibres.

Incubation of NCs with gel increased the size of NCs which was
concluded to be probably due to the effect of gelator presence around
NCs and not elevated temperature. However, a method of gel-NCs
preparation can involve some improvements. Indeed, during gel-NCs
preparation, solubilisation of gelator in NCs at elevated temperatures
(60-70 °C) had to be monitored since these conditions could be
destructive. Perhaps another way of their association could be explored.
For instance, in future experiments, the gelator could be first solubilised
in water and then mixed with NCs, in order to minimize the exposure

to heat.

Conditions under which release from the gel is followed are extreme in
terms of volume used, compared to similar systems available in the
literature. This implies similar or superior behavior of gel retention at
the injection site in vivo. Therefore, in vivo imaging of the fluorescent
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labelled nanocapsules upon their injection to a tumour xenograft model
has to be examined. Explored fluorescent labels, NR and porphyrin, did
not fully satisfy requirements for IVIS imaging, hence another

fluorescent label has to be considered.

Overall, the achievements of this project brought for the first-time
development of the very small NCs with nanomolar potency against
cancer cells and progress towards tackling chemoresistance in vitro.
Another novelty is NCs composite formulation with LMWGs with the
slow release of the anticancer agent. The observed retained gel
properties after the stress of being dispensed through the syringe
makes this formulation attractive for the local delivery of anti-cancer
drugs. The next big question that these data leave is if this formulation

can make an impact in vivo as well?
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Appendices

Appendix 1. Release of GEM C14 from HA 80 nm NCs in 2 release
mediums: PBS (pH=7.4) and PBS+0.1% w/w SDS (pH=6.8). Volume

of NCs incubated was 0.5 mL with 12.5 mL of release medium at 37 °C.
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Appendix 2. Image of elutions of HA 80 nm NCs loaded with sudan III

dye, collected from SEC column.
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Appendix 3. Growth inhibitory profiles of blank or GEM-C14 loaded NCs
and free GEM-HCI or modified GEM on HCT 116 and MIA PaCa-2 cell

lines. All 4 types of NCs (HA 80, HA40, PGA 80, PGA 40 nm NCs) were
evaluated.
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Appendix 4. Dose response curves illustrating GEM C14 and for GEM-
HCI activity on the HCT 116 VR cell line.
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Appendix 5. A standard calibration curves of NR and porphyrin
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Appendix 6. Image of change in colour upon interaction between DiD

and Tween 80

Qil+Koliphor HS 15+Tween 80
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