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Summary

Prostate cancer is the second most widespread cancer in men worldwide. Treatment choices
are limited to prostatectomy, hormonal and radiotherapy that commonly have deleterious side

effects and vary in their efficacy, depending on the stage of the disease.

Among novel experimental strategies, gene therapy holds great promise for the treatment of
cancer, but its use is currently limited by the lack of delivery systems able to selectively deliver

the therapeutic genes to the tumours after intravenous administration without major drawbacks.

Given that lactoferrin receptors, prostate specific membrane antigen (PSMA) and integrins are
overexpressed on prostate cancer cells, the purpose of this study is to determine whether
lactoferrin, Peptide2 (CWQPDTAHHWATL) and Peptide4 (CPRPRGDNPPLTCGGKKK)
bearing diaminobutyric polypropylenimine (DAB) based dendriplexs would improve the

targeting of therapeutic genes in vitro and in vivo.

The chemical and physical characteristics of the synthesised dendrimers were first determined,
followed by various in vitro experiments, to assess the improvement in the transfection and
cellular uptake of the modified dendriplexes in PC-3, DU145 and LNCaP prostate cancer cell
lines. Finally, in vivo studies were carried out using BALB/c nude mice to investigate the anti-

cancer effects of the Lf-bearing dendriplexes encoding TNFa, TRAIL, or IL-12.

DAB-Lf significantly increased the cellular uptake of the DNA in all prostate cancer cells. The
highest DNA uptake, observed in PC-3 cells, was double than that observed in cells treated
with non-targeted dendriplex. The anti-proliferative efficacy of DAB-Lf dendriplex encoding
TNFa, TRAIL, or IL-12 was significantly improved compared with unmodified DAB

dendriplex. In vivo, intravenous injections of DAB-Lf dendrimer complexed with plasmid

xviii



DNA encoding TNFa and TRAIL have resulted in complete regression in 70% and 40% of
tumours respectively at the end of the experiment in tumour-bearing mice.

DAB-PEG2k-Pep? significantly improved the cellular uptake in LNCaP and DU145 cells, but
not in PC-3 cells compared with the non-targeted dendriplex. The therapeutic DNA encoding
TNFa was successfully transfected after complexation with DAB-PEG2Kk-Pep2 in all three cell
lines, with significant variance in the cytokine concentration between cell lines. The ICso of
DAB-PEG2k-Pep2 dendriplex encoding TNFa was significantly improved compared with
untargeted DAB-PEG dendriplex in LNCaP cells.

In conclusion, DAB-LT is a promising DNA carrier for targeting prostate cancer. This study is
one of few showing significant tumour regression after intravenous administration of gene
therapy using non-viral vectors as a single therapy approach. Peptide2 was also found to be an
effective ligand for PSMA, however more improvement in the formulation is still required to

obtain an enhanced therapeutic effect.
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Chapter 1 : Introduction



1.1. Prostate cancer

1.1.1. Prostate anatomy and histology

The prostate is a gland in the male reproductive system, located below the bladder and in front
of the rectum, with its base at the bladder neck and its apex at the genital diaphragm. A capsule
of smooth muscles and fibres encapsulates the prostate and separates it from the rectum (Figure
1-1) (Hammerich et al., 2009; Rocers, 2011). The gland is linked with the seminal vesicles and
vas deferens through the ejaculatory ducts that meet at the centre of the prostate and combine
with the urethra as it passes through it (Hammerich et al., 2009). It is composed of 70%
glandular tissues and 30% fibromuscular tissues (Muruve, 2013). The glandular part contains
fifty secretory glands and ducts, whose main function is the secretion of a fluid which
constitutes around 30% of the total semen volume. This fluid liquefies the sperm and protects
it by creating an environment that allows it to survive for a period of time. The fibromuscular
tissue is composed of smooth muscle and connective tissue to provide the prostate with the
required strength to expel the fluids during ejaculation (Rocers, 2011).

In 1968, McNeal established the most commonly used anatomical division of prostate into
three zones (Figure 1-2) (McNeal, 1968; Selman, 2011):

- The peripheral zone, which includes the posterior and lateral sides of the prostate,
containing most (70%) of the glandular tissue (Muruve, 2013). Most of the prostate
disorders such as chronic prostatitis, post-inflammatory atrophy, and cancer, arise in
the peripheral zone, (Hammerich et al, 2009).

- The central zone, which consists of around 25% of the prostate tissue and surrounds the
ejaculatory ducts.

- The transition zone, which surrounds the part of the urethra that passes through the

prostate. It is consisting of three lobes, two lateral and one central. Benign prostatic



hyperplasia usually develops at this site, leading in some cases to obstruction of the

urethra (Muruve, 2013).
Histologically, the prostate is composed of two types of cells, basal and luminal cells. The basal
cells are smaller in size and arranged linearly to form a layer, acting as a barrier and creating a
support for the luminal cells (Wang et al., 2007). Mostly, basal cells display growth factor
receptors to couple with different forms of growth factors that are essential for cellular
proliferation (Reynolds and Kyrianou, 2006). Androgen receptors are also expressed in a few
basal cells, considered to be stem cells for their ability to differentiate to luminal (secretory) or
neuroendocrine cells (Ramon and Denis, 2007; Wang et al., 2007). In addition, luminal
columnar cells form a layer that is located just above the basal cell layer. They are responsible
for the synthesis of seminal fluid, which requires androgen hormones, thus explaining the high
expression of androgen receptors in their cell membrane (Figure 1-3) (Wang et al., 2007;

Hammerich et al, 2009).
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Figure 1-1 Representation of a normal prostate, showing its size and location under the bladder
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1.1.2. Prostate cancer epidemiology

Prostate cancer is one of the most leading causes of death in men worldwide. It is found to be
the fourth most widespread cancer in the world, the second most common cancer in men, and
the first in Europe and North America (GLOBALCAN, 2012; Brawley, 2013). According to
the World Health Organisation, prostate cancer is estimated to cause 1.1 million new diagnosed
cases and 307,000 deaths annually worldwide (GLOBOCAN, 2012).

In the UK, prostate cancer is the most commonly diagnosed cancer in men, with approximately
25% of the total cancer cases and 10,000 deaths annually (Philippou et al., 2014; Cancer
Research UK, 2015).

A continuous rise in the prostate cancer incidence rate has been recorded with a three-fold
increase in Europe between 1975 and 2011 (Cancer Research UK, 2015). Around 190,000 new
cases arise each year with 80,000 deaths occurring annually from prostate cancer (Damber and
Aus, 2008). These statistics show prostate cancer as growing health problem, demonstrating

the insufficiency of the currently available diagnostic and therapeutic approaches.

1.1.3. Types of prostate cancer

1.1.3.1. Prostatic adenocarcinoma

Adenocarcinoma is the most common type of prostate cancer, accounting for more than 90%
of cases. It is a malignant glandular neoplasm that affects the epithelial tissues, including the
secretory and luminal cells. The tumours are usually initiated in the peripheral zone, then
spread locally around the prostate capsule from the seminal vesicles, the neck of the bladder
and the rectum (Wagner, 2016). Immunohistochemical markers such as prostate specific
antigen (PSA), prostatic acid phosphatase (PAP), and alpha-methylacyl coenzyme A (CoA)-
reductase (AMACR) are usually expressed during the progression of adenocarcinoma. The

high expression of these markers could be used as a diagnostic tool for prostate cancer (Baig



et al., 2015). The progression of the adenocarcinoma leads to the development of metastatic

stages of the disease, as well as hormone refractory prostate cancer (Ramon and Denis, 2007).

1.1.3.1.1. Metastasis

Prostate cancer tends to metastasise into different organs, spreading from the pelvis to the
lymph nodes, bones, adrenal glands, liver, lung and brain (Wagner, 2016). Cancer metastasis
arises due to several changes in the primary cancer cell and tumour surrounding environment.
The genetic instability in cancer cells can cause some cellular heterogeneity and DNA mutation
that assist in cellular metastasis such as the loss of KAI1 (11p11.2) gene in prostate cancer cells
(Gupta and Massagué, 2006). Furthermore, the stressed environment that is developed during
the localized tumour growth such as the complexed extracellular matrix components, the low
oxygen environment (hypoxia), and the limited nutrients supply, all cause cancer cells to
evolve to a more invasive and aggressive form of cells.

The pattern of organ metastasis is not a random process; cancer cells tend to invade organs that
are compatible with their primary cell growth in a predictable manner. Blood flow is believed
to have an impact on selecting the site of metastasis. Cellular genetic mutations as well as the
extra cellular matrix binding are also affecting the metastasis pattern (Kakhki et al., 2013).
However, there is no clear understanding on how the cells maintain this process. For example,
in case of prostate cancer bone metastasis, the adhesion molecules that most commonly
correlated with bone marrow metastasis are cadherin, stromal cell- derived factor 1 (SDF-
1/CXCL12), and integrin a2B1 (Ziaee et al., 2015). In addition, tumours tend to metastasise in
regions with specific anatomical criteria. In case of prostate cancer, the active red bone marrow
was found to be the favourable place for cancer cells to develop metastasised tumours in bone
due to the lateral site and the available vascular spaces in the bone marrow, which allows cancer

cells to freely penetrate inside these spaces (Kakhki et al., 2013).



1.1.3.1.2. Hormone refractory prostate cancer

A major treatment for metastasised prostate cancer is androgen deprivation therapy, which is
based on the use of medications or procedures to prevent the release of testosterone and
dihydrotestosteron to reduce the growth of this androgen-dependant tumours. Hormone
refractory showed a therapeutic response for around 18 to 24 months before developing
resistance to this therapy. Each year in the USA, around 25,000 prostate cancer cases develop
resistance to hormone therapy, stimulating the growth of androgen-independent prostate cancer
(AIPC) or hormone refractory prostate cancer (HRPC), where the cancer continues to grow
despite hormonal treatment (Garnick, 2016). The mechanism by which HRPC is generated is
not clear yet; it is thought that cells would change the androgen receptors (AR) activation
pathway by receptors mutation or change the receptor activation pathway. For example, the
activation function domain AF-1 in AR receptors can be activated even in the absence of
androgen hormons which is believed to be responsible for AR activation in hormone refractory
(Girling et al., 2007).

The first sign of HRPC is a rise in PSA, which has been reduced during treatment, while bone
and soft tissue metastasis are further indications of hormone resistance and thus of treatment
failure (Ramon and Denis, 2007). Chemotherapy is the common option in treating HRPC; it

would lead to improve the survival for up to ten months (Di Lorenzo et al., 2007).

1.1.3.2. Other types of prostate cancer

There are other rare types of prostate cancers such as small cell carcinoma, squamous cell
carcinoma and prostatic sarcoma that count around 1.5 to 2% of all prostate cancer cases in
total. These rare types are very aggressive forms of prostate cancer (Tavora, 2013; Wagner,
2014). The diagnosis of these cancers is very complicated, since serum PSA levels are usually
in the normal range, which is the main factor contributing to delayed diagnosis (Malik et al.,

2011). Common treatment options such as hormone therapy, radiation therapy and
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prostatectomy are usually not applicable to these types of cancer. However, in some cases good
control of the disease and improved survival time have been achieved by a combination of

radiotherapy and chemotherapy (Munoz et al., 2007).

1.1.4. Pathophysiology of the disease

The pathophysiology of prostate cancer can be histologically divided into three main levels
based on tissue mutations. Morphological changes in prostate tissue start gradually and may
take decades to evolve into cancer. In a normal prostate, the basal and luminal (secretory) cells
are arranged in two layers in the gland, supported by the basal membrane (Figure 1-3, A). The
histological changes start with the proliferative inflammatory atrophy (PI1A), which appears as
a dilation of the glands with notable change in the secretory cells. At this stage, prostate tissues
undergo cell atrophy with signs of chronic inflammation (Woenckhaus and Fenic, 2008; Shah
and Zhou, 2012). PIA mutation in the tissue is not categorized as cancer, although there is
strong evidence that it could be considered as a precursor lesion to prostatic intraepithelial
neoplasia (PIN) and then prostatic carcinoma (Ramon and Denis, 2007; Woenckhaus and
Fenlic, 2008).

The second progressive level of the histophysiology of prostate cancer is the PIN which is
considered a precursor for prostate cancer and can be divided into two grades: low- and high-
grade PIN. An enlargement in the nucleus of the secretory cells and a decrease in the number
of stem cells with no changes in the basal membrane are the main histological mutations in the
low-grade PIN. The morphological transformation progresses gradually until it reaches high-
grade PIN, where the secretory cells are atrophied. Tissue malformation can be easily
distinguished at this stage by a biopsy test (Ramon and Denis, 2007). The basal membrane
starts to break down, which causes the basal cells to lose their cell-to-cell arrangement as well
as increasing the invasion tendency to the prostate glandular tissue (Brawer, 2005; Ramon and

Denis, 2007) (Figure 1-3, B). Some genetic changes also occur in high-grade PIN, such as



gaining chromosomes 7931, 8q and Xq, and losing 8p, 10q, 13q and 16q, which are considered
genetic precursors of prostate cancer (Nelson et al, 2003). However, in some cancer cases, the
disease progresses from normal epithelium to cancerous tissue without passing through the
intermediate stages of PIA and PIN (Ramon and Denis, 2007).

The development of high-grade PIN to cancerous tissue is strongly correlated with the genetic
changes in the cancer cells that affect the normal balance in the adhesion molecules, leading to
more degradation in the cell membrane with the loss of cell-to-cell adhesion. Cancerous tissues
undergo abnormal expression of N-cadherin (gene at chromosome 18g11.2) and loss of E-
cadherin (gene at chromosome 16921/22), which is normally found in prostate cells. This
change in cadherin level creates a stromal invasion of the tissue, which is the main criterion of
cancerous tissue and can be defined as the invasive growth of cancer cells beyond the disrupted
basal membrane. In addition, the continuous release of N-cadherin in cancer cells increases
the metastatic ability which is the migration of some cancer cells to the surrounding organs

such as the rectum and the bone (Ramon and Denis, 2007).
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Figure 1-3 Anatomical differences between normal and cancerous prostate tissue: A) normal
shape of the basal and luminal cells in the prostate; B) tissue morphological changes in prostate
cancer (adapted from Ramon and Denis, 2007)

1.1.5. Screening

Prostate cancer screening is usually performed by blood testing for prostate specific antigen
(PSA), since a high serum level indicates prostate disorders such as prostatitis, benign prostatic
hyperplasia, or malignant tumours. Some countries have a prostate screening policy, which in
the USA is applied to any man above 50 years old, or above 40 years for African-American
men or men with previously affected first-degree relatives. Other countries have no defined
rules for prostate cancer screening, since there is no strong evidence supporting the hypothesis
that early detection actually reduces the mortality rate of the disease (Ramon and Denis, 2007).
1.1.6. Diagnosis

Unfortunately, most prostate cancer patients are rarely seeking diagnosis due to their limited
prostate cancer symptoms. However, there are some signs and symptoms that should draw the
patient’s attention to the need for screening, such as haematuria, haematospermia and difficulty

in urination due to prostatitis, which are signs of localized prostate cancer. Other symptoms
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which may arise at later stages of the disease include bone pain and rectal obstruction
(Philippou et al., 2014).

A PSA blood test and digital rectal examination (DRE) are the primary diagnostic procedures
that should be performed. Depending on their results, additional tests such as transrectal

ultrasound and biopsy may be done.

1.1.6.1. Prostate specific antigen

Prostate specific antigen (PSA) is a human glycoprotein serine protease that is secreted
specifically from the prostate epithelium. PSA is released in the semen of normal healthy males
to assist the prostate function in lysis of the seminal coagulum. It is also found to be released
in blood serum in its free or protein complexed forms (Stephen, 2012; Philippou et al., 2014).
PSA was first approved as a biomarker for prostate cancer in the 1990s. The diagnostic test,
based on measuring the PSA level in blood serum, was developed for two reasons. First, most
prostate cancer patients have been found to have an elevated PSA level which is linked to the
high production of PSA in prostate cancer tissues (Stephen, 2012; Philippou et al., 2014). In
addition, the morphological mutations in the cancerous prostate glands increase the PSA serum
level by the uncontrolled flow of PSA to the surrounding capillaries, which occurs due to the
laceration of the tissue barriers between the cancerous glands and the capillary tubes. Secondly,
any abnormality in the PSA serum level will particularly indicate prostate gland dysfunction,
since its production is found to be very specific to prostate tissues. In normal base, the PSA
serum level is around 2 ng/ml with an alerting abnormal level of 4 ng/ml and above (Philippou
etal., 2014).

Although the PSA test is sensitive for the antigen level in blood, its serum elevation is not very
specific for cancer alone, i.e. a high serum level of PSA is considered a sign of various prostatic
disorders, either benign or cancerous, such as prostatitis, benign prostatic hypertrophy and

prostate cancer. This is considered the main drawback in using PSA as a diagnostic test and
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explains the use of the digital rectal examination (DRE) test with it in most diagnostic
guidelines (Stephen, 2012). For example, at PSA concentrations above 4 ng/ml, only 30% of
cases develop a positive diagnosis of prostate cancer. The positive prediction rate increases to
42-64% if PSA is higher than 10 ng/ml (Philippou et al., 2014). Unfortunately, some prostate

cancer cases (6.6%) express very low PSA levels (0.5ng/ml) (Artibani, 2012).

1.1.6.2. Digital rectal examination

Digital rectal examination (DRE) is a physical examination of the rectum for any abnormality
in the prostate. It is usually performed in parallel with the PSA serum test, since DRE can lead
to a positive diagnosis even if the PSA level is normal. For instance, 30% of screened patients
with a PSA level of 2.5 ng/ml are found during DRE to have abnormalities in the rectum,
requiring more specific investigation by taking a prostate biopsy to confirm the positive

diagnosis (Ramon and Denis, 2007).

1.1.6.3. Transrectal ultrasound

Transrectal ultrasound (TRUS) is a diagnostic test where a special endoscope is inserted into
the patient’s rectum to take ultrasound images, allowing the detection of abnormalities in the
prostate such as size enlargement and tissue mutations. This imaging technique is usually used
following the PSA test if its serum level was abnormally high to confirm the positive diagnosis
(Philippou et al., 2014). It is usually performed in parallel with a biopsy to help in guiding the
needle. However, TRUS has some limitations, such as a weak ability to distinguish between
benign and malignant tumours. Recent modifications designed to improve its performance and
accuracy include three-dimensional ultrasound imaging (Ramon and Denis, 2007; Antunes et
al., 2014). Moreover, MRI-fused image technique was also developed to overcome the

possibility of false diagnosis, since TRUS cannot usually guide a biopsy from some parts of
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the prostatic transition zone, where around 30% of prostate cancer cases arise (Marberger et

al., 2012; Antunes et al., 2014).

1.1.6.4. Prostate biopsy

Prostate biopsy is a test which involves screening prostate tissue under a microscope to detect
any histological abnormalities. It is usually the last choice in the diagnosis guidelines,
performed to confirm a positive diagnosis and more importantly to determine the exact stage
of the disease. The accurate grading of prostate cancer is crucial in order to choose the most
appropriate treatment for the patient (Ramon and Denis, 2007; Philippou et al., 2014).
Prostate biopsy collection is usually performed with the guidance of TRUS, while a spring-
loaded automatic biopsy gun is used to extract the specimens. Different prostate biopsy
schemes are used to ensure systemic collection of samples from the prostate, but currently the
one most commonly used is the extended biopsy scheme, with 12 cores (Stephen, 2012;
Philippou et al., 2014).

The histological grading of prostate cancer is performed by various methods; the most common
method is the Gleason grading system (Philippou et al., 2014). In 1966, Donald Gleason
developed diagnostic procedure on the basis of histological images of specimens. Several
changes have been made in the guideline since then. The grading system now has five major
stages, where 1 is the mildest, as briefly described in Table 1-1 and Figure 1-4. However,
instead of allocating the worst grade, the sum of the most dominant pattern and the next most
dominant pattern is allocated to the tumour. A histological screening for the most abundant
pattern of the tumour is usually done (primary grade), followed by a secondary grade for the
next most frequent pattern of the tumour (secondary grade) for achieving more detailed
diagnosis. The sum of these numbers should be between 2 to 10 where 2 is considered the

mildest case (Shah and Zhou, 2012).
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Table 1-1 Gleason grading system patterns (adapted from Shah and Zhou, 2012).

Prostate tissue grade Major histological observation in the prostate tissues

Pattern 1 Oval uniform medium sized nodules aggregated but separated from
- each other.

Pattern 2 Almost like Pattern 1 but with more separated, less uniform
- nodules, and less arranged glands.

Pattern 3 Smaller, detached glands with more separation and variation in size
- and shape.

Pattern 4 Glandular units fused to each other with irregular shaped,

perforated glands.

Pattern 5 Almost solid masses with no differentiation in glandular tissues.

Figure 1-4 Modified Gleason grading system with five histological stages, where Grade 5 is
the most advanced stage (Adapted from Shah and Zhou, 2012).

1.1.7. Treatments
Prostate cancer is usually diagnosed at the very late stages of the disease, which is one of the
factors contributing to its high mortality rate in addition to the frequent failure of localized

region prostate cancer cases therapy (Freytag et al., 2007). Unfortunately, prostate cancer
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patients rarely seek diagnosis during the localized stages of the disease, because most notice
no symptoms other than the ones which resemble those of urinary tract infection (Philippou et
al., 2014).

In addition, prostate cancer treatment choices are limited; they are variable in their efficiency
and associated side effects. The selection of the appropriate treatment plan depends mainly on
the severity of the case, which determines the purpose of the treatment: either a total cure or
prolongation of the patient’s life and improved lifestyle. Patients diagnosed in the early stages
of the disease have a better chance of total recovery, while the main goal is to improve and
prolong the patient’s life in the case of metastasis and relapse (Bagnall, 2014). However, most
of the available treatment options are associated with major side effects and have limited ability
to cure patients in the late stages of prostate cancer. Therefore, in light of the high and rising
incidence of the disease, the search for new therapeutic approaches, including those applicable

to metastasis cases, is crucial. (Bagnall, 2014).

1.1.7.1. Prostatectomy

Prostatectomy is a surgical procedure that is associated with the total eradication of the prostate
gland and seminal vesicles. Radical prostatectomy is considered the treatment of choice for
localized prostate cancer patients. However, it is not applicable to those with other health
problems, since it constitutes major surgery (Bagnall, 2014).

Continuous monitoring is required after surgery to ensure the successful total removal of the
tumour. Monitoring starts with a blood test for PSA, which is expected to be undetectable in
blood samples after surgery, followed by histological screening of a biopsy extracted from the
eradicated tumour site. If the prostatectomy does not succeed in complete removal of the
tumour, radiotherapy is usually used as a second-line treatment.

Prostatectomy has been found to improve the survival rate of patients up to more than 10 years

(Novara et al., 2012). Nevertheless, it is associated with complications such as urination and
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erectile dysfunctions, deep vein thrombosis and pulmonary embolism. These drawbacks reduce

the favourability of this treatment option in applicable patients (Bagnall, 2014).

1.1.7.2. Radiotherapy

External beam teleradiotherapy (EBTR) is one of the options in the treatment of prostate
cancer. Radiotherapy is a suitable treatment in all stages of prostate cancer, but with different
purposes. Localized prostate cancer cases use EBTR to achieve total cure, while moderate to
advanced (metastasis) cases undergo radiotherapy to control and localize the tumour and/or to
control the pain (Bagnall, 2014).

The mechanism of action of EBTR is that ionized beams are focused on the tumour site to
attack the DNA of the cancer cells. The affected cells lose their ability to divide due to the
damage in their genetic material and, as a result, they undergo programmed cell apoptosis
(Kulik and Dgbkowski, 2011). In order to avoid damage to the surrounding healthy cells, EBTR
should be given in multiple small doses called fractions, since a single curative dose could lead
to strong damage to the surrounding normal tissue. An initial MRI scan is also usually
performed before the treatment, to improve the targeting of the beams on the tumour (Kulik
and Dabkowski, 2011; Bagnall, 2014).

Normal cells are less affected by radiotherapy because EBTR has higher selectivity for actively
dividing cells, which makes normal cells automatically less affected by the radiation. Secondly,
normal cells have high repairing ability that qualify them to restore after the radiation damages

(Kulik and Dabkowski, 2011).

1.1.7.3. Hormonal therapy

Androgen deprivation is another treatment option, since androgen hormones (testosterone and
dihydrotestosterone (DHT)) have been found to be vital for prostate cancer cell proliferation.

Hormone deprivation is considered the treatment of choice for metastasised tumours and
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relapse prostate cancer. In addition, ‘localized” and ‘localized advance’ tumours can be treated
by hormonal therapy in combination with radiotherapy (Calabro and Sternberg, 2007).

The aim of the treatment is to block the testosterone hormone production in the patient’s body
using various methods in order to reduce the testosterone level at the tumour site and decrease
its effect on cancer cell growth. The approaches that are usually used to achieve a reduction in
androgen hormones include orchiectomy and luteinizing hormone-releasing hormone (LHRH).
Orchiectomy is the total removal of the testicles, which are the source of 95% of the
testosterone in the male body. Testicles eradication results in a drop in testosterone level after
only 12 hours following the operation. However, most patients are hesitant to undergo this
operation, since it is irreversible and leads to changes in body shape (Bagnall, 2014). The
method most commonly used to reduce androgen hormones levels is LHRH, which involves
injecting the patient regularly every one to three months with a medication such as goserelin
acetate or leuprorelin which suppresses the production of luteinizing hormone. Luteinizing
hormone is released from the pituitary gland to stimulate the testicles to produce testosterone;
by preventing its production, LHRH treatment reduces the production of testosterone (Schally
and Block, 2010). A testosterone surge is a common side effect usually associated after the
first injection of LHRH which could hamper the tumour regression.

The main limitation of androgen deprivation treatment is the development of resistance to
hormone therapy and the subsequent recurrence of the disease in the form of hormone-

refractory prostate cancer (HRPC) (Calabro and Sternberg, 2007; Bagnall, 2014).

1.1.7.4. Chemotherapy

Chemotherapy is one of the treatment choices for prostate cancer, especially in metastasis
cases, although it is not highly favoured due to its severe side effects and low efficiency. It is
considered the last treatment option, especially for patients who develop resistance to hormonal

therapy, or relapsed patients with HRPC; its main purpose is prolonging the patient’s survival
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(Calabro and Sternberg, 2007). The most common chemo-drug being used with prostate cancer
is docetaxel which is an anti-mitotic drug that has been found to improve the survival rate

especially for castration-resistant prostate cancer cases (Ryan et al., 2013).

1.2. Gene therapy

Gene therapy is a new medical approach used to treat genetic and hereditary disorders such as
cancer, Parkinson’s disease, cystic fibrosis and others (Shan et al., 2012). The United States
Food and Drug Administration (FDA) defines gene therapy as any product which uses a
transferred foreign genetic material to produce its effects by expressing and/or integrating the
gene with the host cell genome for the purpose of cell modification both in vivo and ex vivo.
The transferred gene is introduced to the host cell using a suitable vector such as a viral,
bacterial or non-viral delivery system (Wirth et al, 2013). It is based on delivering exogenous
genetic material to host cells in order to resolve genetic mutation and regulate cellular processes

(Shan et al., 2012; Wang et al., 2013).

1.2.1. History of gene therapy

The possibility of using gene therapy in humans arose in the early 1970s, when Rogers carried
out the first human gene therapy. He transferred the arginase gene into twin girls suffering from
urea cycle disorder, using the Shope papilloma virus as gene vector. The trial did not succeed

and it later appeared that the viral vector did not encode the arginase gene (Wirth et al., 2013).

In 1988, Rosenberg carried out an ex vivo trial by extracting tumour infiltrating lymphocytes
(TILs) from metastatic melanoma patients. He used a retroviral vector to transfer the tumour
necrosis factor (TNFa) gene into the extracted TIL cells, then reinjected them into the patients.
The outcome was a decline in tumour growth with no sign of viable cancer cells at the site of

injection, even after three weeks (Wirth et al., 2013).
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In 1990, the first gene transfer trial with a treatment purpose was approved by the US Food and
Drug Administration (FDA). Blaese treated two children with adenosine deaminase deficiency
using the ex vivo vaccine method, extracting white blood cells from the patients and introducing
adenosine deaminase gene into them, then re-injecting them into the patients (Blaese et al.,
1995). There was individual variability in the outcome: one patient showed a good response to
the treatment while the other did not. Nonetheless, this trial is considered the first successful
experiment in the gene therapy field, whose promising results inspired others to proceed

(Blaese et al., 1995).

In 1999, a clinical gene therapy trial was performed to treat the 18-year-old Jesse Gelsinger
who was suffering from partial ornithine transcarbamylase deficiency. A complication
occurred after a high dose of the treatment, which caused an immediate response from the
immune system and led to multiple organ failure. This highlights the risks of using viruses as
gene vectors, as the incident was strongly linked to the viral vector used in this experiment

(adenovirus) (Stolberg, 1999).

In 2003, the Chinese FDA approved the first gene therapy product to treat head-and-neck
squamous cell carcinoma. Gendicine® is a non-replicative adenovirus that carries the p53 gene.
This product created much controversy due to the lack of a phase Il clinical trial (Ma et al.,
2009). Two years later, the Chinese FDA approved another gene therapy drug, Oncorine®.
Oncorine® is used with chemotherapy to treat refractory nasopharyngeal cancer using a

controlled replicative adenovirus.

In 2012, Glybera® was the first gene therapy to receive a recommendation for approval by the
European Medicines Agency. It is an adeno-associated virus that carries the lipoprotein lipase

gene to treat its severe deficiency by expressing the gene in muscle tissues.
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Many gene therapy studies are currently underway worldwide, especially to treat cancer, which

accounts for 60% of the total ongoing trials (Wirth et al, 2013).

1.2.2. Cancer gene therapy

Cancer is considered a genetic disorder, as various genetic mutations affect several genes in
cancerous cells (Curiel and Douglas, 2005). Those mainly affected are tumour suppressor
genes (e.g. P53 and nm23) and oncogenes (e.g. RAS, c-myc, bcl-2, and c-met) (Bookstein et
al., 1990; Mazhar and Waxman, 2004; Curiel and Douglas, 2005). Tumour suppressor genes
are responsible for the regulation of normal cell death and cellular waste product cleaning; their
inactivation by either total disappearance or mutation can promote cell malignancy. Oncogenes
are responsible for consistent cell growth; their activation can boost cancer cell growth (Curiel
and Douglas, 2005).

In prostate cancer, various genes are involved in the genetic mutations. For example, tumour
suppressor genes p53 and retinoblastoma were found to be mutated in around 50% and 35%
respectively of advanced prostate cancer cases. The main functions of p53 are to regulate the
cell life cycle and repair any disruption in the DNA; when this gene is mutated, the result is
uncontrolled cell growth (Bookstein et al., 1990; Shalev et al., 2001; Mazhar and Waxman,
2004). In addition, glutathione-S-transferase gene (pl) was found to be disrupted in some
prostate cancer cases. The main cellular role of pl is carcinogen detoxification and its
inactivation leads to carcinogenesis (Shalev et al., 2001; Mazhar and Waxman, 2004).
Different gene therapeutic strategies can be involved in prostate cancer treatment, such as gene
apoptosis therapy, in which the transformed gene is replaced with one that regulates the cancer
cells’ death; immunomodulatory gene therapy, which uses genes to stimulate the immune
system; and suicide gene therapy, which relies on introducing genes that cause changes to a

chemical compound or enzyme to form toxic substances (Shalev et al., 2001; Lu, 2009).

20



1.2.2.1. Apoptosis in gene therapy

Apoptosis is a normal physiological process that is programmed under certain circumstances
to control cell death (Lu, 2009; Jia et al., 2012). In normal cells, apoptosis is usually generated
to eliminate cells that sustain genetic mutation or damage. Eliminating cellular apoptosis is one
of the common problems generated due to genetic mutation in cancer cells, as it leads to cancer
development. Therefore, using gene therapy to induce cellular apoptosis in cancer cells would

be an effective treatment for cancer.

Tumour necrosis factor alpha (TNFa), tumour necrosis factor-related apoptosis-inducing
ligand (TRAIL) and Fas ligand (FasL) are the most common cytokines to cause cellular
apoptosis by binding to their specific death receptors (Walczak, 2013). Caspase activation,
which occurs externally (by binding to the death receptor) or internally (via the mitochondria

and death domain), is required for stimulating cell apoptosis (Wong, 2011, Jia et al., 2012).

Apoptosis extrinsic activation occurs through the activation of the transmembrane death
receptors (tumour necrosis factor receptors). The activation initiated by the specific binding of
death ligands such as TNF protein family or Fas ligand (FasL) to their death receptors TNF-
R1, TNF-R2 and Fas receptor respectively, which creates a particular binding site specific to
the adaptor protein; this causes the formation of a death-inducing signalling complex (DISC),
triggering the activation of caspase 8, which in turn causes cell apoptosis through activating
effector caspases such as -3 and -6 that have the capability to recognizing proteins amino acids
sequences that are involved in the main cellular physiological functions and cleave them at

certain motifs to form substrate residues (Wong, 2011; Jia et al., 2012).

Alternatively, the intrinsic activation pathway can arise in the cell itself, due to genetic damage,
oncogene activation, or any stress condition. This pathway initiated from the mitochondria or

endoplasmic reticulum. In mitochondrion, the mitochondrial membrane permeability is
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controlled by a protein family called Bcl-2. After apoptotic stimulation, it causes the release of
cytochrome-c followed by apoptosome, causing the release of the apoptotic peptidase
activating factor 1 (Apaf-1) and as a result activating the initiator caspase -9 followed by the

effector caspase 3 which initiates cell apoptosis (Wong, 2011).

Some cytokines are well known to cause apoptosis of inflamed and mutated cells (Wong,
2011); using this mechanism to suppress cancer has been found to have promising outcomes
(Wang et al., 1996; Tuting et al., 1997; Jia et al., 2012). Some common cytokines used for this

purpose are TNFa, TRAIL and FasL.

1.2.2.1.1. Tumour necrosis factor alpha (TNFa)

TNFa is an inflammatory cytokine that produces many biological activities in the immune
system, at inflammation sites, and in cell death and survival (Van Horssen et al., 2006). To
generate cell apoptosis, TNFa couples with its binding receptor (TNFR1), which is expressed
in most tissues and leads to the activation of the death domain in the cytoplasm (TRADD) and
Fas-associated death domain (FADD). This leads to the formation of DISC, which activates
the pro-caspase 8, thereby causing DNA fragmentation and cell apoptosis (Chopra et al., 2004;

Tse etal., 2012).

High level of TNFa causes cell apoptosis and necrosis, a property which can be employed to
destroy cancer cells (Chopra et al., 2004; Tse et al., 2012). TNFa has been found to be efficient
at inducing apoptosis when it is introduced externally to cells. Mauceri et al. (1996) used the
TNFa gene to treat epidermoid carcinoma, together with targeted radiation therapy, and
compared this with the same treatment in normal tissues in mice; the results showed highly

selective tissue necrosis with no harm to normal tissue.

TNFa cytokine therapy was also tested against prostate cancer when Chopra et al. (2004)

investigated the effects of TNFa on normal (NP) and cancerous (LNCaP) prostate cells in vitro,
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the results for low doses of TNFa were promising, with significant (90%) LNCaP cell apoptosis
and no effect on normal cells. Several articles have since been published, discussing the use of
plasmid DNA encoding TNFa as an apoptotic agent with prominent finding after carrying this
DNA to target different tumours including prostate cancer using targeted non-viral vectors as
single therapy approach (Koppu et al., 2010; Aldawsari et al., 2011; Al Robaian et al., 2014;

Lim et al., 2015).

1.2.2.1.2. Tumour necrosis factor-related apoptosis-inducing ligand

TRAIL or Apo2L is a cytokine that was first described by Wiley and colleagues in 1995. It is
found in human tissues such as the spleen, prostate and ovaries. TRAIL binds to its specific
receptors TRAILR1 (death receptor 4) and TRAILR2 (death receptor 5), causing activation of
the death domain and cell apoptosis (Ashkenazi et al., 1999; Norian et al., 2011). In addition,
TRAIL has also been found to bind with TRAILR3 (TRID/DcR1) and TRAILR4 (DcR2) decoy
receptors which do not contain any cytoplasmic death domain and therefore cannot induce cell
apoptosis. Thus, binding TRAIL to these receptors acts as an antagonist because it will not
activate any cell death signalling. The existence of —R3 and —R4 in the cells is linked to their

TRAIL apoptosis resistance (Griffith et al., 2009).

The mechanism by which TRAIL induces apoptosis occurs mainly through the extrinsic
pathway when TRAIL binds to —R1 or —R2 receptors which as a result stimulates TRAIL
signalling cascade by forming death-inducing signalling complex (DISC). DISC includes
several proteins such as FADD and pro-caspases 8 and 10. Therefore, after TRAIL binding and
DISC activation, caspases 8 activation is initiated and so as caspases 3, 6, and 7. Caspases
activation leads to the cleavage of target proteins responsible for preserving cellular function,

resulting in cell apoptosis (Griffith et al., 2009; Norian et al., 2011).
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The use of TRAIL as an agent to kill cancer cells arises from its preferential ability to induce
cell apoptosis in cancer cells without harming normal healthy cells (Yu et al., 2000; Farooqi
and De Rosa, 2013). Ashkenazi et al. (1999) examined the apoptotic effect of TRAIL in various
normal and cancerous cells. It was found to have good apoptotic activity against most cancer
cells in vitro (32 of 39 cell types), and was not cytotoxic to normal cells. This criterion attracts
the attention of numerous researchers to further investigate the anti-tumour activity of this
cytokine. Moreover, TRAIL caused a significant reduction in tumour progression in vivo, with
an accompanying increase in survival rate. Yu et al. (2000) also examined the effect of TRAIL
cytokine in vitro in the androgen-insensitive prostate cancer cells (PC-3 and DU145). A TRAIL
dose of 200 ng/ml resulted in 70% of cell death in both cell lines. The study also investigated
the mechanism behind TRAIL effect, which was found to be the activation of caspase-8 and -

3 by crosslinking and through the death receptors (DR4 and DR5).

Due to the successful outcomes obtained from using TRAIL cytokine as an apoptotic agent,
Griffith et al. (2000) was the first group to introduce TRAIL cDNA instead of the cytokine
delivered by adenovirus (Ad5-TRAIL) to examine its possible apoptosis effect against different
cancer cells including prostate cancer PC-3 cells. In vitro, treating cells with Ad5-TRAIL
showed similar antiproliferative effect obtained from using TRAIL cytokines, whereas other
non-therapeutic DNA carried by the same carrier did not show any cytotoxic effect. The study
also demonstrated the successful production of TRAIL protein in PC-3 cells after infecting it
with Ad5-TRAIL using Western blot and flow cytometer. Later, nhumerous groups used
adenovirus and adeno-associated virus as a carrier for the gene encoding TRAIL to target
different cancer cells and tumours, including prostate in both in vitro and in vivo (Lin et al.,
2003; Seol et al., 2003; Mohr et al., 2004; Jiménez et al., 2010). All of these showed the
superiority of this gene in inducing cellular apoptosis in vitro and supressing the tumour growth

in vivo.
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DNA encoding TRAIL was also complexed using different non-viral gene carriers for the
purpose of avoiding the immunogenicity problem associated with using viral carriers. TRAIL
was also examined in different studies as a single therapy approach for different cancer types.
Chemically modified cationic dendrimers such as PPl and PAMAM have been used
extensively to carry the plasmid encoding TRAIL (Koppu et al., 2010; Lemarie at al., 2012; Al
Robaian et al., 2014; Wang et al., 2015; Gao et al., 2016; Wang et al., 2016); other studies
have used cationic polymers as carriers for pTRAIL in order to form polyplex nanoparticles

(Tzeng et al., 2016; Wang et al., 2016).

The route of administration of the polyplex or dendriplex, the number of injected doses, the
DNA dose, and the fact that the gene therapy was a single approach or used with other
treatments are all factors that play a key role in evaluating the outcome obtained from the in
vivo studies. Intratumoral injection of DNA encoding TRAIL complexed with different carriers
such as cationic dendrimer or polymer against breast cancer tumours was examined. The data
demonstrated the capability of intratumoral injection of dendriplex (PAMAM: TRAIL) in
preventing tumour growth (10 pg of DNA per injection) compared with polyplex (PEI: TRAIL)
(Wang et al., 2016). Similarly, Wang et al. (2015) targeted osteosarcoma intratumourally
through PAMAM:-triazine: pTRAIL dendriplex at N/P ratio 14:1 (10 ug pTRAIL per injection),

which resulted in reduction in tumour size as well as slowing tumour growth rate.

However, some types of cancer cells develop resistance to TRAIL’s apoptotic effect, caused
by a mutation in the receptors responsible for the signalling pathway in the malignant cells,

especially death receptors (Ashkenazi et al., 1999; Norian et al., 2011).

A combination treatment with different medications, chemotherapy, radiotherapy or another
gene therapy has been examined extensively in the attempt to overcome TRAIL resistance

(Kasman, 2007). However, the mechanism by which TRAIL resistance can be overcome is not
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clarified. One mechanism could arise from the overexpression and activation of death receptors
after treatment with chemo- or radiotherapy, which as a result improves sensitivity to the
TRAIL apoptosis pathway (Faroogi and De Rosa, 2013). Voelkel-Johnson et al. (2002) tried
to overcome the problem of TRAIL gene resistance in eight prostate cancer cell lines by
combining gene therapy with doxorubicin, a chemotherapeutic drug hypothesized to play a role
in improving the sensitivity of cancer cells to TRAIL. Cell death was significantly improved
after the combination therapy in seven cell lines compared with each therapy alone. In vitro
examination of TRAIL with the anticancer drug bortezomib in the LNCaP, LAPC4 and DU145
prostate cell lines also resulted in significant cell death (up to 90%) (An et al., 2003). Shankar
et al. (2005) and Kasman et al. (2007) combined TRAIL gene therapy with various
chemotherapeutic drugs and found an improvement in the sensitivity of prostate cancer cells

to the apoptotic effect of TRAIL, especially for the LNCaP and DU145 cell lines.

1.2.3. Gene delivery

In order to ensure the success of gene therapy, the therapeutic gene must successfully cross the
cell membrane, and then integrate with the nucleus genome of the targeted cell. However,
naked DNA cannot achieve this without undergoing degradation during its passage through the
blood circulation and biological tissues (Taira et al., 2005). Moreover, a charge repulsion can
be created between the naked DNA and the cell membrane due to their common negative
charge, which can hinder gene transfection inside the cell (Wang et al., 2013).

These drawbacks can be overcome by using a suitable gene delivery system. Gene delivery can
be simply defined as a process to introduce a foreign gene to a host cell using a gene carrier
(Kamimura et al., 2011). It involves the complexation of the gene of interest to a suitable gene
delivery vector, in order to facilitate its transfection to the targeted cells (Wilson 1996; Taira

et al., 2005). The main challenge in gene delivery is to find an effective delivery system able
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to target the required tissue and delivering the transferred gene to the cells without major side
effects (Wang et al., 2013).

Gene delivery confers several advantages on the complexed gene, such as protecting it from
degradation in the blood circulation and increasing the targeting specificity to the required
tissue. Several methods can be used to transfer genes, such as viral and non-viral vectors, and
even naked DNA transferred by physical methods (Curiel and Douglas, 2005). Studies seeking

more targeted and less toxic vehicles are ongoing.

1.2.3.1. Viral vectors

Viruses are highly efficient at transferring their own genomes to host cells; this unique ability
has been invested to transfer therapeutic genes to specific cells (McTaggart and Al-Rubeai,
2002). Modified (replication-deficient) viruses are used as gene vectors to attenuate their
ability to induce infection (Kamimura et al., 2011).

The use of viruses as gene vectors has several advantages. First, viruses have a strong ability
to pursue and attach to specific cells (targeting ability) and they exhibit great efficiency at
introducing genetic material into cells (transfection). These targeting and transfection abilities
ensure the transfer and penetration of the gene to the required cells. Second, viral vectors are
found to integrate genes into the targeted cells for a longer period than non-viral vectors (Curiel
and Douglas, 2005).

On the other hand, viral vectors are also associated with disadvantages such as immunogenicity
(Hunt et al., 2007); the immune system can identify a virus as a foreign substance and initiate
an immune response against it, especially if the patient has been exposed to that virus before.
This immune reaction can obstruct the function of the viral vector by attacking it in the
bloodstream, reducing its probability of reaching the targeted cells and achieving successful

gene penetration (Curiel and Douglas, 2005). In addition, viral vectors have limited ability to
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condense and transfer large DNA molecules (Wang et al., 2013). Other potential drawbacks
could arise from using viruses as gene vectors are toxicity and oncogenicity (Shan et al., 2012).
Several viruses are used as gene vectors such as retroviruses, adenoviruses, adeno- associated
viruses and the herpes simplex virus (Curiel and Douglas, 2005). The need for different viral
vectors arises from the variety of genes to be delivered, where each gene has its own special
criteria which requires the vector to fulfil these requirements (Selleck et al., 2003). For
example, genetic disorders usually demand long-term treatment, which requires a gene vector
that is able to induce permanent gene expression and integration, such as an RNA-based virus
(e.g. a retrovirus). In contrast, in suicide gene therapy, the therapeutic gene needs to be
expressed for a short period without the need for its integration with the host cell genome,
which makes transient vectors such as adenoviruses more suitable for this treatment approach

(McTaggart and Al-Rubeai, 2002; Kamimura et al., 2011).

1.2.3.2. Non-viral vectors

Non-viral delivery systems are based on the use of non-viral vectors such as liposomes or
polymers to transfer the therapeutic gene to the required tissue. The delivery of the gene occurs
via electrostatic interactions between the gene and the non-viral vector, which leads to the
condensation of the gene with the vector (Wang et al., 2013). Several advantages can arise
from this complexation, such as protecting the gene from the surrounding environment, as well
as preventing the degradation of DNA by the nuclease enzymes in the circulation (Ogris and
Wagner, 2002; Wang et al., 2013). In addition, it reduces the charge repulsion that arises from
the charge similarity between the DNA and cell membrane, which in turn improves the
penetrative ability of the gene inside the cells (McCrudden and McCarthy, 2013). Furthermore,
non-viral vectors possess higher gene complexation ability for large DNA molecules when

compared to viral vectors, due to their well-constructed chemical structure, while cationic
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functional groups that are located at specific positions in the structure assist in complexing the
DNA molecule.

On the other hand, viral vectors have been found to have a better targeting ability than non-
viral vectors. However, the targeting ability of non-viral vectors can be improved via the use
of a binding ligand that is designed to target a specific cell receptor in the targeted tissue (Wang
etal., 2013).

1.2.3.2.1. Cationic polymers

Cationic polymers are macromolecules that possess positive charges due to their high density
in amine groups. Among the different types of cationic polymers developed in recent years are
neutral polymers (e.g. chitosan), polypeptides (e.g. poly-L-lysine) and dendrimers (e.g.
polyamidoamine). Some chemical modifications can be applied to these polymers in order to
improve their efficiency as vectors and reduce their toxicity via the use of binding ligands
(Wang et al., 2013).

The concept of using polymers as drug or gene carriers was first developed in 1970 by
Ringsdorf (Taira et al., 2005). This can be achieved through the interaction between the
polymer and DNA, where positively charged groups in the polymer tend to form an
electrostatic attractive force with the negatively charged phosphates in the DNA. The molecule
formed is called a polyion complex or polyplex and usually leads to the DNA condensing to
around 102 of its actual size (Curiel and Douglas, 2005). Polymers tend to protect the
complexed genetic material (DNA) from hydrolysis in the circulation or in the body tissue,
giving it a longer half-life and better targeting (Curiel and Douglas, 2005).

Several criteria can affect the efficiency of the polyplex. For example, a higher molecular
weight polymer provides superior condensation of the genetic material (Taira et al., 2005).
Another important factor that can contribute to polyplex efficiency is the charge ratio, which

is a parameter used to calculate the nucleotide equivalence using the ratio of nitrogen (in the
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polymer) to phosphate (in the DNA). The total charge should be positive in order to form a
stable and effective polyplex (Mannisto et al., 2005). Although the charge ratio is important, it
should to a certain extent be limited. A high total positive charge on the polyplex can have
various side effects: a high charge ratio raises the systemic cytotoxicity of the polyplex and it
can lead to a random interaction between the polyplex and biological membranes, thus
attenuating the targeting ability and causing a loss of specificity (Mastrobattista and Hennink,
2012). In order to overcome these problems, a polypeptide such as PEG can be conjugated with
the polyplex to reduce the overall charge ratio without affecting its gene complexation
capability (Mastrobattista and Hennink, 2012). Alternatively, the high charge problem can be
overcome by the use of newly designed cationic polymers with hydroxyl or amide groups, such
as poly(vinyl alcohol) dimethylaminoacetal (PVA3), that are shown to have effective gene
transfer, less toxicity and better DNA release in the cytoplasm. This effect can be explained by
a decrease in the total positive charge or the formation of hydrogen bonds between the DNA
and hydroxyl groups (Taira et al., 2005).

1.2.3.2.1.1. Examples of cationic polymers

Poly-L-Lysine (PLL) is a polypeptide cationic polymer which is one of the early polymeric
vectors used in gene delivery (Wang et al., 2013). PLL contains high density of primary amines
(Figure 1-5) that have a strong affinity to the negative ions at neutral pH, since most of them
are ionized at pH 7.4 (Mannists et al., 2005). The use of PLL as a gene carrier is associated with
certain limitations. For example, its gene transfection ability is weak at the biological pH, due
to the strong interaction between DNA and PLL, which obstructs the release of DNA to the
cytoplasm. Additionally, the chemistry of PLL is associated with a certain toxicity because it
contains amino groups. The modification of PLL with ligands can reduce its side effects and
improve its ability as a gene carrier, especially in in vivo trials, since it is biodegradable

(Ménnisto et al., 2005; Wang et al., 2013).
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Another cationic polymer that is commonly used as a vector in gene delivery is
polyethyleneimine (PEI). Its unique chemical structure, having a nitrogen atom to every three
atoms, promotes its DNA complexation ability to form a stable polyplex, as well as a strong
ability to condense large molecules (Figure 1-5) (Wang et al., 2013). At pH 7.4, only 17% of
the nitrogen groups in PEI are ionized. This gives PEI several advantages. It has a superior
DNA condensation ability with a high gene transfection capability, since it can easily release
DNA into the cytoplasm (Mannisto et al., 2005). Moreover, the low protonated PEI facilitates
the endosomal escape of polyplex from the lysosome by means of the proton sponge effect

(Wang et al., 2013).
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Figure 1-5 Chemical structure for the most common cationic polymers used in gene delivery
(adapted from Taira et al., 2005)

1.2.3.2.2. Dendrimers (dendritic polymers)

Dendrimers are three-dimensional branched macromolecules with a tree-like structure that
were first synthesised in the late 1980s by Donald Tomalia. The name is taken from the Greek
word dendron, which means ‘tree’. Since their discovery, dendrimers have been used in various
applications in pharmacy, medicine and engineering (Klajnert and Bryszewska, 2001; Dufes et
al., 2005; Taira et al., 2005). Their chemical structure is composed of two parts, a reactant core

molecule which is considered the origin of the dendrimer, and highly branched polymers that
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bind to the core in a very specific way to form a uniformly branched spherical macromolecule
(Dufeés et al., 2005).

Dendrimer synthesis can be accomplished through either divergent or convergent pathways.
Divergent synthesis is based on growing the dendrimer outwards, starting from a core of
multifunctional groups that react with monomer molecules to form the first-generation
dendrimer. Structural defect can arise from the use of this method if side reactions are
incomplete. Convergent synthesis operates on the reverse principle of coupling the monomer
groups to form dendrons, which then attach themselves to a multifunctional core molecule
(Figure 1-6). This method yields dendrimers with a better three-dimensional structure (Klajnert
and Bryszewska, 2001).

In either case, dendrimer synthesis occurs by a well-defined set of reactions leading to the
formation of one generation, then repeating this sequence of reactions causes the formation of
a new and higher generation. Each new dendrimer generation is twice the size of the previous

one and has twice as many binding sites (Klajnert and Bryszewska, 2001; Dufés et al., 2005).
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Figure 1-6 Different methods used in dendrimer preparation A) divergent synthesis method,
which initiated upward and B) convergent method which started backward (adapted from

Klajnert and Bryszewska, 2001)
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The use of dendrimers in gene delivery is restricted to cationic dendrimers such as
polyamidoamine (PAMAM) and diaminobutyric polypropylenimine (DAB). Cationic
dendrimers tend to complex the genetic material by initiating an electrostatic interaction
between the phosphate groups on the DNA and the amino groups on the dendrimer, which
leads to the formation of dendriplex nanoparticles (Dufés et al., 2005). Among their advantages
over regular polymers, dendrimers have a significant gene transfection ability which increases
with higher generations (Taira et al., 2005). Their tree-like shape also increases the surface
area of the molecule and creates inner cavities, thus improving their DNA complexation and
encapsulation capability. DNA complexation with dendrimers is also affected by reaction
properties such as pH, salt and buffer capacity. Additionally, dendrimers have been found to
be non-immunogenic molecules, which makes them suitable gene carriers for in vivo
experiments (Dufeés et al., 2005; Kim et al., 2007).

On the other hand, dendrimers have some level of toxicity which also increases with higher
generations. This toxicity arises from the high positive charge ratio of the molecule. It also
depends on the surface charge, so that primary amines are more toxic than secondary or tertiary
amines (Dufes et al., 2005). In order to overcome this limitation, conjugation with a peptide,
acetylation and alkylation can reduce dendrimer toxicity and promote delivery specificity by
lowering the charge ratio (Shan et al., 2012).

PAMAM and DAB are the most common cationic dendrimers used in gene delivery. The
remainder of this subsection outlines their chemical structure and synthesis. Structurally,
PAMAM has two main parts, the first being the reactive core molecule, which is usually the
source of structural difference in PAMAM dendrimers; it can be a trivalent core such as
ammonia (NH3) or a tetravalent core, e.g. ethylenediamine. Changing the core molecule leads
to the formation of a different dendrimer shape, charge and density. The second part of the

PAMAM structure is the branches, formed from reacting methylacrylate with the ammonia
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core, followed by the binding of ethylenediamine (Figure 1-7) (Dufes et al., 2005; Taira et al.,
2005).

The core molecule of the DAB dendrimer is butylenediamine. Its synthesis starts when this
core molecule is reacted with acrylonitrile, followed by the hydrogenation of the nitrile groups
to primary amines. This process is repeated until the required dendrimer size is achieved
(Figure 1-8). The molecule is usually called DABx, where x is the number of positively charged

amines in the surface (Dufes et al., 2005).
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Figure 1-7 Synthesis of PAMAM dendrimer and chemical structure of its different generations
(adapted from Dufes et al., 2005).
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Figure 1-8 Synthesis of DAB dendrimer (adapted from Dufes et al., 2005).
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1.2.3.2.2.1. Diaminobutyric polypropylenimine (DAB)

Among dendrimers, PAMAM has been examined extensively as a gene carrier, whereas DAB
has been more rarely considered, due to the high cytotoxicity of its high generations. Studies
of the use of DAB dendrimers as gene carriers have tended to focus on the high generations,
with few testing the use of low generations in gene delivery. Recently, however,
polypropylenimine low generations (DAB-Am4, 8 and 16) were found to have low
cytotoxicity, making them potentially attractive as non-viral vectors for genetic materials
(Zinselmeyer et al., 2002; Kim et al., 2007; Zhang et al., 2014).

Zinselmeyer and colleagues (2002) evaluated the transfection efficacy and the cytotoxicity of
various generations of polypropylenimine dendrimers. From the data obtained, as the size of
DAB increases, its DNA complexation ability improves. DAB third generation (DAB-Am16)
was found to complex the DNA completely in a helical turn, whereas lower generations were
partially bound to the DNA molecule. Furthermore, the toxicity of polypropylenimine
dendrimers is reported to increase with increasing molecular weight, due to the high charge
density generated, leading to uncontrolled binding between the dendrimer molecule and the
cellular anions. Fortunately, DNA complexation with the dendrimer leads to the reduction of
this cytotoxicity due to the decline in the total charge of the dendriplex formed. However, the
cytotoxicity of DAB dendrimers generations 3, 4, and 5 will only partially decrease. Finally,
the study demonstrates that among the different generations of DAB, the optimum gene transfer
activity occurs with DAB-Am16 (Zinselmeyer et al., 2002). This suggests that third-generation
DAB is the most appropriate polypropylenimine molecule for use as a gene carrier, due to its
efficiency in DNA binding, its transfection ability and the controllable toxicity level, which is
reduced dramatically by gene binding. In this study, the third-generation polypropylenimine

dendrimer (DAB-Am13) was selected as the gene vector.
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1.3. Cancer targeting

1.3.1. Passive targeting

A tumour needs blood and oxygen to grow, but when it reaches a specific size, the surrounding
blood vessels become incapable of nourishing the tumour mass adequately. The tumour cells
start to shrink and die; these shrinking cells then release growth factors that trigger
angiogenesis, i.e. the growth of new capillaries which supply blood to the tumour (Bertrand et
al., 2014). The new capillaries are incompletely grown and tend to take an irregular shape, with
disruption to the epithelial and basal membranes, causing them to have high permeability
towards the surrounding tissues. These abnormal vessels acquire an extensive blood supply for
the outer cortex of the tumour but with minimal supply to the core, associated with semi-
necrotic effects (Ogris and Wagner, 2002; Bertrand et al., 2014). In addition, the lymph nodes
in tumour sites do not function properly, as they cannot perform systemic filtration of the
extracellular fluids; the result is that diffusion of macromolecules and colloids back to the
circulation is obstructed (Bertrand et al., 2014).

Passive targeting is a naturally occurring process that arises from the unique pathophysiology
of the tumour site. Due to the nature of the blood vessels formed and the disruption of the
lymph nodes’ function, macromolecules and nanoparticles (NPs) tend to accumulate in the
tumour tissues. This is called the enhanced permeability and retention (EPR) effect or passive
targeting (Bertrand et al., 2014). Its efficiency is affected by several factors, such as the
vascular permeability of the tumour blood vessels and the size of macromolecules, which
controls their diffusion to the cancer tissue. Most blood vessels in cancer tissues have a
diffusion permeability between 200 and 2000 nm depending on the location and the type of the
tumour (Bertrand et al., 2014).

Passive targeting is also associated with certain drawbacks, such as low targeting specificity,

which reduces the therapeutic efficiency of the transferred nanomedicine because of its
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restricted access to the targeted tissue. Low targeting can also increase the expression of
systemic side effects of the transferred cytotoxic agents (Won et al., 2012). Some methods
have been used to improve targeting specificity. For example, the introduction of a perfusion
pressure during the intravenous administration of the drug improves the targeting of NPs to the
cancer site. The administration of vasodilator medication also brings some improvement in
passive targeting by increasing the vascular permeability of the tumour vessels to the
macromolecules (Won et al., 2012). A reliance on passive targeting alone to transfer
nanoparticles is not sufficient to overcome the systemic side effects and weak targeting.
Therefore, active targeting should be used in addition to passive targeting, to improve the
targeting capability of the nanoparticles.

1.3.2. Active targeting

Active targeting is a method whereby nanoparticles are designed specifically to target an organ,
tissue, or cell by chemically conjugating the nanoparticle with a specific compound called a
ligand, which has the ability to bind to a special binding site in the targeted tissue. The ligand
could be a protein, vitamin, antibody, nucleic acid, or even sugar, while the targeted binding
site could be a receptor, sugar, protein, or lipid that is highly expressed in the targeted tumour
site (Bertrand et al., 2014).

Several factors affect the efficiency of active targeting. First, the chosen ligand should have
specific overexpressed receptors on the targeted cells in order to ensure a particular targeting
and reduce the possibility of non-specific binding. It is important to mention that some ligands
have the ability to bind to more than one type of receptor, which could increase the chance of
non-specific binding (Bertrand et al., 2014). In addition, the conjugation reaction of the ligand
with the nanoparticle has a major impact on the stability of the complex formed. It is always
preferable to perform the conjugation reaction with the polymer before condensing the genetic

material. This one-step reaction has the advantages of low probability of side reactions, with

37



straightforward purification of the final polymer formed which results in better control of the
polyplex properties.

The binding that occurs between the delivered ligand-NPs and targeted receptor facilitates the
uptake of NPs inside the cell through receptor-medicated endocytosis. The ligand-nanoparticle
enters the cell cytoplasm together with the receptor and is trapped in an endosome (\Wagner et
al., 1994; Ogris and Wagner, 2002). The acidic endosomal environment (low pH) triggers the
release of the nanoparticle to the nucleus, while the receptor and ligand either lyse or return to
the cell membrane and separate from each other.

The genetic material finds its way to the nucleus through three possible pathways:

e During cell division, when the nucleus membrane lyses and allows the genetic material
to migrate inside the nucleus. This is the common pathway with cancer cells, since
they possess high growth rate.

e The passage of DNA through the nuclear membrane pores, which can normally
accommodate molecules with a maximum diameter of 9 nm (Pérez-Martinez et al.,
2011).

e Active transport, which based on introducing chemical compounds that enhance the
passage of transgenes, making it possible to introduce the gene to the nucleus (transfer
carriers) (Ogris and Wagner, 2002; Pérez-Martinez et al., 2011). This method is based
on binding nuclear localization signals such as basic amino acids to receptors in the
nuclear membrane; active transport can help in transporting molecules of up to 30 nm

in diameter (McCrudden and McCarthy, 2013).
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Figure 1-9 Active tumour cell targeting (by receptor-mediated endocytosis) (adapted from
Wagpner et al., 1994)

1.4. Delivery barriers

Several factors affect the delivery of polyplex, lipoplex and dendriplex nanoparticles to their
specific targeted cancer sites, especially if the treatment is taken by intravenous administration,
which is the only choice in the treatment of metastasis (Ogris and Wagner, 2002). These factors

can be classified as systemic and cellular barriers.

1.4.1. Systemic barriers

Systemic barriers are any factors that obstruct the delivery or binding of a nanomedicine to its
targeted cells, from its administration until it reaches the required site. In the bloodstream,
nanoparticles (NPs) face a number of barriers, especially after intramuscular or intravenous
administration.

Due to their net positive charge, nanoparticles could undergo non-specific binding to
negatively charged molecules such as immunoglobulin M, complement C3 and other proteins
in the circulation by electrostatic interactions, which can lead to the dissociation of the NPs
before reaching the target site (Ogris and Wagner, 2002; McCrudden and McCarthy, 2013).

This is usually overcome by conjugating the NPs with an anionic hydrophilic molecule such
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as poly PEG, to reduce their total positive charge, and therefore decreases non-specific
aggregation and improves transfection ability (McCrudden and McCarthy, 2013).

Another issue that can arise during gene delivery is the intake of the non-viral vector by the
immune cells in the bloodstream which identify it as foreign particles (Ogris and Wagner,
2002). Non-viral vectors are usually less immunogeneic compared with viral. Nevertheless, a
non-viral delivery system that is complexed with DNA molecules can still face an immune
reaction due to the unmethylated CpG sites in the condensed gene. The immune response can
be diminished by eliminating unnecessary CpG sites from the complexed gene or by reducing
the administration dose (McCrudden and McCarthy, 2013).

Furthermore, the final systemic targeting barrier is the extracellular matrix that is formed in the
cancerous tissues and composed of several proteins and collagen which obstructs the
permeability of the nanoparticles through the tissue, impeding them from reaching the targeted
cells (Ogris and Wagner, 2002).

1.4.2. Cellular barriers

Cellular barriers can be categorized as any factors that arise at the cellular level and lead to a
reduction in the efficiency of the gene therapy. The first cellular obstacle that could face NPs
when they approach the targeted cells is the transfection efficiency, which mostly occurs via
conjugating a suitable ligand to the NP. The binding of the ligand to its specific receptor in the
cell membrane allows the transfection of the NP via receptor-mediated endocytosis, a cellular
biological process whereby a specific molecule can enter or leave the cell with the assistance
of a specific receptor in the cell membrane. The endocytosis process or endocytic pathway can
be considered a barrier to gene delivery, since its efficiency can be affected by several
complications, such as the size of the NP. It has been observed that NPs smaller than 50 nm
show significant uptake by the cells through endocytosis, compared with NPs larger than

50 nm, with an optimum size being 25 nm (Gao et al., 2005).
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The second cellular barrier take place during the uptake of the NP inside a cell, when the NP-
ligand-receptor complex is trapped inside an endosomal sack. In the endosome, NPs and
genetic material may undergo degradation by lysosomal nucleases and low pH environment
(Ogris and Wagner, 2002; Pérez-Martinez et al., 2011). In overcoming this limitation, NPs tend
to escape from the endosome through the proton sponge effect, which is initiated by the acidic
pH of the endosome. The low pH increases the ionization of the NPs (cationic polymer or
dendrimer), then the ionized polymer attracts protons to the endosome, leading to an increase
in the osmotic pressure and causing endosomal swelling and disruption, which releases the
therapeutic gene in the cytoplasm (Pérez-Martinez et al., 2011; McCrudden and McCarthy,
2013).

Finally, after endosomal escape, up to 99% of the DNA may be degraded by cytoplasmic
nuclease if it persists for a long time in the cytoplasm. The last obstacle to gene delivery is the
effective passage of the delivered DNA through the nuclear envelope (lipid bilayer nuclear
membrane). Normally, nuclear transportation is controlled by the nuclear pore complex (NPC),
which is permeable to molecules with size less than 70 kDa (10 nm in diameter) (McCrudden
and McCarthy, 2013).

Two methods are used to transfer genes into the nucleus and reduce the possible degradation
in the cytoplasm. The first is passive transport, which occurs during cell division, where the
nuclear envelope lyses, allowing the genetic material to be transported to the nucleus. This is
the most common method in cancer cases, since cancer cells actively divide. The second is
active transport, where nuclear localization signals (NLS) are used to binds to NPC to allow
larger DNA molecules to pass through these pores (Pérez-Martinez et al., 2011). Working to
improve these methods may minimize the cytoplasmic degradation and induce better gene
expression in the nucleus. For instance, covalent and non-covalent binding of the DNA or its

carrier to NLS peptides or proteins could improve the active importation of DNA to the
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nucleus; but it is not clear whether or not these peptides will be separated from the DNA after
gene transfer, which could result in the biological effect of the expressed gene being changed
or lost. In general, dendrimers are shown to have a better gene transfection to both cell and
nucleus than other non-viral delivery systems, although research is ongoing on how to improve

it (Pérez-Martinez et al., 2011).
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1.5. Aim and objectives

Prostate cancer is considered one of the leading causes of death among all cancer types.
Unfortunately, no single treatment is associated with high efficiency without toxicity or major
side effects, especially in the late stages of the disease (metastasis). These side effects mostly
arise due to poor targeting of the cancer tissue. It is crucial to find new therapies for prostate
cancer with high selectivity to overcome systemic side effects.

Gene therapy is one of the new treatment approaches under investigation for different cancer
types. The main factors reducing the efficiency of gene therapy is the lack of a suitable delivery
system that is successfully able to deliver and transfect the therapeutic gene to the cancer site.
The aim of this study is the synthesis of different novel non-viral gene delivery carriers with
specific tendency to target prostate cancer. We hypothesize that conjugating the cationic
dendrimer 3-diaminobutyric polypropylenimine with different targeting ligands that their
receptors are overexpressed in prostate cancer cells, may significantly improve the therapeutic

efficacy in vitro and in vivo. The objectives of this study are therefore:

e To synthesise and characterise lactoferrin- and peptide- bearing 3-diaminobutyric
polypropylenimine (DAB) dendrimer as targeted gene carriers for prostate cancer.

e To evaluate in vitro the targeting capability and therapeutic efficiency of the delivery
system after condensing plasmid DNA previously known to cause cell apoptosis, such
as tumour necrosis factor (TNFa), tumour necrosis factor-related apoptosis-inducing
ligand (TRAIL) or interleukin 12 (IL-12).

e To evaluate the therapeutic efficacy of the synthesized dendriplexes in vivo, following

intravenous administration to mice bearing prostate tumours.
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Chapter 2 : Synthesis and characterisation of lactoferrin-

and peptide- bearing polypropylenimine dendrimers.
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2.1. Introduction

Gene therapy is one of the promising approaches in treating cancer. However, nucleic acids
undergo degradation in the blood stream. Thereby, the success of gene therapy depends on
finding a suitable gene carrier that is capable on efficiently condense the gene of interest and
safely delivers it to the targeted cells, which is by itself a challenging problem due to the lack
of safe and effective carriers. Non-viral gene delivery carriers are one of the prominent vectors
in complexing DNA. They are superior over viral vectors because of the immunogenicity
obstacle that is usually associated with using viruses. In addition, non-viral vectors have the
capacity in packing large DNA molecules whereas the maximum packing capacity of
adenovirus, a commonly used viral vector is 7.5 kb (Gene therapy net, 2017). In addition, the
high control in the design of non-viral vectors is considered an advantage because it yields a
structure with well-defined properties (Kim et al., 2007; Zhang et al., 2014).

Dendrimers in particular have gained special attention as effective gene carriers.
Diaminobutyric polypropylenimine (DAB) is a promising example which has been found to be
very effective in gene transfer. The low generations of DAB dendrimer, especially the third
and second generations were found to have effective gene transfection with low cytotoxicity
(Zinselmeyer et al., 2002; Schatzlein et al., 2005). The efficacy of DAB as gene carrier depends
on the successful transfection of the therapeutic gene to the required site. The third generation
of DAB (DAB-AmM16) has been proven to have the optimal gene transfection capability among
the different polypropylenimine dendrimer generations. However, to avoid non-specific
binding in the circulation after intravenous administration, surface modification of DAB
dendrimer with specific targeting ligands such as proteins or peptides that specifically target
receptors that are overexpressed on the cancer cells seems to be most effective (Schatzlein et
al., 2005; Taira et al., 2005). Lactoferrin, prostate specific membrane antigen (PSMA) and

integrin receptors are found to be extensively expressed on prostate cancer cells to different
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extents. Targeting these receptors using specific coupling ligands should theoretically increase

the targeting ability of the modified nanomedicine.

2.1.1. Prostate cancer targeting ligands

2.1.1.1. Lactoferrin

Lactoferrin (Lf) is an iron-binding, single chain glycoprotein of the Tf family with a molecular
weight of 80 kDa and 703 amino acid sequence, with 60% similarity in its chemical structure
to Tf (Adlerova et al., 2008). The main function of Tf and Lf is to control the free iron level in
the blood and body fluids respectively. High iron level would increase the risk of bacterial
invasion as well as free radical generation, which was produced from the conversion of ferrous
ion (Fe?*) to ferric ion (Fe3*) in the body (Wally and Buchanan, 2007).

Lactoferrin is an iron transfer molecule that facilitates the iron uptake by cells due to its
superior iron-binding capability to ferric ions (Fe**) over Tf (Huang et al., 2008). There are
three Lf isoforms: lactoferrin-a, lactoferrin-f3 and lactoferrin-y, but only lactoferrin-a has iron-
binding ability (Adlerova et al., 2008). Some studies demonstrate that the binding site of Lf to
LRs is located in the N terminal (between the amino acidsl to 90) (Levay and Viljoen, 1995).
Two main criteria make lactoferrin a suitable ligand to target cancer tissues. First, lactoferrin
shows a strong ability to bind to transferrin receptors, which are found in highly proliferating
cancerous tissues (Adlerova et al., 2008). Second, Lf has been found to have numerous
properties such as antimicrobial, antioxidant and more importantly anticancer effects on its
own. Therefore, the iron transfer protein lactoferrin (Lf) is one of the possible ligand choices
that is expected to boost the targeting capability of DAB (Elfinger et al., 2007; Wei et al., 2012,;
Ye et al., 2013). Based on these publications, lactoferrin has been chosen for use in this study

as a targeting ligand for prostate cancer.
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2.1.1.2. Prostate specific membrane antigen

Prostate specific membrane antigen (PSMA) is an integral transmembrane glycoprotein with a
molecular size of 100 kDa. It was first identified on the prostate epithelial membrane in 1987,
when a newly developed antibody (7E11) was successfully used to recognise the N-terminus
of the protein in prostate tissue; hence its common name (Horoszewicz et al., 1987; Kinoshita
et al., 2006). Alternative names for PSMA are N-acetylated-alpha-linked acidic dipeptidase
(NAALADase), folate hydrolase (FOLH1) and glutamate carboxypeptidase 1l (GCPII),
reflecting its physiological function in the body. Its chemical structure can be divided into three
main parts (Figure 2-1): the external part consisting of 707 amino acids, the transmembrane
part made of 24 amino acid and the internal part consisting of 19 amino acids (Chang, 2004;
Kasten et al., 2013). The N-terminus of the glycoprotein is localised in the cytoplasmic part of
the protein. The extracellular portion is highly glycosylated and has four main domains, C to
F. Domain E was found to be the catalytic part related to the metabolic activities

(metallopeptidases) of PSMA (Rawlings and Barrett, 1997).

While the functions of PSMA are still not completely clarified, some normal functions have
been characterised as being generated from the extracellular domain of PSMA (Goodman et
al., 2007). PSMA has enzymatic activity as glutamate carboxypeptidase, which is an enzyme
encoded by the folate hydrolase 1 gene (FOLH1). This enzyme has a role in folate hydrolysis
in the small intestine, where it facilitates folate uptake through the hydrolysis of dietary
folylpoly-y-glutamates and polyglutamylated folate. Additionally, GCPII functions as a
catalyst for the hydrolysis of N-acetyl-L-aspartyl-L-glutamate (NAAG), which is a
neuropeptide that binds to N-methyl-D-aspartate and metabotropic glutamate receptors in the
brain, to N-acetyl-L-aspartate (NAA) and to L-glutamate. L-glutamate is an even more potent
neurotransmitter than NAAG and its accumulation leads to excitotoxicity, due to the

continuous degradation of neurons, which can cause neurodegenerative problems such as

47



stroke (Kinoshita et al., 2006; Mesters et al., 2006). Although PSMA expression is correlated
with the progress of the clinical stages of prostate cancer its function in the prostate remains

unclear (Goodman et al., 2007; Yao et al., 2010).

Figure 2-1 General structure of prostate specific membrane antigen divided into external,
transmembrane and internal parts (adapted from Chang, 2004).

Therapeutically, PSMA could be used as a targeting ligand by conjugating its binding
antibodies or peptides with the nanoparticles containing the therapeutic drug or gene, which
would improve the ability of the complex to target the cancer cells without affecting normal
tissues (Liu et al., 1998; Chang, 2004). On the other hand, PSMA serum level could be used
as a test in prostate cancer diagnosis. The possibility of using PSMA as a diagnostic marker for
prostate cancer arises from two main properties: its high specificity for prostate tissues and its

high release in both the early and late stages of the disease (Chang, 2004; Kasten et al., 2013).

Various studies have used PSMA antibodies or parts of them as ligands for targeting prostate
cells which can be applied for therapeutic and diagnostic applications. Among the factors

making antibody ligands preferable to other targeting ligands are their high specificity to the
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targeted receptors. More importantly, it could induce an immune reaction against the targeted
cancer cells, although it could also cause unwanted immune responses (Kuchenthal and
Maison, 2010). In 1990, the first PSMA.- targeted imaging agent has been approved by the US
FDA (ProstaScint®) (Ghosh and Heston, 2004). It is composed of a monoclonal antibody (mAb
7E11), which found to have limited sensitivity and specificity because its binding epitope is in
the internal part of PSMA. Second-generation PSMA antibodies have also been developed with
the ability to bind to different epitopes of the extracellular moiety of PSMA, thereby increasing
their specificity and sensitivity to PSMA (Bouchelouche et al., 2010).

Prostate tissue can also be targeted by designing special inhibitors that have the affinity to bind
to PSMA. Kasten and his research group used the PSMA inhibitor CTT54 as a targeting ligand
by conjugating it with PEGylated gold nanoparticles (CTT54-PEG-AuNPSs). The targeted
formulation showed a high, significant selectivity to target PSMA-positive cells LNCaP
compared with PC-3 cells. The study also tested the affinity of the delivery system, compared
with CTT54 alone, to bind to PSMA in LNCaP cells. The results indicated significant
competitive targeting of the designed nanoparticle to LNCaP cells, even after blocking the cells

with CTT54 (Kasten et al., 2013).

Alternatively, small peptides can be used to target PSMA as well. They have less
immunogenicity in vivo than antibodies and they are relatively inexpensive. Aggarwal et al
(2006) used a random phage library to identify some peptides with the ability to selectively
bind to the extracellular domain of PSMA, then synthesized them using the standard solid
phase Fmoc. Among the synthesised peptides, WQPDTAHHWATL (Peptide2) is a 12 amino
acid peptide that was found to target PSMA selectively (Aggarwal et al., 2006). We
hypothesise that conjugating this new peptide with the gene carrier DAB-Am16 would improve
the targeting capability of the dendriplex, as well as the cellular uptake of the therapeutic gene

through receptor-mediated endocytosis.
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2.1.1.3. Integrins

Integrins are transmembrane glycoprotein receptors that link the cytoskeletons of cells with the
extra cellular matrix (ECM). Each integrin receptor consists of two proteins, the alpha (o)) and
beta (B) subtypes, that bind non-covalently to each other to form a unique transmembrane
heterodimer with a specific ligand binding site. There are currently around 24 heterodimers
known to be generated from the binding of 18 different a-subunits and eight -subunits (Figure
2-2) (Barczyk et al., 2010). Integrins can generally be divided into two main types: the RGD
binding integrins such as avp3, avps, avp6, avp8 and a5B1, and the non-RGD binding

integrins such as collagen and laminin (Sutherland et al., 2012).
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Figure 2-2 Integrins receptors family (Adapted from Barczyk et al., 2010)

In normal tissues, integrins act as adhesion, migration and signalling molecules, connecting the
cells to the ECM by binding with proteins such as fibronectin, vitronectin and collagen (Liu et
al., 2008; Marelli et al., 2013). These adhesive molecules assist the connection between the
adjacent cells and surrounding ECM by creating tunnel-like junctions, maintained by integrins,
which facilitate the passage of ions and small molecules between cells and which form and
break as needed (Bonkhoff, 1993; Suyin et al., 2013). Integrins also act as signalling molecules

between cells in a tissue and between the cells and the ECM. This happens by creating a
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signalling pathway to maintain homeostasis in normal physiological processes such as wound
healing (Dunehoo et al., 2006; Barczyk et al 2010).

Several integrins have been found to be strongly expressed in cancerous tissues, indicating that
they play a role in cancer progress. Integrin expression affects the growth and cell proliferation
in rudimentary tumours via various mechanisms such as controlling the expression of cell cycle
proteins, binding with some components in the ECM to promote migration and invasion to
other organs, and activating some matrix-degrading proteases such as matrix metalloprotease
2 (MMP2), which tends to modify surrounding tissues to enrol them in angiogenesis
(Desgrosellier and Cheresh, 2010).

Several integrin receptors have been found to be overexpressed in prostate cancer cells, with a
differentiation in their expression as the cancer progresses such as av3z where it is extensively
expressed in PC-3 but not LNCaP cells, as avfs tends to adhere to vitronectin in the ECM
(Zhengetal., 1999), whereas other receptors were detected only in cancer tissues, not in normal
ones such as avfs (Azare et al., 2007). Moreover, asf4and asf1 were found to have variable
roles in prostate cancer, asf34 was found to assist the attachment of normal cells to the basement
membrane explaining its low expression in prostate cancer cells, whereas asf1 found to be
overexpressed in cancerous cells due to its involvement in cancer cells migration (Davis et al.,
2001; Stevenson et al., 2007; Suyin et al., 2013). asP1 is expressed in both normal and
cancerous cells and has been found to have a role in PC-3 cell adhesion (Stachurska et al.,
2012). Therefore, selecting a suitable peptide to target overexpressed integrin receptors would

be a good way to improve the active targeting capability of the nanoparticles.

Two peptides have been selected to target PC cells by targeting integrin receptors that are
overexpressed in prostate cancer. EETI-1I 2.5F is an RGD peptide designed by Kimura and

colleagues (2009) to target integrin receptors overexpressed in cancer: avfs, avfs, cuibBz and
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asP1. Moore et al. (2013) used this peptide as an imaging probe in brain tumour targeting. Its
targeting capability was examined in vivo and ex vivo, and it was found to pick up aspi in
particular. Our study used the active binding site of the EETI-II 2.5F peptide

(PRPRGDNPPLT) as a targeting ligand for prostate cancer.

The second binding ligand, YESIKVAVS, synthesised by Stevenson et al. (2007) to target
asP1and aePs, was selected to target PC due to the overexpression of these peptides in prostate

cancer cells, as mentioned above.

2.1.2. Structural elucidation

2.1.2.1. Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is an important technique for the structural identification
of organic compounds. The principle of NMR is based is on the magnetic properties of certain
nuclei that have an odd atomic number (the magnetic moment and angular momentum, or spin)
(Lampman et al., 2008; Watson, 2012).

Proton NMR (*H-NMR) is the most commonly analysed isotope, due to its sensitivity and the
diverse structural information that can be obtained from it. Two-dimensional NMR
spectroscopy is a more advanced technique for interpreting chemical structures which has
become possible due to developments in NMR instruments. In 2D NMR spectra, the X and Y
axes are usually proton and carbon frequencies that comprise together providing a map which
is interpreted by matching which peaks on the X axis correspond to peaks on the Y axis.
(Lampman et al., 2008; Watson, 2012).

The nuclear Overhauser effect (NOE) is a technique used to determine inter- and
intramolecular distances through space, not through chemical bonds, i.e. how close two protons

are to each other. NOE can detect protons separated by spatial distances up to 5 A. When
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protons are close to each other in space, they tend to interact through magnetic dipoles; if one
of the protons is irradiated, the signals of the surrounding nucleus will change accordingly.

Diffusion-ordered spectroscopy (DOSY) is another NMR technique used to separate the NMR
signals of different compounds in a mixture by measuring the Brownian molecular motion of
these compound in a particular solvent in terms of the diffusion coefficient (DC). The diffusion
of the molecules depends on several factors such as their shape and size, as well as the viscosity
of the solvent and the temperature at which the test is performed. The 2D-DOSY NMR
spectrum plots the regular *H-NMR chemical shift against the diffusion constant, which is
determined by introducing the sample to a gradient of pulses of radio frequency, thus

determining the change in the movement of the molecules in the sample.

2.1.2.2. Matrix assisted laser desorption/ionization-time of flight

Matrix-assisted laser desorption/ionization (MALDI) is a mass spectroscopy ionisation
technique first reported by Hillenkamp and Karas in 1988. The sample to be analysed is
uniformly mixed with a matrix, which is usually a UV-absorbing weak organic acid such as a-
cyano-4-hydroxycinnamic acid or 2,5-dihydroxy benzoic acid. The mixture is then exposed to
laser light, usually at UV wavelength, which heats the matrix strongly enough to vaporise it,
together with the sample molecules. The role of the matrix in MALDI is substantial; its ability
to absorb the laser light is directly linked to its ability to promote the vaporisation of the sample.
Additionally, the matrix ionises the sample by acting as proton donor or receiver, thus creating
a positive or negative ionisation mode for the sample (Lewis et al., 2000). Therefore, selecting
the most appropriate matrix depends mainly on the physical and chemical properties of the
sample.

After ionisation and evaporation of the sample, fragmented ions are separated according to
their mass; time of flight (TOF) is the most common ion separator linked to MALDI (Watson,
2012).
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MAVLDI-TOF has been found to be the most suitable mass spectroscopy technique for peptides,
proteins and dendrimers, as it yields an accurate mass determination for such compounds
(Lewis et al., 2000; Peterson et al., 2003; Yellepeddi, 2013). However, achieving the optimal
spectrum is strongly dependent on the selection of a matrix, as mentioned above. Protein and
peptide samples are usually ionised by protonation, the most common matrices used with them
being cinnamic acid derivatives such as a-cyano-4-hydroxycinnamic acid. Dendrimers, on the
other hand, are usually best ionised by cationization, most commonly using a 2,5-

dihydroxybenzoic acid matrix (Shion and Ellor, 2007).

2.1.3. DNA complexation study

DNA complexation or condensation is a method utilized in gene delivery to chemically
complex the DNA with the designed vector, which is usually a cationic polymer or dendrimer.
This complexation occurs via electrostatic interactions between the amino group in the cationic
vector and the phosphate moieties in the DNA.

Several benefits are usually associated with DNA condensation in gene delivery. The cellular
uptake of the complexed gene is found to be higher than that of free DNA, due to the reduction
in the repulsive forces between the genetic material and the membrane of the targeted cell, as
both of them are charged negatively. In addition, DNA complexation generates a safe
environment for the genetic materials; it protects the DNA from non-specific binding with any
cationic molecules and enzymatic degradation in the bloodstream (Taira et al., 2005).

The efficiency of the prepared vector in condensing the required DNA can be assessed by
conducting an assay such as PicoGreen® and agarose gel retardation assays (Aldawsari et al.,

2011; Lim et al., 2015).
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2.1.3.1. PicoGreen® assay

PicoGreen®is a reagent that fluoresces when coupled with a double-stranded DNA (dsDNA).
Among several fluorescent agents investigated, PicoGreen® has been found to be highly
sensitive in detecting and quantifying even small amounts of DNA (around 25 pg/ml), which
is extremely beneficial for biological applications such as the quantification of purified DNA,
or diagnostic techniques such as identifying DNA contamination in pharmaceutical products.
In addition, the high selectivity of PicoGreen® minimises the probability of inaccuracy in
dsDNA quantification, since it has very low affinity with single-stranded DNA and RNA,
which will thus lead to much less fluorescence (Singer et al., 1997).

PicoGreen® assay was conducted to determine the efficiency of the designed vectors in
complexing the required genes, based on the fact that the more efficiently the vector complexes
with the DNA through electrostatic interaction, the less free DNA the PicoGreen®will find to
couple with and the less fluorescence will be detected (Singer et al., 1997). Thus, the intensity
of fluorescence induced by the PicoGreen® reagent provides a measure of the level of DNA

complexation with the dendrimer.

2.1.3.2. Gel retardation assay

Gel retardation or electrophoresis is a technique for separating macromolecules of different
sizes and charges. The charged molecules migrate with different intensities towards the
oppositely charged pole when placed in an agarose or polyacrylamide gel plate under an
electric field. The speed of migration depends on external factors such as the field applied, the
viscosity and porosity of the matrix and the temperature. It is also affected by internal factors
such as the net charge density, the hydrophobicity, the charge to mass ratio and the size and
shape of the molecules. Different charged molecules will migrate with different speeds forming

separated zones (Westermeier, 2005; Reddy and Raju, 2012).
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This method was used in this study to evaluate the ability of the designed vector to complex
with the DNA. The agarose gel is sprayed with a specific fluorescent dye such as ethidium
bromide after the migration ends. The concept of the method is that free DNA molecules will
be separated from the complexed ones, since they migrate at different speeds under the applied
electrical field. Thus, the free DNA will induce fluorescence under the UV light when it binds
to ethidium bromide, while complexed DNA with the designed vector will show less
fluorescence (Westermeier, 2005; Reddy and Raju, 2012).

2.1.4. Photon correlation spectroscopy

The size of the nanoparticle is an important physical factor influencing other properties of the
nanoparticle, such as its distribution time or half-life, phagocytosis by immune cells and
intratumoural accumulation. Firstly, the size of the nanoparticle has a direct impact on its half-
life in the blood circulation; longer circulating time will lead to additional accumulation of the
nanoparticle at the cancer site. The clearance of nanoparticles depends on their size; particles
of less than 5 nm are usually cleared rapidly via extravasation or renal clearance, whereas larger
particles tend to accumulate primarily in the liver and spleen, this tendency being proportional
to the increase in size. On the other hand, large nanoparticles tend to move with the blood flow,
avoiding the vessel walls as they become heavier; therefore, their transport from the circulation
to the cancer site tends to be lower than that of smaller molecules, which tend to move laterally
in the blood vessels and exhibit higher diffusion. The clinical outcomes of these two criteria
are contradictory, so that large particles have a better half-life but slower diffusion than smaller
ones. Thus, nanoparticles should be of a size which is not too large to prevent adequate
distribution nor too small for them to be cleared rapidly (Toy et al., 2014). Tang et al. (2014)
investigated the effects of size in nanomedicines used to treat cancer. Of the three sizes
examined (20 nm, 50 nm and 100 nm), they found 50 nm to be optimal, as nanoparticles of this

size had the highest accumulation and retention in both primary and metastatic tumours.
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Photon correlation spectroscopy (PCS) is a light-scattering technique that is used to study the
physical properties of samples (size and charge). Its principle was introduced by Tyndall in the
mid-19" century. The particles in a colloidal solution undergo Brownian motion, meaning that
the diffusing particles are in constant random movement due their multiple collisions with the
molecules of the liquid; PCS relies on the dynamic light scattering (DLS) of these particles in
the solution. As the colloidal particles are in Brownian motion, a beam of light (usually laser)
to which they are subjected will scatter at different angles. The total scattered intensity of light
wavelengths is detected by a photomultiplier tube, together with the light scattering angle. This
scattered light will fluctuate with time due to the Brownian motion of the particles; therefore,
the continuously changing scattering of light through the solution over time provides evidence
of the motion of the particles and their hydrodynamic size distribution (Tscharnuter, 2000).
The diameter of the particles can be calculated by measuring their velocity (diffusion

coefficient, D) at a given temperature and viscosity (Filella et al., 1997; Tscharnuter, 2000).

Another relevant physical property is the zeta ({) potential, which can be defined as the
electrostatic potential generated between a nanoparticle and the diffusion layer of a colloidal
system (Honary and Zahir, 2013). It is used to calculate the surface charge of the nanoparticles
in a colloidal system. Zeta potential affects several properties of the delivery system, such as
its long-term stability due to nanoparticle-nanoparticle interaction, and the cellular uptake
efficiency of the nanodrug formed due to nanoparticle-cell interaction. Thus, the zeta potential
should be adjusted to attain a certain level of nanoparticle stability as well as effective cellular
uptake. The electrokinetic potential difference between the medium and the nanoparticles tends
to create a balance that should ideally prevent the aggregation of the particles in the solution.
Several studies states that to obtain good stability, the zeta potential should be either higher
than -30 mV or lower than 30 mV (Bhattacharjee, 2016), while others propose a narrower range

of 25 mV <{ <-25mV (Durymanov et al., 2015). On the other hand, in nanoparticles designed
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for gene delivery, the zeta potential should be slightly positive. The cellular uptake of the
nanoparticles to the targeted cells is also affected by the zeta potential: a high value (above 30
mV) may lead to non-specific binding with the surrounding cell membranes, while a low one
(+/-5 mV) can cause particles to aggregate with low uptake profile (Honary and Zahir, 2013).
For a better understanding of zeta potential, any charged particles dispersed in agueous solution
will start to adsorb oppositely charged ions and molecules in the solution, forming an electrical
double layer (EDL) around them. The first layer is composed of the most predominant ions
with opposite charge to the particle, then the second (diffuse) layer has a lower electrostatic
power, being composed of both similarly and oppositely charged ions (Bhattacharjee, 2016).
To measure the zeta potential, an external electrical field is applied to the sample by means of
two electrodes, causing charged particles to migrate to the oppositely charged electrode. The
interface between the diffuse layer and the dispersant around it during electrophoresis is the
shear plane. The value of the zeta potential then reflects the potential difference between the
electrical double layer of the particle and the shear plane. The direction and velocity of
migration are also involved in the determination of zeta potential. The velocity of the particles
can be determined by calculating the change in light scattering due to the Doppler shift; the
electrical potential of particles at the shear plane (the zeta potential) is proportional to their
velocity (Tucker et al., 2015; Bhattacharjee, 2016). The zeta potential can be then measured

via the Henry equation:

__Unm
C_ ef(ka)

where is ( is the zeta potential, U is the electrical mobility, ¢ is the solvent dielectric constant,

1)

n is solvent viscosity and f (ka) is the Henry coefficient.

The sample should be suspended in a solvent with known refractive index and dielectric

constant, then transferred to a special cuvette, where it is subjected to laser light and an electric
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field at the same time. The particles will migrate to the opposite electrode and the scattered
light angle will thus fluctuate, allowing velocity to be determined from the frequency shift

(Shimko et al., 2012).
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Figure 2-3 Zeta potential of charged particles (adapted from Shimko et al., 2012)

The characteristics of the solvent where the nanoparticles were dissolved, have significant
impact in the zeta potential of these nanoparticles such as the pH and ionic strength. The zeta
potential will vary with pH since it directly affects the ionisation state of the particles
(Bhattacharjee, 2016). Generally, the degree of ionisation is linked with the difference between
the logarithmic acid dissociation constant, pKa, of the dissolved particles and the pH of the
solution. In the case of the cationic dendrimer polypropylenimine (DAB), the terminal primary
amine groups have pKa values between 9.5 and 10, so that around 90% of these groups will be
ionized if the pH of the solution is one degree lower (Shao et al., 2011), thereby affecting the
zeta potential accordingly. The ionic strength of the dissociation solution also has an impact on
the zeta potential: as ionic strength increases, the EDL will be compacted with ions and the

zeta potential will decrease accordingly (Bhattacharjee, 2016).
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2.1.5. Atomic force microscopy

Atomic force microscopy (AFM) is a technique used to measure surface structures with high
resolution and accuracy. Since its development in 1980, AFM has become a useful technique
in many fields including chemistry, biology, nanotechnology and medicine. It can be used to
image samples of various types and textures, ranging from hard metallic nanoparticles to soft
human cells. However, an AFM image is not an actual image formed from focusing light on
the surface of an object; instead, it is created by physically touching the sample surface with a
probe (Eaton and West, 2010). In nanomedicine, AFM is usually used to examine the shape
and size of nanoparticles (Li et al., 2000).

The principle of AFM is based on placing the sample on a moving stage, then gently scanning
over it using a sharp probe mounted on a flexible cantilever, making it sensitive to any small
changes in the sample surface. The information thereby collected on changes in the height of
the surface allows the building of a detailed map. The probe is monitored by a magnification

system which records its motion.

AFM is considered superior to alternative microscopy techniques such as SEM and TEM,
because it is able to produce images in three dimensions (on the X, Y and Z axes), whereas the
other microscopies generate images on two axes only. The image resolution of AFM is
considered high; it can approach 0.1 nm, thanks to the use of sharp probes. In addition, AFM
requires minimum sample preparation and is suitable for scanning most types of sample, while
TEM and SEM require the special preparation of samples and particular measurement
conditions such as a vacuum. On the other hand, AFM cannot be used to generate an image
larger than 100 um because it would take too long for the probe to physically cover a larger

area. Indeed, AFM requires a longer scanning period than either of the other two microscopies.
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2.1.6. Objectives

The objective of this chapter is to investigate the impact of conjugating different ligands
(Lactoferrin, Peptide2 and Peptide4) to diaminobutyric polypropylenimine (DAB) dendrimer
on its physicochemical characteristics such as DNA condensation, size, zeta potential and

morphology.

The first part of the study is the synthesis of lactoferrin- and peptide - bearing DAB dendrimer.
Thereafter, the physical characterisation of the synthesised dendriplexes will be investigated in
this chapter, starting from structure elucidation using different techniques (NMR, LC-MS, and
MALDI-TOF) and examining the DNA condensation tendency of the dendriplexes using
fluorescence spectrophotometry and electrophoretic mobility assay. In addition, the physical
characteristics such as morphology, size and charge of the nanoparticles will be investigated

using transmission electron microscopy and photon correlation spectroscopy.
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2.2. Materials and methods

2.2.1. Materials

Table 2-1 List of materials used in chapter 2.

Materials

Supplier

Ampicillin

Sigma-Aldrich, UK

Dialysis tubing, benzoylated

Sigma-Aldrich, UK

Diaminobutyric polypropylenimine

hexadecaamine dendrimer (DAB-Am16)

Sigma-Aldrich, UK

5,5'-dithiobis(2-nitrobenzoic acid)

(Ellman’s)

Sigma-Aldrich, UK

Ethidium bromide

Sigma-Aldrich, UK

Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich, UK

EndoFree Plasmid Giga Kit

Qiagen, UK

pCMVsport B-galactosidase

Life Technologies, UK

2-Iminothiolane (Traut’s reagent)

Sigma-Aldrich, UK

Isopropanol

Sigma-Aldrich, UK

I-Cysteine

Sigma-Aldrich, UK

Lactoferrin, bovine colostrum

Sigma-Aldrich, UK

Maleimide PEG 3.5K succinimidyl

carboxymethyl ester

JenKem, USA

N-(y-maleimidobutyryloxy)succinimide

ester (GMBS)

Polypeptide Group, France

Methoxy PEG 2K succinimidyl

carboxymethyl ester

JenKem, USA
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Methanol

Sigma-Aldrich, UK

Passive lysis buffer

Promega, UK

Peptide2 (CQWPDTAHHWATLC)

Biomatik, Canada

Peptide4 (CPRPRGDNPPLTCGGKKK)

Biomatik, Canada

PicoGreen® dsDNA reagent

Life Technologies, UK

Phosphate buffer saline

Sigma-Aldrich, UK

Snakeskin® Dialysis tubing, 3.5 K MWCO

ThermoFisher, UK

Snakeskin® Dialysis tubing, 7 K MWCO

ThermoFisher, UK

Na:HPO4

Sigma-Aldrich, UK

NaH2POg4

Sigma-Aldrich, UK
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2.2.2. Methods

2.2.2.1. Plasmid DNA synthesis and purification

The plasmid DNAs used in the experiments were prepared according to the following
procedure. Plasmid encoding the gene of interest was grown in E. coli bacteria (250 pl) using
sterile conical flasks containing 650 ml Luria broth (L-Broth) and 650 pl ampicillin solution.
The cultures were kept at 37 °C for 24 h with continuous shaking to create suitable growth
conditions for the bacteria. The bacterial suspensions formed were then centrifuged at speed of
6000 rpm (6048 g) for 20 minutes and the bacteria pellets were collected.

Plasmid DNA extraction and purification was performed using a Qiagen® endotoxin-free Giga
Plasmid Kit according to the manufacturer’s instructions. DNA extraction was performed using
P1 and P2 buffers to induce cell lysis as follows. The bacterial pellets were reconstituted using
125 ml of re-suspension buffer P1 at pH 8 containing ethylenediaminetetraacetate (EDTA) and
ribonuclease A (RNase A). EDTA affects the cell membrane integrity through its action as a
chelating agent for divalent ions such as Mg?* and Ca?*, which disrupt the cellular envelope
structure and thus promote cell membrane lysis (Tsugama et al., 2011), while RNase A assists
in the degradation of RNA to prevent it from contaminating the DNA. Next, 125 ml of alkaline
lysis buffer P2, containing sodium hydroxide (NaOH) and sodium dodecyl sulphate (SDS),
was added and kept for five minutes. The high pH of the alkaline buffer (pH 12) alters the
nature of the DNA, while the anionic detergent SDS promotes cell membrane lysis by binding
with the lipid components of the membrane (Shafa and Salton, 1960). The suspension formed
was then neutralised using 125 ml of 3M potassium acetate at pH 5.5 (P3) before filtration
using the QIA filter provided.

The last stage of DNA synthesis was purification, which was achieved using the Qiagen®
endotoxin-free Giga Plasmid Kit to collect pure DNA without any cellular components such as

protein, RNA, or any cell membrane debris. The purification process depends on the use of
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anion exchange cartridges, where the positively charged resin molecules in the column interact
with the DNA molecules, as these have an intense negative charge. The cartridge was first
equilibrated with 75 ml of neutral buffer (pH 7) in order to ensure that all cationic groups in
the resin were ionized and capable of binding with the DNA. The lysate was then introduced
to the cartridge and washed using 600 ml of QC buffer to elute any impurities in the solution.
Finally, the DNA was collected from the cartridge using highly basic buffer at pH 8.5 by adding
100 ml of QN buffer. This high pH buffer causes deionization of the cartridge resin cationic
groups, thus breaking the electrostatic interactions between the DNA and the resin and causing
the complete elution of the DNA (Watson, 2012). The DNA collected was precipitated using
70% methanol, then redissolved in 5% glucose solution. The concentration of the DNA
collected was measured using UV absorbance spectrophotometry (GeneQuant RNA/DNA

calculator) at a wavelength of 320 nm.

2.2.2.2. Conjugation of lactoferrin, Peptide2, and Peptide4 to DAB dendrimer

Diaminobutyric polypropylenimine hexadecaamine (DAB-Am16) dendrimer was purchased
from Sigma-Aldrich and conjugated to Lf, Peptide2, and Peptide4 using a novel method
adapted from Hermanson (2013). DAB-Am16 was dissolved in 50 mM sodium phosphate and
0.15 M sodium chloride buffer at a concentration of 10 mg/ml (pH 7.4). In a separate container,
a stock solution of N-(y-maleimidobutyryloxy) succinimide ester (GMBS) was prepared by
dissolving 40 mg of GMBS in 1 ml of dimethyl sulfoxide (DMSO). From the stock, specific
volumes of GMBS solution equivalent to 2, 4, 6, 8, 10 and 12-fold moles excess over the DAB
amount were taken. The dendrimer and GMBS solutions were then mixed together with
continuous stirring for one hour at room temperature and the final compounds were purified
using benzoylated dialysis tubing with molecular weight cut-off (MWCO) of 2000 at room
temperature using 500 ml of 50 mM sodium phosphate and 0.15 M sodium chloride buffer as

the dialysis solution and changed twice during dialysis. After 24-hour dialysis, the solution was
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freezed dried using Christ® freeze dryer for 48 hours. The powder formed was collected and
characterised using high resolution mass spectrometry, MALDI-TOF and NMR.

The ligand lactoferrin was modified first to hold a sulfhydryl group, so that it would react with
the maleimide site of GMBS. The reaction was achieved by mixing the protein of interest with
10-fold moles excess of 2-iminothiolane (Traut’s reagent) (Figure 2-4). Lactoferrin protein (10
mg) was first dissolved in 1 ml of 50 mM sodium phosphate buffer with 0.15 M sodium
chloride (pH 8) at a concentration of 10 mg/ml. In a separate container, Traut’s reagent stock
solution was prepared by dissolving 2 mg of the reagent in 1 ml distilled water to obtain a 14.5
mM concentration. Next, 76.55 ul of Traut’s stock was reacted with the lactoferrin solution for
one hour at 20 °C. The modified Lf was filtered using a Vivaspin-4 centrifuge tube with a

MWCO of 5000 Da for 15 minutes at 7500 rpm (6477.4 g).
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Figure 2-4 Protein modification reaction steps with Traut’s reagent (2-Iminothiolane) to carry

free sulfhydryl group (Adapted from Hermanson, 2013)

Table 2-2 summarizes the peptides to be used as targeting ligands in this study. All the peptides
were synthesised in Biomatik and requested to be modified with the amino acid cysteine in
their N-terminus (Biomatik, Canada). As cysteine amino acid holds free sulfhydryl group and

has a high tendency to react with the maleimide group in the cross-linker, there is no need to
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modify the peptides structure using Traut’s reagent. Equivalent mole ratio of Peptide2
(CWQPDTAHHWATL) and Peptide4 (CPRPRGDNPPLTCGGKKK) to DAB molecules (1:1
mole ratio) was used in this reaction (9.2 mg and 11.2 mg respectively).

The modified protein (10 mg) was then immediately used in the bioconjugation reaction with
DAB cross-linker at 20 "C for four hours with continuous mixing. DAB-Lf was filtered using
the Vivaspin tube in the same conditions as described above to remove any unreacted
dendrimer, followed by a desalting procedure using a SnakeSkin® dialysis tube with a MWCO
of 3500 Da using 1L distilled water as dialysis solution at 25 °C changed twice during 24 hours
of a dialysis period, to purify the complex and remove any buffer salts.

For DAB-Pep2 and DAB-Pep4 formulations, 9.3 mg of Peptide2 and 11.2 mg of Peptide4 were
dissolved in 1 ml of 50 mM sodium phosphate buffer with 0.15 M sodium chloride (pH 7.4)
and reacted with DAB cross-linker at 20 °C for four hours with continuous mixing. The
purification and desalting steps were done together via dialysing these dendrimers against 1L
distilled water at 25 °C changed twice during 24 hours and using dialysis tubing with MWCO
2000 Da or 3500 Da respectively for DAB-Pep2 and DAB-Pep4 to remove any unreacted
peptide molecules and desalt the final product. The collected solution was then freeze-dried
using Christ® freeze dryer for 48 h and the yielded powder was collected.

The modified dendrimers were structurally identified by NMR spectroscopy (Jeol Oxford
NMR AS 600 spectrometer) and matrix assisted laser desorption/ionisation-time of flight
(MALDI-TOF) mass spectroscopy (Axima CFR, Kratos, Shimadzu). NMR samples were
prepared by dissolving 12 mg of the dendrimer in 600 ul of deuterated water (D20). MS
samples were prepared by dissolving 1 mg of the sample in 1:1 water/acetonitrile mixture, then
performing a series of dilutions and finally mixing 1 pl of the sample stock with 9 pl ionisation
matrix (sinapinic acid or dihydroxybenzoic acid). For high molecular weight samples such as

DAB-Lf and free Lf the matrix selected was sinapinic acid, whereas lower molecule weight
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samples such as DAB dendrimer, DAB-GMBS, DAB-Pep2 and DAB-Pep4 were mixed with
dihydroxybenzoic acid.

The other peptides listed in Table 2-2 were eliminated from the study due to solubility issues
during the synthesis. Peptidel has seven hydrophobic amino acids in its sequence affecting its
solubility in aqueous solutions. During the bioconjugation reaction with DAB, Peptidel was
dissolved first in DMSO, then gradually added to DAB-GMBS solution, however, the solution
became turbid once Peptidel was added. Therefore, for the purpose of improving the peptide
solubility, Peptidel was modified with basic amino acid moiety (-GGKKK) in its C-terminus,
as suggested in Kato et al (2006) (Table 2-2). The solubility of the new peptide (named
Peptide3) was partially improved in aqueous solutions, but the same problem still occurred

when reacting DAB-GMBS with Peptide3.

Table 2-2 List of the peptides proposed for use as targeting ligands

Sequence Targeting receptor/s Reference

Peptidel YESIKVAVS Integrin (avp3) (Stevenson et al.,
2007).
Peptide2 CWQPDTAHHWATL PSMA (Wu et al., 2010;
Aggarwal et al.,
2006)
Peptide3 CYESIKVAVSGGKKK Modified form of (Kato et al., 2006)
peptidel

Peptide4 CPRPRGDNPPLTCGGKKK  The active site of the (Kimura et al.,
(RGD peptide) cyclic peptide EETI 2.5 2009; Moore et al.,
F 2013)
Integrin targeting
(ouvBs, oevBa, ounPs and
osB1
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2.2.2.2.1. PEGylation of Peptide2- bearing DAB dendrimers

For the purpose of improving the physiochemical properties of the peptide-bearing DAB
dendrimers, different PEGylation patterns were used to modify DAB-Pep2 dendrimer and
identify the best PEGylation reaction that would be used in the future for similar formulations.
The aim of these reactions was to evaluate the use of different crosslinkers to conjugate the
third generation DAB dendrimer with the targeting ligand Peptide2; in this study we originally
used the short crosslinker N-(y-maleimidobutyryloxy)succinimide ester (GMBS) or a
polyethylene glycol chain crosslinker with a molecular weight of 3500 g/mole (PEG3.5 kDa).
Following the synthesis of DAB-Pep2 and DAB-PEG3.5k-Pep2 respectively using these
crosslinkers, another reaction was performed to PEGylate some of the amine groups on the
periphery of the dendrimer by reacting a 4-mole excess of polyethylene glycol chain with a
molecular weight of 2000 g/mole (PEG2 kDa) over DAB. The content of each reactant in these
polymers is listed in Table 2-3.

First, the crosslinker used in conjugating DAB with Peptide2 was changed from GMBS to
NHS-PEG (3.5k)-maleimide as follows: 10 mg of DAB-Am16 was dissolved in 1 ml 50 mM
sodium phosphate buffer and 0.15 M NaCl (pH 7.4) and reacted with 20 mg of NHS-PEG
(3.5)-maleimide (equivalent to one mole excess of DAB) for one hour at 20 °C. The reaction
was dialysed using 3500 MWCO SnakeSkin® tubes against 1000 ml of the buffer for 24 hours
at 25 °C. Peptide2 (9.3 mg) was then reacted with DAB-PEG 3.5 in a molar ratio 1:1 for four
hours at 20 °C. The final compound was purified through dialysis using 3500 MWCO
SnakeSkin® tubes against 1000 ml of water changed twice during 24 hours at 25 °C.

Another PEGylation reaction was performed using the above formulations, DAB-Pep2 and
DAB-PEG3.5k-Pep2, as follows: 47 mg of NHS-PEG2k-methoxy (molecular weight 2000 Da)
was dissolved in 2 ml sodium phosphate buffer (pH 7.4), then added gradually over DAB-Pep2

(20 mg) or DAB-PEG3.5k-Pep2 (30 mg) formulations and left to react for 8 hours at 20 °C
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before being dialysed against one litre of distilled water using SnakeSkin® dialysis tubing
(MWCO 7000) for 24 hours at 25 °C. The dialysis solution was changed twice during that
period. This dialysis process should ensure the extraction of any unreacted PEG molecules as
well as any dendrimer that binds to fewer than three PEG molecules. All synthesised

formulations were characterised by *H-NMR (AV600).

Table 2-3 Chemical compositions of Peptide2- bearing DAB dendrimer formulations

Estimated

Dendrimer Crosslinker PEGylation Peptide2 molecular

DAB-Peptide2 G3 DAB 2 moles excess 1 mole
(10 mg) GMBS NO excess 3250
(3.3 mg) (9.3 mg)
DAB-PEG3.5k- G3 DAB 1 mole excess 1 mole
Peptide2 (10 mg) NHS-PEG3.5- NO excess 6700
maleimide (9.3 mg)
(20 mg)

DAB-PEG2k- G3 DAB 2 moles excess 4 moles excess 1 mole
Peptide2 (10 mg) GMBS of PEG 2000 excess 9000
(3.3 mg) (47 mg) (9.3 mg)

DAB-PEG2k- G3 DAB 1 mole excess 4 moles excess 1 mole
PEG3.5k- (10 mg) NHS-PEG3.5-  of PEG 2000 excess 12700
Peptide2 maleimide (47 mg) (9.3 mg)
(20 mg)
2.2.2.2.2. PEGylation of DAB-Peptide4 dendrimer
By comparing the PEGylation ratios used to modify DAB-Pep2, the use of a 4-mole excess of
PEG2000 was selected as the optimal method for improving the physiochemical properties of
DAB-Pep2, as will be demonstrated in the results section. This method was followed in the
synthesis of DAB-Pep4 to form DAB-PEG2k-Pep4 as follows: DAB dendrimer was reacted
with the crosslinker GMBS, followed by the addition of Peptide4 (11.4 mg) in a similar way
to that mentioned in Section 2.2.2.2. Next, 47 mg of NHS-PEG2k-methoxy was dissolved in 2
ml 50 mM sodium phosphate buffer with 0.15 M sodium chloride (pH 7.4) and reacted with

DAB-Pep4 for 8 hours at 20 °C. The final compound, DAB-PEG2k-Pep4, was purified by

70



dialysing the reaction against distilled water (1000 ml) for 24 hours at 25 °C using SnakeSkin®

dialysis tubing with MWCO of 7000 Da.

2.2.2.3. Characterization of DAB-Lf and DAB-Pep2 dendriplexes

2.2.2.3.1. PicoGreen® assay

The ability of the DNA to complex with the Lf-bearing DAB and peptides - bearing DAB was
assessed by PicoGreen® assay. PicoGreen® reagent is a fluorescent stain of nucleic acid used
to quantitatively determine the amount of double-stranded DNA. The degree of fluorescence
that occurs when it complexes with the dsDNA can be measured via fluorescencence
spectrophotometer, while unbound PicoGreen® reagent displays less fluorescence.
Accordingly, when the DNA forms electrostatic interactions with the dendrimers, the
fluorescence of the PicoGreen® will decrease, due to the low number of binding sites with the
DNA (Koppu et al., 2010; Aldawsari et al., 2011).

Following the protocol provided by the supplier, PicoGreen® reagent was diluted 200 times
using Tris-EDTA buffer (pH 7.5). One ml of the dendrimer-DNA at various DAB: DNA ratios
(20:1, 10:1, 5:1, 2:1, 1:1, 0.5:1 and 0:1) was added to one ml of the diluted PicoGreen® reagent
at a constant DNA concentration of 10 pg/ml per cuvette throughout the experiment. The
intensity of PicoGreen® fluorescence was measured at various time frames using a Varian Cary
Eclipse Fluorescence spectrophotometer (Palo Alto, California) (exc: 480 nm, Aem: 520 nm).
The results were displayed as the percentage of DNA condensation as follow:

% DNA condensation = (100 — (Fy X 100)) 2

Where Fy is the reduced fluorescence values which measured by dividing the fluorescence of

the sample with the fluorescence of free DNA as follows:

Fy = (F; — Fpg)/(Fo — Fpg) (3)
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F= fluorescence of the polymer-DNA complexes

Fo= fluorescence of the DNA alone

Fpc= fluorescence of PicoGreen

For the purpose of investigating the influence of the lactoferrin protein in the condensation
capacity of nanomedicine formulated (DAB-Lf), the same PicoGreen experiment was
conducted using lactoferrin protein only without conjugating it to DAB. Various Lf: DNA
weight ratios were used (20:1, 10:1, 5:1 and 2:1) using similar DNA concentration (10 pg/ml).
The sample was then mixed with 1 ml of PicoGreen® solution and its fluorescence was
measured using fluorescence spectrophotometer with the same wavelength mentioned above.

2.2.2.3.2. Agarose gel retardation assay

The ability of the dendrimer conjugates to complex with the DNA was assessed by agarose gel
retardation assay. DAB-Lf, DAB-PEG2k-Pep2 and DAB-PEG2k-Pep4 dendriplexes were
prepared at different dendrimer: DNA weight ratios from 20 to 0.5 with a fixed DNA
concentration of 20 pg/ml. After mixing with the loading buffer, the samples (15 pL) were
loaded on a 1X Tris-Borate-EDTA (TBE) (89 mM Tris base, 89 mM boric acid, 2 mM Na2-
EDTA, pH 8.3) buffered 0.8% (w/v) agarose gel containing ethidium bromide (0.4 pg/mL),
with 1x TBE as a running buffer. The DNA size marker was HyperLadder I. The gel was run
at 50 V for one hour and then photographed under UV light.

2.2.2.3.3. Dendriplex size and zeta potential measurement

The size and zeta potential of the DAB-Lf, DAB-Pep2 and DAB-Pep4 dendriplexes were
measured for the different dendrimer: DNA weight ratios (20:1, 10:1, 5:1, 2:1, 1:1, 0.5:1, 0:1)
by photon correlation spectroscopy and laser Doppler electrophoresis using a Malvern
Zetasizer Nano-ZS (Malvern, UK). The samples were prepared by complexing 50 ug of the

plasmid per sample with the required amount of the dendrimer based on the ratio required. The
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sample size was then immediately measured using disposable micro cuvette; zeta
measurements were then performed for the same sample using folded capillary cell.

The size and zeta potential of the PEGylated dendrimers DAB-PEG2k-Pep2 and DAB-PEG2k-
Pep4 were also measured following the same procedure mentioned above. Additionally, the
size and zeta potential of DAB-PEG3.5k-Pep2 and DAB-PEG2Kk-PEG3.5k-Pep2 polyplex were
also measured for the weight ratios 20:1, 10:1 and 5:1.

2.2.2.3.4. Atomic force microscopy

DAB-Lf dendriplex was analysed via atomic force microscopy (AFM) to review the size and
shape of the nanoparticles formed. DAB-Lf dendrimer (250 pg) was complexed with DNA
encoding B-galactosidase (50 pg) in a ratio of 5:1 using glucose 5% as solvent. The solution
was diluted 100 times using distilled water, then 5 pl of the dilute solution was placed on a

mica surface and left to air-dry at room temperature.

DAB-PEG2k-Pep2 and DAB-PEG2k-Pep4 dendriplexes were analysed as well via AFM as
follow: 1 mg of the dendrimer was complexed with 50 pg DNA encoding [3-galactosidase in a
dendrimer: DNA ratio of 20:1 using glucose 5% solution as solvent. The solution was diluted
10 times using distilled water, then 5 pl of the dilute solution was placed on a mica surface and

left to air-dry at 20 "C.

The scanning mode used was PeakForce Tapping® mode at room temperature using Bruker
ScanAsyst-Air probe (Camarillo, California). The data were collected by a Dimension Fast
Scan AFM (Bruker) equipped with an Icon scanner with nominal tip radius of 2 nm and
nominal spring constant of k = 0.4 N/m. All data were analysed using the NanoScope Analysis

1.5 software (Bruker), while height images were corrected by first order flattening.
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2.3. Results

2.3.1. Conjugation of lactoferrin and Peptide2 to DAB dendrimer

The synthesis of DAB-Lf, DAB-Pep2, and DAB-Pep4 was achieved in two steps; the first step
was linking the dendrimer with a heterobifunctional cross-linker followed by conjugating the
ligand of interest to the intermediate product formed (DAB-crosslinker). DAB-Lf, DAB-Pep2
and DAB-Pep4 yielded around 50% and 60% of final product respectively. The synthesis was
verified by NMR and MALDI-TOF, each step being investigated separately to confirm its

SUCCEesSS.

Peptide- bearing DAB dendrimer were then subjected to extra modification by introducing
PEG polymer in the periphery of the dendrimer to form DAB-PEG2k-Pep2 and DAB-PEG2k-
Pep4 which yielded respectively around 64% and 75% of the final product. The successful

synthesis of the final step of the reaction was confirmed via *H-NMR and DOSY NMR.

2.3.1.1. DAB-GMBS

The conjugation between the DAB-Am16 and the cross-linker GMBS was performed at
various multiples (2, 4, 6, 8, 10 and 12) of molar excess of cross-linker over the amount of
DAB present. Each ratio was then analysed by *H-NMR and based on the spectra produced,
DAB-GMBS ratios with six-, four- and two-fold molar excess were taken to the next step of

synthesis.

The optimum conjugate (formed with two-fold molar excess of GMBS over DAB) was then
characterised via *H-NMR, COSY, HMBC and HSQC.'H-NMR of DAB-cross-linker (Figure
2-5, Figure 2-10 and Table 2-4) confirmed the coupling between DAB and GMBS as follows:
IH-NMR (D20): 6 DAB (N-CH,-CH2-CH2-CH2-N) at 1.48 ppm (a), 8 DAB (N-CH2-CHo-
CH2-N) at the peak at 1.64 ppm (b); 6 DAB (N-CH2-CH2-CH>-NH>) at 1.79 ppm (¢); 8 DAB

(N-CH2-CH2-CH2-NH) at 2.48 ppm; 6 DAB (N-CH2-CH2-CH2-N) at 2.55 ppm (d); 6 DAB
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(N-CH2-CH2-CH2-NHy) at 2.91 ppm (e). The peaks corresponding to the cross-linker protons
in the same spectrum are as follows: protons for carbon (h) at 2.21 ppm; for carbon (g) at 2.98
ppm; protons for carbon (i) at 3.15 ppm; maleimide group protons (j) at 6.23 ppm; and finally,
amide proton at 8.15 ppm (k). The full characterisation of DAB-GMBS based on 2D-NMR can

be seen in Table 2-4. All NMR spectra were analysed using Mestrenova® NMR software.

Table 2-4 DAB-GMBS characterisation using 2D-NMR (COSY, HMBC and HSQC)

Number Proton Chemical Shift ~ Carbon Chemical Long Distance
from Figure (ppm) Shift (ppm) Coupling HMBC

1.48 C

2.55 49.9 C4,7,10, etc.
1.64 23.7 C2,3,5,6,8 9, etc.
2.48 (q) 50.41 Co, 10
2.98 (1) 50.99 Cis, 14
2.21 21.79 C12, 14, Amide carbonyl
3.15 53 C12, 13, Maleimide carbonyl
6.23 128.2 Maleimide carbonyl
1.79 37.9 C2,3,5,6,8,9, etc, C17
2.91 (t) 53.09 C2,3,5,6,8,9,etc, C16
8.15 - =

75



NH2
/\’L( I o
d NH
b b 2 d
N/a\,de'Nd’\N/—é_ b. ¢
d y
S e b
| \ a
il - (. I
B e
d
l\,ﬂl-iz kg | o
HN—H/\/\N
NFt O N Jy
( Ny O ‘ ¢
2
S U (A
‘IJ‘ ||:'|
9| /|
k ] AN J| ho 1@
e o—__W_ — S _ R _/"r I‘Whl s -J‘f'l'l'\_) I\f"h‘
9:[] 8‘.5 STU 7.‘5 7:[] 6:5 6‘0 5:5 STD " {ppqrﬁsj 4?0 3:5 3‘.0 2:5 2‘.0 1:5 1:0 UI.S
C e
f (50.41) b
C
9(50.99) h
Carbonyl carbons

WMWWWMWWWU

T T T T T T T T T T
70 160 150 140 130 120 110 100 a0 80 70 60
f1 (ppm)

Figure 2-5 NMR spectra of DAB (A) and DAB-cross-linker (B: *H-NMR, C: C-NMR)

It can be observed that the DAB peaks in the DAB-GMBS spectrum (Figure 2-5, B) are shifted
compared with the peaks in the *H-NMR spectrum of DAB only (Figure 2-5, A). The
characteristic broad peak at 1.48 ppm is for the protons in the CH2 groups (b), shielded between
the other CH> groups in DAB and shifted forward to be more shielded compared with the DAB

spectrum, where it was detected at 1.60 ppm. On the other hand, the peaks at 2.55 and 2.91
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ppm, corresponding to the protons on CH; groups (d) and those on CH> group (e) respectively,
are seen to have moved back slightly to be more deshielded compared with the DAB spectrum,
where they appear at 2.45 and 2.58 ppm respectively. These shifts in the peaks are mainly due

to the change in DAB structure after its conjugation with GMBS.

The presence of the maleimide peaks at 5.85 and 6.23 ppm in the DAB-GMBS spectrum
indicates the successful conjugation between DAB and GMBS, although its integration is
relatively small, which can be explained by the very large difference in the numbers of protons
integrated for each peak in the spectrum, whereas DAB-related peaks are highly intensive with
protons compared to the conjugated cross-linker peaks, that have two protons under each peak
at most. Amide proton peak which appears as broad small peak (k) at 8.15 ppm is another
confirmation of the successful linkage between DAB and GMBS. Furthermore, the GMBS
peaks in the spectrum do not represent the prospective spin-spin splitting, which could be for
the same reason as that given above, as well as the partial overlapping of these peaks with the

dominant DAB peaks, since they tend to appear in fairly similar chemical shifts.

For the purpose of investigating the ratio of GMBS molecules being conjugated to each DAB
molecule, DAB-GMBS *H-NMR integration was measured using the Mestrenova® NMR
software. The area under a particular peak gives a measure of the number of protons correlated
to that peak relative to the other peaks in the spectrum; therefore, comparing the integration
intensities of two peaks, one with known proton intensity and one which is to be investigated,
could be a good method of determining the coupling ratio between two reactants. In order to
obtain reasonable data, the chosen peaks should be completely separate from the other peaks
in the spectrum. The first peak selected is correlated to the DAB molecule and the other
correlated to the GMBS moiety, in order to estimate the ratio of coupling between DAB and
GMBS. The peaks selected were the DAB peak (a) at 1.44 ppm, which is known to represent
four protons, as this peak corresponds to the DAB core molecule, and peak (h) at 2.17 ppm,
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corresponding to the middle CH2 group in the GMBS molecule. The two peaks had almost
similar integrations (1 and 0.93 respectively) (Figure 2-6). This is an indication that there are

four protons represented in peak (h), corresponding to two GMBS molecules.

h a
A |
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[=r] —
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4.5 4,
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Figure 2-6 Peaks integration in the spectrum of DAB-GMBS molecule

The LC-MS spectrum of DAB-GMBS shown in Figure 2-7 also confirmed successful
conjugation. DAB-crosslinker was subjected to liquid chromatography using C18 reverse
phase column, to ensure separation of DAB-crosslinker from unbounded DAB, then the sample
was characterised by mass spectroscopy to measure accurately the mass of the compound.
DAB-crosslinker with two- and six-fold molar excess of GMBS over DAB was analysed via
LC-MS. The 6-molar ratio showed considerable coupling between the DAB and the GMBS at
around four to seven GMBS molecules per DAB molecule (Figure 2-7, Table 2-5). On the
other hand, the sample with lower molar ratio excess of GMBS showed evidence of single-to-

double binding of GMBS to the dendrimer molecule.

Successful DAB-GMBS linkage was also characterised by MALDI-TOF (Figure 2-8). The

spectrum obtained showed four characteristic peaks explained in details in Table 2-6. These
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results demonstrate that DAB was successfully conjugated with one to two GMBS cross-linker
and thus that the first step of the synthesis was successful. However, some of the obtained m/z
were higher than the expected weight by one or two which could be due to the impact of 13C

isotope on the overall molecular weight.
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Figure 2-7 Mass spectroscopy spectrum of DAB-GMBS using two (A) and six-molar excess
(B) of GMBS over DAB.

Table 2-5 LC/MS spectra analysis for DAB-GMBS at Figure 2-7

m/z Molecular weight Compound Adduct

(Da)

A 1852.4 1 (1851.79 x 1) + H  DAB dendrimer linked to N/A
one GMBS group

A 1869.5 1 (1851.79 x 1)+ H+  DAB dendrimer linked to H.0
18 one GMBS group

1339.4 2 [1680.7 + (166 x 6)  DAB dendrimer linked to N/A
- = 2676.8] six GMBS groups

1348.9 2 [1680.7 + (166 x 6)  DAB dendrimer linked to H20
- =2676.8] + H + 18 two GMBS groups

1421.9 2 [1679.7 + (166 x 7)  DAB dendrimer linked to N/A
“ =2841.8] seven GMBS groups
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Figure 2-8 MALDI-TOF spectrum of DAB-GMBS showing one to two GMBS molecules
linked to each dendrimer molecule.

Table 2-6 MALDI-TOF spectrum analysis of DAB-GMBS

Molecular weight Compound Adduct

(Da)

1687.78, 1 (1686.79 x 1) + H DAB dendrimer + H N/A

2 1854.74 1 (1852.79 x 1) + H  DAB dendrimer linked to N/A
one GMBS group

3 1871.97 1 (1851.97 x 1) +21  DAB dendrimer linkedto ~ Sodium ion
- one GMBS group
2037.93 1 (2016.79 x 1) +21  DAB dendrimer linkedto ~ Sodium ion
- two GMBS groups
5 2059.03 1 (2016 x 1) + 39 DAB dendrimer linked to ~ Potassium ion
- two GMBS groups
2220.01 1 (2181 x 1) +39 DAB dendrimer linked to  Potassium ion
- three GMBS groups
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2.3.1.2. DAB-Lactoferrin

The final step in the synthesis of DAB-Lf was verified by the tH-NMR spectrum (Figure 2-9)
which shows all the peaks corresponding to the DAB-GMBS conjugate, including the
maleimide peaks. It is important to note here that the detection of high molecular weight protein
via NMR is a very complicated procedure. The *H-NMR spectra of proteins tend to show
uncharacteristic overlapped peaks because of the very different proton environments and the
dynamic helical structure of such compounds, as can be seen in the lactoferrin spectrum (Figure
2-9, A) (Kwan et al., 2011). However, there is still some evidence of the successful
modification of the dendrimer. Firstly, in DAB-Lf *H-NMR spectrum (Figure 2-9, B), the
peaks corresponding to DAB-cross-linker in the region between 1.5 and 3.5 ppm remain at
high intensity even after the filtration methods that were used in the synthesis procedure, which
should insure the removal of any unreacted molecules from the final product. Thus, these peaks
correspond to DAB-cross-linker conjugated with protein molecules, supporting the successful
coupling of DAB-Lf. Some Lf moieties are detected in the *H-NMR spectrum at 0.8 (1), 3.5

(m) and 8.5 (n).

MALDI-TOF mass spectroscopy was also used to confirm the successful synthesis of DAB-LT.
Figure 2-11-A shows the average molecular weight of DAB-LT at a peak of 84537.5 m/z. This
is compared with lactoferrin alone as a standard sample (Figure 2-11-B), which shows the
lactoferrin peak at 82751.31 m/z. The difference between the two spectra indicates the

successful conjugation of the protein to the dendrimer.
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Figure 2-9 'H-NMR spectra of A) Lactoferrin protein and B) DAB-Lf, where (I, m and n) are
lactoferrin residues.
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Figure 2-11 MALDI-TOF mass spectroscopy of the dendriplex DAB-Lf (A) and lactoferrin

alone (B) as standard sample.

2.3.1.3. Peptide2 - bearing DAB dendrimer

The successful synthesis of the novel nanoparticle DAB-Pep2 was confirmed by two different
analytical methods: NMR and MALDI-TOF. H-NMR analysis of Peptide2 revealed
characteristic peaks for some of the amino acids in the sequence of the peptide such as leucine
(L), threonine (T), alanine (A) and tryptophan (W); similar peaks were detected in the DAB-
Pep2 spectrum with some changes in intensity and location, as described in Table 2-4. The
detection of these peaks in the DAB-Pep2 spectrum (Figure 2-12) provides positive evidence
of the successful conjugation between Peptide2 and DAB, beside the significant peaks
corresponding to DAB-GMBS as described above (section 2.2.1). However, detecting the
covalent bond formed by the reaction of the sulfhydryl group in the peptide (SH) and the
maleimide group in DAB-GMBS is not applicable via H-NMR as well as common 2D NMR
(COSY, HMBC, & HSQC).
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Therefore, in order to gain a better understanding of the mechanism of coupling between the
peptide and the DAB-GMBS molecule, additional 2D-NMR experiments were conducted.
They rely on detecting the spatial distance between two protons, instead of searching for
covalent bond evidence, which is not applicable to our compounds.

Peptide2 and DAB-Pep2 were subjected to NOESY to reveal any through-space distance
between DAB-GMBS and Peptide2. The *H-NMR spectra of Peptide2 and DAB-Pep2 show
strong overlapping between the peaks, especially in the area between 1.5 and 3.5 ppm; this
makes interpreting the spectra more complicated. Therefore, Peptide2 alone was first subjected
to NOESY to determine the space correlations between the amino acid protons in the peptide,
so as to eliminate them and reveal any actual correlation between the peptide and the dendrimer
peaks in the DAB-Pep2 spectrum.

The DAB-Pep2 NOESY spectrum shows a clear correlation between some of the amino acids
in the peptide and the dendrimer protons (Figure 2-13). The figure also revealed space
correlations between the DAB dendrimer protons (b and c) and the beta and gamma protons in
the alanine and threonine amino acids respectively in the Peptide2 sequence. Such peaks are
indicative of the space correlation between Peptide2 and DAB-GMBS, which is not in itself
proof of a covalent linkage, but instead confirms the existence of such a bond that causes these
two molecules to be sufficiently close in spae to allow their respective protons to sense each
other’s spin resonances.

In addition, Peptide2, DAB-Pep2 and DAB-PEG2k-Pep2 were subjected to DOSY NMR to
measure their distribution coefficient (DC) in a specific environment (90% H20 and 10% D20)
at the same temperature (Figure 2-14). DAB-Pep2 had a lower DC (1.81 x 10° m?%/s) than
Peptide2 (2.55 x 10°2° m?/s), while PEGylated DAB-Pep2 had the lowest value (1.25 x 10710
m?/s). This is to be expected, as molecules of higher molecular weight tend to have a lower

DC, indicating that DAB-PEG2k-Pep2 had a slower Brownian motion in the solution than
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DAB-Pep2, which in turn diffused more slowly than the peptide alone. More importantly,
DAB-PEG2k-Pep2 and DAB-Pep2 DOSY spectra confirmed the purity of these compounds,
each spectrum has a single peak, representing a single compound diffused in the solution. This
IS a very important confirmation for the successful conjugation as well as the purity of the
solution.

MALDI-TOF analysis indicated the successful synthesis of DAB-Pep2 as well; it shows a peak
at 3131.07 m/z, which is believed to correspond to DAB-Pep2. DAB-GMBS has a molecular
weight between 1851 and 2016 Da as determined earlier by MALDI-TOF (Figure 2-8); adding
this to the weight of Peptide2, which is 1565 Da, would result in a compound with a molecular
weight around 3433 m/z. However, the MALDI-TOF spectrum showed a weight of 3131.07
m/z (Figure 2-15). This reduction in molecular weight could be due to some fragmentation in
one of the branches of the DAB dendrimer, as the stability of polymers, including dendrimers,

can be diminished during MALDI-TOF analysis (Subbi et al., 2005).

Table 2-7 List of Peptide2 characteristic peaks in the *H-NMR spectrum of DAB-Peptide2

Location in the Significant peaks in DAB- Reference

sequence N to Peptide2
C terminal

2&10 Tryptophan (W) 1. Phenolic protons (6.95, 7.05, Graga et al., 2008;
7.2,7.3 ppm). Wishart et al., 2018
2. NH proton in the indole group
(7.7 and 7.8 ppm).
6 &12 Threonine (T) 1. Protons correlated to CHs at Gowda et al 2015;
1.05 and 1.15 ppm, doublet. Wishart et al., 2018
Alanine (A) 1. Protons correlated to CH; at ~ Gowda et al 2015;
1.17 and 1.2 ppm, doublet. Wishart et al., 2018
8&9 Histidine (H) 1.Protons correlated to the Gowda et al 2015;
carbons in the imidazole ring at ~ Wishart et al., 2018
6.29 and 7.15 ppm, doublet.
13 Leucine (L) 1. Protons correlated to the two Gowda et al 2015;
CHs groups at 0.77 and 0.8 ppm,  Wishart et al., 2018
doublet.
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Figure 2-12 *H-NMR spectra of Peptide2 (A) and DAB-Peptide2 (B)
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of DAB-Peptide2. A) Overlay of the 0.5-2.5 ppm region of the 2D [*H, 'H] NOESY NMR
spectrum for PEP2 (blue) and the DAB-PEP2 conjugate (red). B) 2D [*H, *H] NOESY NMR

spectrum for DAB-Peptide2 in 90% H20 / 10% D,0
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Figure 2-14 DOSY spectra of Peptide2 (A), DAB-Peptide2 (B) and DAB-PEG2k-Peptide2 (C)
using 90% H»0 and 10% D0 as solvent.

Table 2-8 Diffusion coefficient of Peptide2, DAB-Pep2 and DAB-PEG2k-Pep?2

Diffusion coefficient (m?/s)

Peptide 2 2.55x 1010

DAB-Pep2 1.81x 1010
DAB-PEG2k-Pep?2 1.25x 1010
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Figure 2-15 MALDI-TOF spectrum of DAB-Peptide2

2.3.1.4. PEGylation of DAB-Peptide2 dendrimer

2.3.1.4.1. DAB-PEG2k-Peptide2

The successful synthesis of DAB-PEG2k-Pep2was investigated primarily by *H-NMR. The
successful conjugation of the NHS-ester in the PEG polymer with the DAB primary amine
groups was measured by detecting the PEG peaks in the *H-NMR spectrum as follows: (600
MHz, D-0) &: singlet methoxy protons (CH3-O-PEG) at 3.29 ppm (a), triplet PEG protons at
3.65 ppm (b), singlet (PEG-O-CH2-CO) at 3.85 ppm (Figure 2-16). The NMR data are in line
with the PEG spectra at Jeong et al (2008).

The number of PEG 2kDa molecules conjugated to each DAB molecule was estimated by
measuring the integration of specific peaks on both DAB and PEG in the *H-NMR spectrum
then comparing them as follows: the core of the DAB molecule (diaminobutane) has its protons
peak at 1.52 ppm, which is well known to represent four protons (Zhang et al., 2014); starting
the spectrum integration with this peak would help in the estimation of the number of PEG

molecules attached. The methoxy proton peaks had integration values around three (2.96);
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therefore, they are expected to be 4 x 3 = 12 protons covered under these peaks. This is an

indication that four PEG molecules have successfully reacted with DAB (Figure 2-16).
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Figure 2-16 The final synthesis step of DAB-PEG2k-Peptide2 dendrimer and its corresponding
H-NMR spectrum

2.3.1.4.2. DAB-PEG3.5-Peptide2
The successful conjugation of the NHS ester group in the NHS-PEG3.5-malemide with the
DAB amine group, followed by the conjugation of Peptide2, was measured by detecting PEG

and Peptide2 peaks in the *H-NMR spectrum as follows: (600 MHz, D20) &: singlet peak of
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CO-CH_2-O-PEG protons at 3.98 ppm (a), triplet PEG protons at 3.74 ppm (b), triplet peak of
NH-CO-CH2-CH>-maleimide protons at 3.53 ppm (c), triplet peak of NH-CO-CH>-CHa-
maleimide protons at 3.43 ppm (d) and doublet peaks of maleimide protons at 5.96 and 6.36
ppm (e) (Figure 2-17). Peptide2 peaks can be seen in the DAB-PEG3.5k-Pep2 spectrum
between 0.6 and 1.2 ppm and from 6.7 to 7.75 ppm, which are similar to the peaks detected in
the DAB-Pep2 spectrum (Figure 2-12 and Table 2-7).

One PEG 3.5 kDa molecule was found to be coupled with each DAB molecule; this was
estimated by comparing the integration of the diaminobutane peak at 1.65 ppm and the peak at
3.98 ppm (a), corresponding to the protons of the PEG molecule. The integration indicates that
peak (a) covers two protons (CO-CH2-O-PEG) and thus that only one PEG molecule was

linked to DAB as expected.
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Figure 2-17 DAB-PEG3.5-Peptide2 *H-NMR spectrum and structure
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2.3.1.4.3. DAB-PEG2k-PEG3.5k-Peptide2

Another PEGylated DAB-Pep2 molecule was prepared by reacting extra PEG 2kDa branches
in DAB as well as using PEG 3.5kDa as crosslinker between DAB and Pep2. The successful
synthesis of this formulation was confirmed by *H-NMR (Figure 2-18) as follows: (600 MHz,
D20) &: singlet peak of methoxy protons (CHs-O-PEG) at 3.27 ppm (a), singlet peak of CO-
CH2-O-PEG protons at 3.98 ppm (b), triplet PEG protons at 3.6 ppm (c), triplet peak of NH-
CO-CH2-CH2-maleimide protons at 3.40 ppm (e), triplet peak of NH-CO-CH2-CH2-maleimide
protons at 3.30 ppm (d) and doublet peaks of maleimide protons at 5.96 and 6.36 ppm (f).

It was estimated that one PEG 3.5kDa molecule was linked to DAB, using the same technique
as explained in Section 2.3.1.4.2. In addition, it was estimated that around three PEG 2kDa
molecules were conjugated with the DAB primary amine groups, as can be integrated from the
spectrum: the integration of the methoxy proton peak is 2.49, indicating that it covers 4 x 2.49
= 9 protons, which indicates around three methoxy groups and therefore three PEG 2kDa

molecules.
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Figure 2-18 *H-NMR spectrum of DAB-PEG2k-PEG3.5k-Peptide?2.
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2.3.1.5. Peptide4- bearing DAB dendrimer

The successful synthesis of DAB-Pep4 was confirmed first by *H-NMR, which revealed some
peaks characteristic of Peptide4 such as threonine at 1.15 ppm (d) and leucine at 0.85 ppm (dd)
(Figure 2-19, B), as well as some small peaks between 3.25 and 5 ppm which correspond to
alkane protons adjacent to the amide bonds through the peptide sequence. The detected amino
acids peaks where compared and confirmed with the one in Gowda et al (2015). The spectrum
also showed DAB-GMBS peaks, as demonstrated before. The DAB-PEG2k-Pep4 spectrum
showed some peaks corresponding to Peptide4 as well as the dendrimer peaks and some
significant peaks for PEG molecules as follows: (600 MHz, D>O)a: singlet methoxy protons
(CH3-O-PEG) at 3.35 ppm (a), triplet PEG protons at 3.65 ppm (b), singlet (PEG-O-CH2-CO)
at 3.90 ppm (Figure 2-19,C). The spectra also show the amino acid peaks: threonine y protons
at 1.15 ppm as doublet, leucine 6 protons at 0.83 and 0.87 ppm as doublets and leucine y proton

at 1.40 ppm as multiplet.
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Figure 2-19 *H-NMR spectra of Peptide4 (A) and DAB-Peptide4 (B)
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Figure 2-20 *H-NMR spectra of DAB-PEG2k-Peptide4

Table 2-9 List of Peptide4 characteristic peaks in the *H-NMR spectrum of DAB-Peptide4 and

DAB-PEG2k-Peptided

Name

Location in the

sequence N to
C terminal

Leucine (L)

o

16,17 & 18 Lysine (K)

Significant peaks in DAB-
PEG2k-Peptide4

1. Protons correlated to the
protons in the two sigma carbones
(CHs3) at 0.83 and 0.90 ppm,
doublet.

2. Protons correlated to the
protons in gamma carbone (CH)
at 1.4 ppm, multiplet.

1. Protons correlated to the
protons in gamma carbone (CHs)
at 1.15 ppm, doublet.

1. Protons correlated to the
protons in sigma and gamma
carbones (CHz) at 1.65 ppm,
doublet.
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2.3.2. Characterization of lactoferrin- and peptide- bearing DAB dendriplexes

2.3.2.1. PicoGreen® assay

2.3.2.1.1. DAB-Lf

DNA condensation tests were conducted on several DAB-Lf nanoparticles synthesised with
various excess molar concentrations of GMBS over DAB (6, 4 and 2). The DNA condensation
of the 6 and 4-fold excess of GMBS over DAB were able to condense 53.74% and 69.15% of
the DNA respectively at their highest concentrations (DAB-Lf: DNA 20:1), while the two-
molar excess of GMBS had a much better DNA condensation capability of around 78%, at
dendrimer: DNA weight ratios of 10:1 and higher (Figure 2-21). DNA condensation occurred
instantly and was found to be stable for at least 24 h. In addition, at the 5:1 weight ratio, more
than 70% of the DNA was complexed, whereas at 2:1 there was a sharp drop in condensation
to only 12% of the DNA. The remaining dendrimer weight ratios showed very poor ability to

complex the DNA.

For the purpose of measuring the interference or the effect of lactoferrin in condensing the
DNA, Lactoferrin protein was examined for its DNA condensation ability. The data showed
that lactoferrin has a relatively weak ability in condensing DNA, where 35% of the DNA was
condensed at the highest ratio (20:1) (Figure 2-22), whereas Lf: DNA ratio 5:1 condenses 7%
of the DNA. This result actually indicates that the DNA conjugation capability of DAB-Lf
nanoparticles is generated from the DAB dendrimer conjugated with the Lf ligand, whereas Lf

has minor effect on the DNA conjugation.
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Figure 2-21 DNA condensation to DAB-Lf at various DAB-Lf: DNA weight ratios (n=4)
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Figure 2-22 DNA condensation to Lactoferrin at various Lf: DNA weight ratios (n=4)

2.3.2.1.2. DAB-Peptide2 and DAB-PEG2k-Peptide2

The DNA condensation capability of DAB-Pep2 and DAB-PEG2k-Pep2 was examined using
different weight ratios of the dendrimer over DNA. For DAB-Pep2 dendriplex, the data
obtained showed a high DNA condensation ability at all weight ratios examined, with the
lowest condensation ability being recorded for the lowest DAB-Pep2: DNA weight ratio
(0.5:1), where 69.16% of the DNA was complexed. Ratios from 20:1 to 2:1 resulted in the

condensation of more than 80% of the DNA. The condensation capability was persistent, with
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signs of improvement over time until complete complexation of the DNA was reached after 24
hours for all the examined ratios (Figure 2-23, A).

For DAB-PEG2k-Pep2, on the other hand, the DNA condensation ability at all weight ratios
examined was decreased compared with DAB-pep2. The weight ratios 10:1 and 20:1 were
found to condense more than 70% of the DNA whereas 5:1 ratio was able to complex around
65% of the DNA. The remaining lower ratios failed to complex the DNA efficiently. The
condensation capability of DAB-PEG2k-Pep2was persistent, with no sign of any improvement

over time (Figure 2-23, B)
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Figure 2-23 DNA condensation to DAB-Pep2 (A) and DAB-PEG2k-Pep2 (B) dendriplexes at

various dendrimer: DNA weight ratios (n=4)
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2.3.2.1.3. DAB-PEG2k-Peptided

The DNA condensation capability of DAB-PEG2k-Pep4 dendrimer was found to be high for
the dendrimer: DNA weight ratios 5:1 and above, which condensed more than 75% of the
DNA. For the weight ratio 2:1, the dendrimer was able to condense 65% of the DNA with
gradual improvement in the condensation abilities during time. For the lower weight ratios, the
condensation capability was reduced significantly. DNA condensation was persistent with

some sign of improvement over time for the high ratios (Figure 2-24).
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Figure 2-24 DNA condensation to DAB-PEG2k-Peptide4 dendriplex at various dendrimer:
DNA weight ratios (n=4)
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2.3.2.2. Gel retardation assay

Gel retardation assay was conducted to assess the ability of the modified dendrimers DAB-LT,
DAB-PEG2k-Pep2 and DAB-PEG2k-Pep4 in condensing DNA. Various weight ratios of
dendrimer to DNA were used, from 20 to 0.5, while the DNA concentration was kept stable in
the whole experiment at 20 pg/ml.

2.3.2.2.1. DAB-Lf

DAB-Lf: DNA weight ratios of 20:1, 10:1 and 5:1 resulted in complete DNA complexation by
the DAB-LT, with partial condensation at 2:1 and minor DNA complexation at 1:1 and 0.5:1

(Figure 2-25). These results are in line with the findings of the PicoGreen® assay detailed

above.
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Figure 2-25 Gel retardation assay of DAB-Lf dendriplexes at various dendrimer: DNA weight
ratios (20:1, 10:1, 5:1, 2:1, 1:1, 0.5:1) and DNA only as control.
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2.3.2.2.2. DAB-PEG2k-Peptide2

The PEGylated polymer DAB-PEG2k-Pep2 was found to condense the DNA completely at the
weight ratios of 20:1, 10:1 and 5:1, as the gel showed no migrated DNA, demonstrating the
ability of the polymer at these ratios to capture the DNA completely, preventing it from
migrating into the gel. At the 2:1 weight ratio, some DNA migrated into the gel, indicating a
partial tendency for this ratio to condense the DNA, whereas at the lower ratios of 1:1 and 0.5:1
there were migrated bands closely resembling those of the free DNA, indicating the failure of

these ratios to complex the DNA.

DAB-PEG-P2 : DNA 0.5:1
DNA only

DAB-PEG-P2: DNA 20:1
DAB-PEG-P2: DNA 10:1
DAB-PEG-P2: DNA 5:1
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Size (bp) Size (bp)
10K - ! -10K
[ — -3K
3K- [—
2K- e -2K
B s
1K- L 1K
=)
o
' S
0.2K- -0.2K

Figure 2-26 Gel retardation assay of DAB-PEG2k-Peptide2 dendriplexes at various dendrimer:
DNA weight ratios (20:1, 10:1, 5:1, 2:1, 1:1, 0.5:1) and DNA only as control.
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2.3.2.2.3. DAB-PEG2k-Peptided

DAB-PEG2k-Pep4 was found to condense the DNA completely at the two high weight ratios
of 20:1 and 10:1, where no DNA mark was detected in the gel, while at the 5:1 ratio some DNA
was observed to have migrated into the gel, although no DNA band was detected. This could
be explained by the ability of DAB-PEG2k-Pep4 to condense the DNA at this ratio, but with
less efficacy than at the higher ratios, allowing the complex to migrate into the gel but with no
free or uncomplexed DNA being detected at the end. At the ratio of 2:1, the polymer showed
a partial tendency to condense the DNA, as a small free-DNA band was detected in the gel,
whereas at the lowest ratios of 1:1 and 0.5:1, the result was the same as for DAB-PEG2k-Pep?2,
where migrated bands similar to those of free DNA indicated that the DNA had not been

complexed.
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Figure 2-27 Gel retardation assay of DAB-PEG2k-Peptide4 dendriplexes at various dendrimer:
DNA weight ratios (20:1, 10:1, 5:1, 2:1, 1:1, 0.5:1) and DNA only as control.

102



2.3.2.3. Size and zeta potential

The particle size and zeta potential of the lactoferrin- and Peptide2 - bearing DAB dendriplex
were examined at various dendrimer: DNA weight ratios ranging from 0.5 to 20, while the

DNA concentration was kept constant at 50 pg/ml.

2.3.2.3.1. DAB-Lf

Lactoferrin-bearing DAB dendriplex had an average size less than 205 nm at all weight ratios
used. The particle size was found to be smaller with higher dendrimer: DNA weight ratios,
suggesting that higher ratios of DAB-Lf: DNA are more efficient in condensing DNA, resulting
in smaller complexes (Figure 2-28-A). Thus, at a dendrimer: DNA ratio of 0.5:1 the DAB-Lf
particles were found to be the largest, with an average size of 200.72+ 6.89 nm (polydispersity:
0.223), while at a 20:1 to 5:1 weight ratio the size was almost stable with an average of 66.37
+ 0.96 nm (polydispersity: 0.216) and 65.17 + 0.75 nm (polydispersity: 0.150) respectively.
Unconjugated DAB dendriplex (5:1) was found to have an average particle size of 94.95 +1.79
nm, showing that the conjugation of DAB did not prevent the complexation of DNA, however,
it improves the condensation capability of the modified molecules giving smaller dendriplex

size.

Zeta potential results for the dendriplexes showed almost steady positive charge at the weight
ratios 20:1 to 2:1 followed by dramatic decrease in the positive potential at the dendrimer:
DNA weight ratio 1:1, and a negative potential at 0.5:1 (Figure 2-28-B). Similarly, the zeta
potential of DAB-Lf before its complexation with DNA was found to be positive as well (19.6
mV), which is expected at that stage because cationic dendrimers are highly charged molecules
at this environment (Glucose 5% solution, pH 6.5). Thus, the high charge on DAB assists its
complexation capability with the DNA molecules. However, the charge of DAB-Lf dendriplex

remains positive and even higher than that of the dendrimer alone for some ratios. This could
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be due to the formation of a nanoparticle from numerous DAB-Lf molecules that act on
complexing one large DNA molecule resulting in forming nano-sized particles with positive
potential. This is considered an advantage, because it facilitates the uptake of the dendriplex
via receptor-mediated endocytosis, which is expected to occur after the conjugation of the

dendrimer to its targeting ligands.
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Figure 2-28 Average size (A) and zeta potential (B) of DAB-Lf dendriplexes at various
dendrimer: DNA weight ratios (n=9)
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2.3.2.3.2. DAB-Peptide2

Peptide2- bearing DAB dendriplex was found to have an average size lower than 250 nm at all
weight ratios examined. The data showed a gradual increase in particle size with the decrease
in DAB-Pep2: DNA weight ratio (Figure 2-29). No significant difference in the size was
detected among the weight ratios from 20:1 to 1:1. The highest weight ratio of DAB-Pep2
(20:1) resulted in the formation of the smallest particles, with a mean size of 59.86 + 0.67 nm
(polydispersity: 0.22) and the largest size resulted from a weight ratio of 0.5:1, where mean
size was 215.03 + 25.82 nm (polydispersity: 0.17).

DAB-Pep2: DNA weight ratios from 20:1 to 2:1 have a constant positive potential of more
than 30 mV. There was a significant reduction in the potential at the 1:1 weight ratio (27.99 +

1.57 mV) and a negative zeta potential of -7.82 + 4.23 mV at the weight ratio 0.5:1.
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Figure 2-29 Average size (A) and zeta potential (B) of DAB-Peptide2 dendriplexes at various
dendrimer: DNA ratios (n=9)
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2.3.2.3.3. PEGylated DAB-Peptide2

After the various PEGylated forms of DAB-Pep2 had been prepared, it was important to
measure their size and zeta potential in order to determine the impact of PEG on the physical
characteristics of these polymers. Generally, after the PEGylated forms of DAB-Pep2 (DAB-
PEG2k-Pep2, DAB-PEG3.5k-Pep2 and DAB-PEG2k-PEG3.5k-Pep2) had been complexed
with the DNA, none of the dendriplexes showed a significant change in size at a weight ratio
of 5:1 and above, with the exception of DAB-PEG2k-PEG3.5k-Pep2, which had a dendriplex
size of approximately 100 nm for the same weight ratios (Figure 2-30 and Table 2-10).

On the other hand, the zeta potential of the Peptide2 PEGylated dendriplexes (DAB-PEG2k-
Pep2, DAB-PEG3.5k-Pep2 and DAB-PEG2k-PEG3.5k-Pep2) was significantly reduced after
reacting different ratios of PEG polymer with DAB dendrimer and Peptide2. Adding a 4-mole
excess of PEG at a molecular weight of 2kDa (DAB-PEG2k-Pep2) significantly reduced the
zeta potential of the dendriplex from 33.93 + 0.56 mV to 23.28 £ 0.96 mV at a weight ratio of
20:1. Changing the crosslinker used to conjugate DAB with Peptide2 from GMBS to NHS-
PEG3.5K-maleimide also resulted in a significant reduction in the zeta potential to only 3.87
+ 0.084 mV, which was expected because the PEG chain had almost double the molecular
weight of DAB. The third PEGylated polymer, DAB-PEG2k-PEG3.5k-Pep2, also had a low
positive zeta potential of 5.24 + 0.21mV, but with a significant increase in particle size due to

the impact of PEG polymers and PEG crosslinker.
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Figure 2-30 Average size (A) and zeta potential (B) of DAB-PEG2k-Peptide2 dendriplexes at

various dendrimer: DNA ratios (n=9)
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Table 2-10 Size and zeta characterisation for the different PEGylated forms of Peptide2-
bearing DAB dendrimers

Polymer:
DNA DAB-Peptide2 DAB-PEG2k- DAB-PEG3.5- DAB-PEG2k-

weight Peptide2 Peptide2 PEG3.5k-Peptide2

ratio Size Zeta Size Zeta Size Zeta Size Zeta
(nm) (mV) (nm) (mV) (nm) (mV) (nm) (mV)
20:1 5087+ 3393+ 6486+ 2328+ 64.64%* 3.87+ 03.27 5.24 +

0.67 0.56 1.7 0.96 0.24 0.084 0.16 0.21

10:1 59.99 3265+ 6584+ 2377+ 6785+ 529+ 1003+ 4.04+
+ 0.54 1.19 1.5 1.08 0.21 0.17 0.89 0.18

5:1 60.02+ 3423+ 7269+ 2284+ 7267+ 455+ 1268+ 093%
1.3 0.88 1.9 1.16 0.41 0.26 0.68 0.15

2.3.2.3.4. DAB-PEG2k-Peptide4

Peptide4- bearing PEGylated DAB dendriplex was found to have an average size less than
120 nm at all weight ratios examined. The data showed a gradual increase in particle size with
the decrease in DAB-PEG2k-Pep4: DNA weight ratio. No significant difference in the size was
detected between the weight ratios 20:1 to 5:1, followed by significant increase in the size at
the low ratios 2:1 and lower (Figure 2-31). The highest weight ratio of DAB-PEG2k-Pep4
(20:1) resulted in the formation of the smallest particles, with a mean size of 52.38 + 6.27 nm
(polydispersity: 0.121).

DAB-PEG2k-Pep4: DNA weight ratios from 20:1 to 5:1 have almost a constant positive
potential of a value around 20 mV. Significant reduction in the potential was detected at the

weight ratio 2:1 with a potential of (1.87 £ 5.81 mV) and a negative zeta potential of -29.98 +

12.48 mV and -36.67 + 12.16 mV for the weight ratios 1:1 and 0.5:1 respectively.
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2.3.2.4. Atomic force microscopy

2.3.2.4.1. DAB-Lf

The images obtained by AFM (three per sample) were scanned at scanning sizes of 7 um and
3 um. They showed the particles being diffused through the plate with no sign of aggregation.
The particles appeared spherical, with a mean diameter of 66.5 £ 41.9 nm (mean of data
obtained from three images). These findings are in line with the data collected by photon
correlation spectroscopy, which showed a mean particle size of 62.48 + 0.16 nm. The particles
appeared larger in the AFM images than when measured by photon correlation spectroscopy
because the AFM samples were spread and dried on a mica surface to facilitate the probe
scanning process. Dried particles tend to undergo surface adherence, causing them to enlarge
in diameter with a corresponding reduction in height, resulting in the disk shape (Figure 2-32).
By contrast, the photon correlation spectroscopy samples were measured in solution; the
particles tended to be diffused in the solvent without any kind of restriction to their shape and

therefore to their diameter.
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Figure 2-32 AFM force image of DAB-Lf dendriplex (weight ratio 5:1). (Images size: A) 7
pm and B) 3 um).
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2.3.2.4.2. DAB-PEG2K-Peptide2

The images obtained by AFM (three per sample) were scanned at scanning sizes of 10 um and
3 um. The AFM images of the DAB-PEG2k-Pep2 dendriplex showed a composed and diffused
spherical particles with no sign of aggregation. At a weight ratio of 20:1 the mean size of the
particles was 67.27 + 14.73 nm, in line with the data obtained from photon correlation
spectroscopy that showed the size of the same dendriplex at 64.86 + 1.7 nm. The change in size

between the AFM and DLS is expected as AFM sample where dried on mica surface before

B
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Figure 2-33 AFM force image of DAB-PEG2k-Peptide2 dendriplex (weight ratio 20:1).
(Images size: A) 10 um and B) 3 um).

analysis.
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2.3.2.4.3. DAB-PEG2k-Pep4

The images obtained by AFM (three per sample) were scanned at scanning sizes of 10 um and
3 um. AFM images showed particles being diffused through with simple level of aggregates
formulated. At a weight ratio of 20:1 the mean size of the particles was 81.83 + 21.9 nm, which
is significantly higher than the value obtained by photon correlation spectroscopy which gave
a mean size of this dendriplex 52.38 + 6.27 nm. The significant change in size between the
AFM and DLS could be due to the particles aggregation as the spectroscopy may measure the

diameter of two adjacent particles and consider it as one.
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Figure 2-34 AFM force image of DAB-PEG2k-Peptide4 dendriplex (weight ratio
20:1).(Images size: A) 10 pum and B) 3 um).

Peak Force Error
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2.4. Discussion

Non-viral delivery systems have gained much attention in recent years for their efficiency in
encapsulating genetic materials. They are an outstanding alternative to viral vectors due to their
prominent advantages, such as low immunogenicity and high performance in carrying large
DNA molecules (Kim et al., 2007). Cationic dendrimers in particular are found to be
efficacious in gene condensation. They carry high positive charges, usually resulting from the
amine groups that are distributed throughout the dendrimer structure in a fixed pattern. Their
tree-like structure also means that dendrimers tend to condense DNA in a very constructive
way via electrostatic interaction, so that each DNA molecule tends to curl round and inside the
dendrimer branches, resulting in highly complexed dendriplexes and low particle sizes (Ogris
and Wagner, 2002; Kim et al., 2007; McCrudden and McCarthy, 2013; Wang et al., 2013).
The use of dendrimers as gene carriers has several advantages in cancer tissue targeting.
Because the genetic material is condensed by electrostatic interactions, it is protected from
enzymatic degradation during its passage through the bloodstream. Dendriplex formation
results in a decrease in the prominent negative charge of the DNA, which improves targeting,
as DNA repulsive forces with the cell membrane would otherwise obstruct its transit through

the cell wall (Dufés et al., 2005).

In this study, diaminobutyric polypropylenimine hexadecaamine (DAB-Am16) was selected
as the gene carrier. Several publications demonstrate its efficiency in condensing DNA
molecules with relatively low toxicity and superior transfection ability (Zinselmeyer et al.,
2002; Schatzlein et al., 2005). Furthermore, our research group conducted several prior studies
using the same dendrimer and findings were encouraging (Koppu et al., 2010; Al Robaian et

al., 2014; Lim et al., 2015).
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Using DAB only as a gene carrier will protect the DNA from degradation and improve its half-
life in the circulation, thus ameliorating its accumulation in the cancer site through passive
targeting. However, this is not sufficient for improving the targeting of the dendriplex and
reduce systemic side effects. Active targeting should therefore be investigated by modifying
the DAB gene vector with a specific ligand that has particular receptors in the targeted cells in

order to improve dendriplex accumulation at the required site and promote its cellular uptake.

Conjugating dendrimers with a targeting ligand is a prominent method of non-viral vector
modification. The iron-binding proteins transferrin and lactoferrin are potential targeting
ligands for prostate cancer due to the very strong expression of their receptors in most cancer
cells (Tortorella and Karagiannis, 2014). In work previously published by the research group,
transferrin was used as a ligand to DAB for the targeting of prostate cancer cells. The
conjugated DAB-TTf nanoparticle was complexed with various therapeutic genes and was found

to target cancer cells efficiently (Al Robaian et al., 2014).

Lactoferrin, on the other hand, has been found to be expressed in several cancerous tissues
including prostate (VanSande and VanCamp, 1981; Barresi and Tuccari, 1984; Tuccari and
Barresi, 2011). In addition, its concentration is higher in undifferentiated than in differentiated
prostatic carcinoma tissues, with low expression in benign prostatic hypertrophy. Moreover,
lactoferrin has been found to have the valuable ability to bind as well as transferrin to iron-
dependent receptors called general receptors, which are expressed extensively in several cancer
tissues, making it a potential ligand of choice to target prostate cancer cells (Adlerova et al.,

2008).

Similarly, PSMA was found to be overexpressed in different prostate cancer tissues with a
minimum sign of detection in normal cells (Kinoshita et al., 2006). Various previous studies

have targeted PSMA using antibodies, proteins or peptides. A study by Aggarwal et al. (2006)
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detected a peptide sequence that selectively binds to PSMA and inhibits its function. The 12-
amino acid peptide which we refer to as Peptide2 in this report (WQPDTAHHWATL) was
selected as a targeting ligand in our study.

The third targeting strategy selected for this study was to target integrin receptors. While these
have several roles in normal tissues, there are some, including avfs, avps, ouiBz and osp,
which have been found to be overexpressed in various cancer tissues including prostate cancer
(Fornaro et al., 2001; Suyin et al., 2013). They are reported to play major roles in cancer
angiogenesis, metastasis and cell proliferation (Desgrosellier and Cheresh, 2010). The
synthetic RGD-peptide EETI-II 2.5F was developed by Kimura and colleagues (2009) to target
these receptors. In this study, we used the active binding site of this peptide with the sequence
PRPRGDNPPLT as a targeting ligand for integrin receptors and refer to it as Peptide4. For the
purpose of improving the chemical properties of Peptide4, it was modified with some amino
acids on its C-terminal. Two glycine amino acids were added to act as spacers, followed by
three lysine amino acids as polar basic amino acids to improve the water solubility of the
peptide; this method has been followed before to improve the solubility of various peptides and

proteins (Kato et al., 2007)

Based on the above information, we hypothesised that the modulation of DAB with the iron-
binding protein lactoferrin, PSMA targeting peptide WQPDTAHHWATL, or integrin targeting
peptide PRPRGDNPPLT would improve its targeting and transfection efficiency to prostate
cancer cells, thus improving the therapeutic efficiency of the dendriplex both in vitro and in

Vivo.

Previous studies reported the use of lactoferrin with different types of cationic polymers to
target several tissues in the body (Elfinger et al., 2007; Huang et al., 2008; Ye et al., 2013; Lim
et al., 2015). Using lactoferrin as a targeting ligand is also of interest because of its anticancer

properties mentioned earlier in the introduction (Fujita et al., 2004; Shimamura et al., 2004;
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Gibbons et al., 2011). On the other hand, there were few articles mentioning Peptide2 and
Peptide4 as ligands to target PSMA and integrin respectively. Wu et al (2010) used Peptide2
to target PSMA after being modified with some amino acids, whereas Moore et al (2013) used

the RGD-peptide EETI-I1 2.5F as imaging probe to target brain tumours.

In our study, the conjugation of lactoferrin, Peptide2 and Peptide4 to DAB-Am16 was achieved
by a bioconjugation reaction using GMBS as a cross-linker (Hermanson, 2013). GMBS is a
heterobifunctional cross-linker with an NHS ester at one end and a maleimide group at the
other. Thus, a two-step synthesis technique was used in order to direct the conjugation reaction
towards a selected part of the coupling molecule. The NHS ester was first directed to react with
the primary amine group in DAB to form amide linkages, followed by the addition of the
targeting ligand (lactoferrin, Peptide2, or Peptide4). Lactoferrin had been modified earlier with
a sulfhydryl group, to react with the maleimide, yielding a thioether bond whereas the peptides
were ordered to hold cysteine amino acid on their N-terminus as it holds free sulfhydryl group.
The internal spacer created by GMBS is an approximately 10.2 A cross-bridge between the
DAB and conjugated ligand. Based on the molar ratio between the reactants, the primary amine
groups in DAB were coupled with GMBS molecules, while the remaining primary amines are
available to complex electrostatically with the therapeutic gene. The main advantage of this
method is that it prevents the polymerisation that usually occurs when using homobifunctional
cross-linkers. In addition, it offers great control of the resultant conjugate size by controlling

the molar ratio of the reactants at each step (Hermanson, 2013).

In contrast to this multi stepped method, Lim et al. (2015) synthesised DAB-LT in a faster one-
step reaction, using dimethyl suberimidate as a homobifunctional cross-linker. While this
technique has the advantage of being fast, it yields compounds whose properties are not closely

controlled. Variations may occur in the coupling between the reactant compounds, resulting in
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possible asymmetry in the nanoparticles formed. The stepwise nature of our modified method

overcomes this disadvantage.

DAB-Lf and DAB-Pep2 synthesis yielded around 50% and 60% of the formulation and were
confirmed via NMR and MS. By comparing the spectra of unreacted DAB and DAB-GMBS,
the detection of the peak at 6.23 ppm in 'H-NMR of DAB-GMBS indicates the successful
coupling between the dendrimer and the cross-linker, as well as the other GMBS corresponding
peaks at 2.21, 2.98 and 3.15 ppm, since any additional unreacted GMBS molecules will be
washed away after the 24 h dialysis, indicating with certainty that these peaks are for the
coupled cross-linker. Moreover, the appearance of the amide proton peak at 8.15 ppm is a clear
confirmation of the successful binding between the primary amine and the NHS-ester of the
cross-linker. This was confirmed as well by 2D-NMR (COSY, HMBC and HSQC) and mass
spectroscopy. The binding ratio between DAB and GMBS was one to two, as established by
!H-NMR integration measurement as well as MALDI-TOF. In DAB-GMBS H-NMR, the
integration of peak (a) at 1.45 ppm which was found to be correlated to four protons was
compared with the integration of the peak at 2.21 ppm (h). The fact that the two peaks showed
almost similar integration is an indication of the binding of two GMBS molecules to DAB.
This was confirmed by MALDI-TOF analysis, which showed peaks at masses equivalent to
one to two GMBS molecules being bound to DAB.

In the same manner, the successful conjugation between the intermediate product (DAB-cross-
linker) and the modified lactoferrin was assured primarily via *H-NMR. *H-NMR is not very
efficient at analysing high molecular weight proteins, due to the poorly resolved broad peaks
generated by such samples, making the interpretation the spectral data more complicated
(Kwan et al., 2011). Nevertheless, the distinctive integration of the DAB-cross-linker peaks
between 1.5 and 3.5 ppm supports the successful formation of the intended nanoparticles, since

the final compound yielded was filtered by two different methods, using a Vivaspin centrifuge
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tube with a MWCO of 5000 Da, followed by a dialysis process with a tube with a MWCO of
3500 Da. Thus, any unconjugated DAB-cross-linker would be washed away from the final
product. Therefore, the peaks detected in the DAB-Lf spectrum correspond to the DAB
molecules that were successfully coupled with the protein, yielding a molecular weight around

85 kDa.

MALDI-TOF has been found to be the preferred method of analysing samples containing
proteins (Rader et al., 2014). Sample analysis via MALDI-TOF also confirmed the success of
conjugation by producing a characteristic peak with the average mass of 84537.5 m/z. There
was a difference in average masses between the peaks in the DAB-Lf and Lf MS spectra of
around 1786.19 m/z, which is close to the weight of the DAB-cross-linker (1851.79). This
difference between the theoretical value and what was actually detected in the spectrum is to
be expected, as this method is based on detecting an average mass and not a specific one,
especially in such high molecular weight sample, whereas MALDI sensitivity decreases with
high molecular weight proteins (Trauger et al., 2002). Additionally, samples of such high
molecular weight have a complex structure, which makes their precise analysis by mass
spectroscopy very difficult (Trauger et al., 2002). Thus, the mass spectrum data gathered is

considered positive evidence of effective binding between the protein and the dendrimer.

For the second formulation, the conjugation between DAB-GMBS and Peptide2 was confirmed
via 'H-NMR, NOESY, DOSY and MALDI-TOF. For NMR data, several characteristic peaks
from the Peptide2 sequence were detected with noticeable displacement of peaks to the more
shielded region in comparison with the peptide spectrum, which could be ascribed to the impact
of the dendrimer proton-rich environment of the peptide protons. The maleimide peaks were
also found to be slightly deshielded in the DAB-Pep2 spectrum compared with the DAB-
GMBS spectrum; this could be due to their linkage to the sulphur group and the formation of
thioether linkage, which has high electronegativity, causing the protons to be deshielded. On
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the other hand, 2D NMR spectrums did not show any actual peaks related to the thioether
linkage formulation between the peptide and the dendrimer. However, this effect is to be
expected and it would not contradict the success of the conjugation for different reasons.
Firstly, the linkage between Peptide2 and DAB dendrimer occurs through the conjugation
between the sulfhydryl group in the cysteine amino acid and the maleimide group in the DAB-
GMBS molecule, so all the peaks expected to be visible under *H-NMR due to this conjugation
are the maleimide protons which already exist in DAB-GMBS, as well as the cysteine protons,
which cannot be distinguished due to their location in the region between 2.9 and 4.6 ppm,
where they overlap with many other peaks related to DAB and Peptide2 (Chen et al., 2013).
Therefore, given that degree of structural complexity, HMBC and HSQC cannot be used to
confirm the conjugation. Secondly, to acquire good 2D spectra, H & C NMR spectra should
first be obtained. However, the C-NMR spectrum of DAB-Pep2 was very weak and did not
show all expected peaks, due to the high carbon density in the compound; indeed, all 2D
experiments requiring C-NMR, such as HMBC and HSQC, will yield deficient information.
Thus, some important relations between the peaks could not be confirmed, simply because they
could not be detected, rather than because they did not exist.

Analysing dendrimers by 2D NMR will enhance understanding of the coupling between the
polymer and the targeting ligand by investigating the complex supramolecular interactions in
close spatial distance (Banerjee et al., 2004; Markowicz et al., 2012). 2D *H-'H NOESY NMR
would be able to detect any through-space coupling up to 4 to 6 A between the source proton
and the proton of interest, which would usually be in one molecule. Our aim with the DAB-
Pep2 dendrimer was to confirm the positive coupling between the dendrimer and the peptide,
whereas it was not possible to detect the thioether bond that is expected to be generated between
the maleimide group and the sulfhydryl group, due to the complexity of the NMR spectrum

obtained. However, evidence that the targeting ligand (Peptide2) and DAB dendrimer were in
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close proximity to each other indirectly confirms the existence of the covalent bond between
them, as this kind of correlation would occur only between protons in one molecule; in this
case, DAB-Pep2. The NOESY data confirmed correlations of the methyl protons in the alanine
and threonine amino acids in Pep2 with the DAB protons; this is considered evidence of the
successful coupling of these two molecules.

Another 2D NMR experiment (DOSY) was performed to measure the diffusion coefficient
(DC) and so to confirm the successful synthesis of DAB-Pep2 and DAB-PEG2k-Pep2 by
detecting any change in the Brownian motion of Peptide2 after conjugation with DAB
dendrimer and after PEGylation. It also confirmed the purity of these dendrimers.

DOSY NMR spectra of Peptide2, DAB-Pep2 and DAB-PEG2k-Pep2 showed that the DC of
Peptide2 was higher than DAB-Pep2. The reduction in DC is evidence of enlargement of the
molecule, making it diffuse more slowly in any particular solvent due to its higher molecular
weight. As expected, DAB-PEG2k-Pep2 had the lowest DC, indicating the slowest Brownian
motion and the highest molecular weight. DOSY spectra of DAB-Pep2 and DAB-PEG2k-Pep?2
also revealed the existence of one compound in each spectrum, providing important
confirmation of the purity of the modified dendrimers DAB-Pep2 and DAB-PEG2k-Pep2.
MALDI-TOF data for DAB-Pep2 showed a peak which is believed to correspond to DAB-
Pep2, although the m/z of 3131 which was obtained was different from the expected value of
3416. It is likely that a loss of one of the DAB molecule branches caused this decrease in
molecular weight. This illustrates one of the difficulties in analysing synthetic polymers in
general, since most mass spectroscopy techniques available would lead to some sort of
degradation (Montaudo et al., 2006).

The literature reports previous uses of polyethylene glycol in the modification of dendrimers
(PEGylation) to improve their physicochemical properties. PEG is usually covalently attached

to the periphery of a cationic dendrimer for three common purposes: either to reduce its toxicity
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or its immunogenicity or to increase the circulating time (Natali and Mijovic, 2009). Depending
on the number of peripheral amine groups and the generation of the dendrimer, there tends to
be some level of toxicity, which is the main reason for the modest representation of these
formulations in clinical applications. Modifying dendrimers to carry PEG is the most common
way to reduce their cytotoxicity (Lee and Larson, 2011).

The purpose of modifying DAB-Pep2 with different PEG molecules was to improve the
physiochemical properties of this dendriplex and reduce its cytotoxicity, as will be shown
below. All of the PEGylated dendrimers, DAB-PEG2k-Pep2, DAB-PEG3.5k-Pep2 and DAB-
PEG2k-PEG3.5k-Pep2, were characterised by *H-NMR to confirm their successful synthesis.
DAB was conjugated with the targeting ligand Peptide2 using either of two heterobifunctional
crosslinkers, GMBS and PEG3.5 kDa, to form DAB-Pep2 and DAB-PEG3.5k-Pep2
respectively. In addition, excess PEGylation was performed by reacting a 4-mole excess of
PEG 2 kDa over DAB to form DAB-PEG2k-Pep2and DAB-PEG2k-PEG3.5k-Pep2. All of
these PEGylated dendrimers were synthesised principally in order to determine the optimal
formula for PEGylating DAB-Pep2. These PEGylated formulations were subjected to
preliminary *H-NMR screening to confirm their synthesis, followed by measurements of size
and zeta potential, then they underwent preliminary in vitro screening for DNA transfection
capability. Finally, one of the formulations was selected for further characterisation and for in
vitro and in vivo studies. The methods selected were then adopted for the synthesis of the
remaining peptide-bearing DAB dendrimers.

Hashemi et al. (2015) and Stasko et al. (2007) used PEG of molecular weight 3400 and 2000
to PEGylate the G5 DAB dendrimer in order to reduce its toxicity. However, | could not found
an article discussing the modification of the third generation DAB dendrimer as its cytotoxicity
is well known to be relatively low (Zinselmeyer et al., 2002). This has also been demonstrated

as well before by our research group (Koppu et al., 2010; Aldawsari et al., 2011). The main
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aim of PEGylation in the present study was to modify the physical characteristics of the
formulated DAB-Pep2 dendriplex, whose zeta potential was shown to be relatively high
compared with values given in the literature; we assumed that conjugating DAB-Pep2 with
PEG molecules would reduce this high potential and therefore its relative cytotoxicity.

The final formulation synthesised in this study was Peptide4-bearing DAB dendrimer with
PEG2kDa molecules reacted in the periphery of DAB (DAB-PEG2k-Pep4). This polymer was
synthesised in three consecutive steps following the method used to synthesise DAB-PEG2k-
Pep2as follows: DAB dendrimer was first reacted with the crosslinker, then with one mole
equivalent of the targeting ligand Peptide4 and finally with a 4-mole excess of PEG2KDa over
DAB. The successful synthesis of DAB-Pep4 followed by DAB-PEG2Kk-Pep4 was assured by
preliminary H-NMR. The spectra of DAB-Pep4 and DAB-PEG2k-Pep4 demonstrate the
existence of Peptide4 in these formulations by detecting the threonine and leucine amino acid
peaks in the range of 0.5 to 1.5 ppm and by detecting the DAB-GMBS and PEG peaks. Further

NMR experiments are required to confirm the covalent binding of these reactants.

The ability of the formulations DAB-Lf, DAB-Pep2, DAB-PEG2k-Pep2 and DAB-PEG2k-
Pep4 dendriplex in condensing DNA was measured by PicoGreen® and gel retardation assays.
These experiments were conducted after ensuring the successful formulation of the
nanoparticles to analyse their ability in condensing the DNA and form a stable dendriplexes,
ensuring that the DAB modification did not negatively affect its high capacity to condense the

DNA.

The DAB-Lf complexes that were synthesised from intermediates having 6- and 4-fold excess
molar concentration of GMBS over DAB had weak condensation capability, due to the
extensive binding between the DAB and GMBS molecules, which reduces the availability of
primary amine groups in the DAB molecule to complex with the DNA. In contrast, in the case

of the two-molar excess of GMBS, the DAB-Lf formed was able to condense around 80% of
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the DNA at a 10:1 ratio. However, a lower DAB ratio was required to condense the same
percentage of DNA, indicating that DAB modification slightly reduces the DNA encapsulation
ability of the dendrimer, but to an acceptable extent, whereby DAB-LT can still effectively

condense the DNA.

The DAB-Pep2 formulation was found to condense the DNA molecules even at low weight
ratios, with condensation of up to 68% at 0.5:1. It appears that the DAB-Pep2 dendrimer has
superior DNA condensation capability over DAB-Lf. One possible explanation for this effect
is the considerable difference between the molecular weight of the targeting ligands used in
these formulations; Peptide2 has a molar mass of 1565, while lactoferrin has a molecular
weight of 82 kDa. However, PEGylating DAB-Pep2 with a 4-mole excess of PEG2000 resulted
in a significantly reduced DNA condensation capability. DAB-PEG2k-Pep2 showed more than
65% of DNA condensation capability for the weight ratios 5:1 and above, whereas at lower
ratios it failed to condense the DNA properly. The reduction in the DNA condensation
capability of DAB-PEG2k-Pep2 compared to DAB-Pep2 is mainly related to the altered
physiochemical properties of the dendriplex, such as size and zeta potential, as will be clarified

below.

DAB-PEG2k-Pep4 was found to complex the DNA highly efficiently even at the weight ratio
2:1, where more than 60% of the DNA was condensed. This value is significantly higher than
the efficiency of DAB-Lf and DAB-PEG2k-Pep2 at condensing DNA at the same weight ratio.
In addition, comparing the DNA condensation capability of the two PEGylated formulations
DAB-PEG2k-Pep2and DAB-PEG2k-Pep4 shows that the latter is superior at polymer: DNA
weight ratios of 10:1 and 5:1, with an almost similar percentage at the 20:1 weight ratio,

condensing more than 80% of the DNA.
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The physical properties of the dendriplexes such as the size, shape and potential have a direct
influence on its therapeutic efficacy. Various dendrimer: DNA weight ratios showed a strong
ability to condense the DNA, with the optimum ratio for in vivo experiments depending on
several factors such as cytotoxicity, size and charge of the dendriplex formed. In cancer tissues,
the vascular permeability of the tumour blood vessels is generally higher than in normal
vessels, because they are incomplete and irregularly formed. Any molecule of 3 nm or smaller
is able to pass through the cells of the vessel wall (transcellular uptake). On the other hand,
macromolecules diffuse paracellularly, through the pores in the vessels (Yuan et al., 1995; Azzi
etal., 2013). Thus, the particle size of the dendriplex contributes with its transvascular transport
to the tumour site (Yuan et al., 1995). The pore size of the blood vessels in most cancer types
is between 200 and 2000 nm (Bertrand et al., 2014). In addition, increasing the size of the
nanoparticles improves the half-life and the circulation time of the dendriplex, thus increasing
its accumulation in the targeted tissue through the effect of passive targeting (Taira et al.,
2005).

Therefore, it is extremely important to ensure that the dendriplex generated has an overall size
less than the pore size of the targeted tissue, so that it is able to diffuse transvascularly to the
targeted tissue. At the same time, it must be large enough to withstand clearance from the body
and thus remain longer in the circulation.

There is a large discrepancy in the optimal size of the nanoparticles, which varies mainly
according to the nature of the nanomedicine as a polymer, liposome or gold nanoparticles.
There are no studies specifically addressing the influence of dendriplex size; however, some
articles discussed the optimal size of nanoparticles in general (Durymanov et al., 2015). Tang
et al. (2014) investigated the optimal size of nanomedicines to target cancer tissues and found
that 50 nm particles assembled better on primary and metastatic cancer sites compared with 20

and 200 nm particles.
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Zeta potential is another physical characteristic that has a direct influence on the stability of
the nanomedicine and in vivo cellular targeting. To obtain a stable nanoformulation, the zeta
potential should usually be lower than -25 mV or higher than 25 mV (Durymanov et al., 2015).
This will prevent the aggregation of nanoparticles due to the Van der Waals interaction.
However, to avoid non-specific tissue binding in vivo, it is believed that the zeta potential
should be lower than 30 nm (Honary and Zahir, 2013).

At DAB-LT dendriplex weight ratio of 20:1 the average particle size was 67 nm (polydispersity
0.284) and it increased as the DAB-LT ratio decreased, reaching 200 nm at a 0.5:1 dendrimer:
DNA weight ratio. Thus, all the particles formed at the different ratios were of an appropriate
size to be able to reach the target site. The nanoparticles shape and size were also investigated
via AFM; spherical nano-sized particles were detected at the weight ratio 5:1, supporting the
data obtained by PCS. The size of DAB-LT is believed to be very suitable for further in vitro
and in vivo studies, as discussed earlier. The zeta potential of DAB-Lf found to have a positive
potential at all weight ratios from 20:1 to 1:1, while the lowest ratio of 0.5:1 had a negative
zeta potential, indicating the inability of the dendrimers to condense the DNA at this low ratio.
The DAB-LT potential is considered to lie in an acceptable range, being positive, so assisting
its attraction to the cell membrane, but not high enough to cause non-specific binding in vivo
based on the values discussed above (Honary and Zahir, 2013; Durymanov et al., 2015).

At weight ratios of 20:1 to 1:1, the size of the second formulation, DAB-Pep2, was between
50 and 70 nm, followed by a sharp elevation in size at a ratio of 0.5:1, indicating the failure of
this ratio to fully condense the DNA. The PEGylated forms of Peptide2-bearing DAB
dendrimers DAB-PEG2k-Pep2and DAB-PEG3.5k-Pep2 showed no significant alteration in
dendriplex size at high weight ratios of 20:1, 10:1 or 5:1, whereas the other formulation, DAB-

PEG2k-PEG3.5k-Pep2 , resulted in a significantly higher dendriplex size compared with DAB-
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Pep2, even at the highest weight ratio of 20:1. This suggests the inability of this formulation to
properly condense the DNA, even at this high ratio.

The zeta potential of DAB-Pep2 was found to be positive for the weight ratios 20:1 to 1:1, with
values between 35 to 28 mV. This zeta potential, which is considered high according to the
literature, could lead to non-specific binding during in vivo treatment. Therefore, the synthesis
of Peptide2-bearing DAB dendrimer was modified to carry PEG molecules for the purpose of
reducing the zeta potential and thus non-specific binding and toxicity. The zeta potential of
these PEGylated formulations was significantly reduced compared with DAB-Pep2. DAB-
PEG2k-Pep2had a potential around 20 mV, which is half the potential of DAB-Pep2 and is in
line with the ranges discussed in the literature. The other PEG formulations, DAB-PEG3.5k-
Pep2 and DAB-PEG2k-PEG3.5k-Pep2, had zeta potentials around 5 and 0 mV respectively for
the weight ratios 20:1 to 5:1. According to Honary and Zahir (2013), these values would lead
to the accelerated sedimentation of the dendriplex due to the absence of charge repulsion
between the molecules.

The reduction in the zeta potential of the PEGylated formulations did not dramatically affect
the size of the nanoplexes formed in the case of DAB-PEG2k-Pep2 or DAB-PEG3.5k-Pep2,
in contrast to the case of DAB-PEG2k-PEG3.5k-Pep2, where the enlargement in size was
associated with neutral potential. This could be due to the extensive use of PEG molecules in
the formulation compared with the other two, where only half the amount was consumed. An
alternative explanation is the use of a crosslinker of high molecular weight, PEG 3.5kDa, which
has double the molecular weight of the gene carrier DAB-Am16.

From the data obtained, we selected DAB-PEG2k-Pep2 as the PEGylated form of DAB-Pep2
for further characterisation in both in vitro and in vivo studies. DAB-PEG2k-Pep2 meets the
requirements for optimal size (Tang et al., 2014) and has an acceptable positive potential which

is less than the potential of the positive controls DAB and DAB-PEG. AFM images of DAB-
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PEG2k-Pep? at the weight ratio of 20:1 confirmed the formation of spherical nanoparticles of
a size similar to that determined by DLS analysis.

Building on the overall findings of PEGylating DAB-Pep2, we decided to PEGylate an
integrin-targeting formulation to carry a 4-mole excess of PEG2KDa (DAB-PEG2k-Pep4). The
size of this formulation was below 50 nm at the highest weight ratios of 20:1, 10:1 and 5:1,
giving an indication of the ability of this formulation to effectively condense the DNA to a
small size. Lower ratios resulted in significant enlargement, which could be an indication of
inability at these ratios to effectively complex the DNA. However, the sizes detected at all of
the ratios examined are deemed suitable for further in vitro and in vivo studies. The positive
zeta potential of the top ratios (5:1 and above) is an indication of the efficient condensation of
the DNA, which is supported by the PicoGreen® assay findings as well as the size
measurements. Conversely, at lower ratios the zeta potential values were considerably reduced
and became negative, suggesting the inability to condense the DNA at these ratios, as
uncomplexed DNA has a negative zeta potential. This finding is supported by the large sizes

measured at these ratios and by the weak condensation ability detected by the PicoGreen assay.
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Chapter 3 : In vitro evaluation of lactoferrin- and peptide -

bearing DAB dendrimers
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3.1. Introduction

In order to study the effectiveness of nanomedicines and to predict their toxicity in humans,
they should go first through various experiments in cell culture, which are usually developed
to examine the efficacy of these formulations before doing any animal studies. These
experiments involve testing human or animal cells and tissues in a controlled environment (in
vitro), defined as techniques for performing experiments or processes in a managed
environment that takes place outside the living organism (Ravi et al., 2015).

The history of in vitro studies starts in the late nineteenth century, when several researchers
focused on developing methods for cell and tissue culture. In 1951, the first cancer cell line
HelLa, was successfully cultured after being serendipitously discovered during the analysis of
a cervical biopsy from a cancer patient. HeLa establishment makes culturing cells and tissues
outside the human body possible and numerous cell lines are currently available (Rodriguez-
Hernandez et al., 2014). Cell culture technology has developed considerably in the last two
decades and it is now considered a reliable technique that is used in all pharmaceutical and
medical studies (Ravi et al., 2015).

In vitro experiments help in understanding the complexity of the cellular physiology of the
organ concerned as well as the biochemical responses to the treatments being tested. The main
feature that makes in vitro study a favourable technique is the ability to control the
physiochemical environmental features of the experiment such as the pH, osmolarity, gas level
(O2 and CO»), temperature and humidity. Cells are usually placed in an environment that
simulates the physiological conditions from which they were isolated (Freshney, 2006; Ravi et
al., 2015).

Therapeutically, a complete exposure of the nanomedicine is ensured in in vitro experiments,
which is not the case with most in vivo experiments, where 90% of the drug will be distributed

among the bodily organs before starting to accumulate in the targeted tissue. On the other hand,
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in vitro cell cultures are usually associated with the differentiation of some characteristics
compared with the original tissue they were extracted from, because the cells adapt to changes
that occur during culturing. Therefore, the results obtained from in vitro experiments only
partially represent the actual response that would be seen after systemic administration of the

drug, in respect of its toxicity and therapeutic effect (Freshney, 2006).

3.1.1. Transfection assay

Transfection is the process of introducing a genetic material to specific cells, mostly with the
assistance of non-viral vectors. The principle of the assay is based on quantifying the
expression of the protein encoded by DNA as evidence for its successful override of the
different cellular barriers. It is usually performed to test the capability of the delivery system
in improving the uptake of the nucleic acids by the cells and nucleus. In order to determine the
efficiency of the transfection, it is necessary to use a reporter gene such as p-galactosidase or
luciferase which can be quantified (Groth et al., 1998; Griffith and Wolf, 2002).
B-galactosidase is an enzyme able to cleave lactose to galactose or glucose. In 1972, Miller
described a quantitative assay for measuring the f-galactosidase activity in cells, based on the
ability of B-galactosidase to break down the colourless o-nitrophenyl-p-D-galactopyranoside
(ONPG) to yield o-nitrophenol (ONP), which is yellow. The assay quantifies this process using
spectrophotometry (Figure 3-1). Based on Miller’s assay concept, B-galactosidase gene is now
widely used as a reporter gene for testing gene expression in cells.

The Miller assay was modified to be employed colorimetrically, measuring the transfection of
DNA (B-galactosidase gene) by the targeted cells. The cells were first treated with the -
galactosidase encoding DNA complexed with the designed vector, then they underwent lysis.
ONPG reagent was then introduced to the lysate and incubated for a period of time to let the

cleavage of ONPG to ONP proceed. From the degree of absorbance of the ONP formed, the
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amount of f-galactosidase transferred to the cells can be measured (Miller, 1972; Griffith and

Wolf, 2002; Zhao et al., 2011).
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Figure 3-1 Hydrolysis reaction of o-nitrophenyl-B-D-galactopyranoside (adapted from Miller,
1972).

3.1.2. Confocal microscopy

Confocal microscopy is an advanced imaging technique used in the analysis of biological
specimens up to a thickness of 100 um. The principal features of confocal microscopy are
illustrated in Figure 3-2. The sample is scanned point by point and only a very small part of the
specimen is analysed. The source of light (laser) is scanned across the sample by means of a
dichroic mirror and movable lenses. The samples analysed are usually stained with fluorescent
dye such as Vectashield DAPI. When excited by the laser light, this emits a range of
wavelengths that are reflected back to the lenses and dichroic mirror, before passing through a
pinhole which excludes the out-of-focus light so that only a specific wavelength is detected.
The detector is usually a photomultiplier tube (PMT) that is capable of detecting emissions
ranging from 400 to 750 nm, (in the UV, visible and near-IR spectral regions) (Semwogerere

and Weeks, 2005; Ray and Dey, 2011; Nwaneshiudu et al., 2012).
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Figure 3-2 Confocal microscopy basic setup (adapted from Semwogerere and Weeks, 2005)

Several advantages make confocal microscopy superior to other imaging techniques. The
important feature of the microscope is considered to be its high confocality, which is the ability
to analyse a thin and sharply defined section of the sample, between 0.5 to 1.5 um thick. In
addition, the images displayed in the confocal microscopy are sharper and have better contrast
compared with fluorescence microscopy. This is achieved by eliminating most of the light from
the specimen that is outside the focal plane. Confocal microscopy is also able to eliminate out-
of-focus wavelengths (haze) within the sample, thus increasing its ability to collect a plane of
focused wavelengths only (Semwogerere and Weeks, 2005; Ray and Dey, 2011).

There are some drawbacks to imaging specimens by confocal microscopy such as the time-
consuming and the limited resolution (about 200 nm) by the diffraction of the light source,
which appears as a faint disk at the scanned spot (Semwogerere and Weeks, 2005; Ray and
Dey, 2011; Nwaneshiudu et al., 2012).

3.1.3. Anti-proliferation assay

Tetrazolium reduction assay is a colorimetric experiment developed by Mosmann in 1983 and
used to measure the in vitro cytotoxic effect of a gene or drug by measuring the percentage of
cell viability (Mosmann, 1983; Pozzolini et al., 2003; Angius and Floris, 2015). 3-(4,5-
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Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) is a yellow water-soluble salt
usually prepared as a solution with a concentration between 0.2 and 0.5 mg/ml. It undergoes
an incubation period of one to four hours after being added to the cells. The principle of the
assay is the ability of the live cells to reduce the yellow MTT reagent to form a purple lipophilic
precipitate of formazan, which can be measured at an absorbance wavelength of 570 nm after
dissolution in DMSO. The reduction reaction occurs in the mitochondria of viable cells through
the cleavage of the tetrazolium ring in the MTT by the coenzyme nicotinamide adenine
dinucleotide (NADH) (Figure 3-3). Dead cells lose the ability to convert MTT to formazan;
thus, the absorbance of the dissolved formazan is proportional to the percentage of viable cells

(Liu et al., 1997; Riss et al., 2013).
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Figure 3-3 Reduction reaction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) to form the lipophilic compound formazan.

3.1.4. Fluorescence activated cell sorting (FACS)

A flow cytometer is a quantitative measuring instrument that has been used since the 1970s
and which has undergone major development since the 1990s, having many applications in
biotechnology, immunology and drug discovery (Chattopadhyay et al., 2008). The main
criterion placing the flow cytometer among the most important apparatus is its capacity for
multiparameter analysis of each particle or cell in a sample in a very short time, screening

thousands of cells per second. The underlying principle is immunofluorescence, which allows
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the visualization of cell features by binding these features to the fluorescence emitted by
molecules when stimulated by light via different channels (McCoy, 2002). In order to be able
to allocate the measurement of a specific biochemical or biological property to the cells being
examined, various fluorescent probes and dyes are used to target specific epitopes in the cell
and thus to quantify the population of cells, intracellular properties, immune activities and
many other properties (McCoy, 2002). As many cytometric assays use more than one
fluorochrome to investigate different features of cells, it is important to ensure that each
fluorochrome used has a distinct emission wavelength that does not interfere with the other

fluorochromes, in order to obtain a precise result.

3.1.5. Cellular uptake mechanism

The targeting ligand which was selected to be conjugated with DAB dendrimer for the purpose
of improving its targeting capability is expected to have major impact on the dendriplex
internalisation to the targeted cells. Therefore, investigating the internalisation mechanism of
the dendriplex will provide confirmation of the successful synthesis of the dendrimer, as well
as confirming the hypothesis that conjugating the DNA carrier with this ligand would improve
the dendriplex uptake by the targeted cells. The iron binding protein lactoferrin is thought to
bind to the cells via its specific receptors LfR1 and LfR2, as well as the general transferrin
receptor (VanSande and VanCamp, 1981). The mechanism by which lactoferrin enters the cells
is thought to be receptor-mediated endocytosis (Tuccari and Barresi, 2011). Similarly, PSMA
was reported previously to cause an uptake for targeted nanoparticles through receptor-
mediated endocytosis (Goodman et al., 2007; Zhang et al., 2016). Xiang et al (2013) used
folate to target PSMA, the cellular uptake of the targeted liposomes was found to decrease by
40% after pretreating the cells with chlorpromazine, a blocker for clathrin- mediated

endocytosis pathway.
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Endocytosis is an essential procedure in eukaryotic cells that controls many biological
processes such as nutrient uptake and intracellular signalling (Hansen and Nichols, 2009).
Endocytosis can be split into two main pathways. These are phagocytosis (macropinocytosis),
which usually accounts for the uptake of large molecules (> 200 nm) and pinocytosis, which
in turn has two main pathways: either clathrin-mediated endocytosis (CME) or clathrin-
independent endocytosis (CIE).

CME is the most common pinocytosis pathway, through which diverse cargoes are
internalized. This occurs through three main steps: clathrin pit formation, followed by early
and late endosome formation (McMahon and Boucrot, 2011). A clathrin adaptor such as
adaptor protein 2 (AP-2) complex facilitates the binding of clathrin protein in the membrane in
order to cluster the receptor and its correlating protein ligand to clathrin-coated pits. The
GTPase dynamin then grip the coated pits and forms clathrin-coated vesicles, which facilitate
the entrance of the ligand and form an endosome (early vesicles) (Figure 3-4) (Liu and Shapiro,
2003; Grant and Sato, 2006). Clathrin is then removed and recycled back to the cytoplasm to
start a new endocytosis cycle (McMahon and Boucrot, 2011).

Clathrin-independent endocytosis is an alternative pathway to CME. In CIE, the cellular
glycolipids have a tendency to mediate cell membrane budding and lead to endocytosis. The
best known mediators in CIE are caveolae, which are lipid rafts present mainly in endothelial
cells and involved in various transport processes such as endocytosis, potocytosis and
transcytosis. Among these, endocytosis is the most common mechanism, due to the abundance
of dynamin. The exact mechanism of caveolar endocytosis is not yet clear, although the
budding formation is similar to that of CME, involving dynamin (Liu and Shapiro, 2003; Nabi

and Le, 2003).

136



Receptor—— \/ Formation of clathrin-coated vesicles
-» — ¥ * .I —_—
) et ’ Cytoplasm
p-2

/_ R

e \

Uncoating
endosomes u5|on -,

Figure 3-4 Clathrin-mediated endocytosis pathway (adapted from Grant and Sato, 2006).

Therefore, for the purpose of confirming the cellular uptake mechanism, different blockers of
the most common uptake mechanisms were examined in vitro. For blocking CME,
phenylarsine oxide was selected. This is a membrane-permeable protein-tyrosine phosphatase
(PTPase) inhibitor which prevents vesicle formation and the internalisation of cell membrane
receptors, as well as pinocytosis at the cell surface (Gerhard et al., 2003). This criterion makes
it a well-known inhibitor of CME, which is the pathway believed to be linked to transferrin
and lactoferrin endocytosis (Dutta and Donaldson, 2012). Another receptor-mediated
endocytosis blocker is filipin, which prohibits any caveolae-dependent endocytosis by binding
to cholesterol, which is a major component of caveolae, thereby preventing the caveolae from
functioning (Schnitzer et al., 1994).

A further mechanism of endocytosis is macropinocytosis, which applies to the uptake of large
molecules by forming irregular vesicles of 0.2 um in diameter. The most common inhibitors

of this pathway are colchicine and cytochalasin D (Liu and Shapiro, 2003).
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3.1.6. Objectives

In the previous chapter, we reported the successful synthesis of the nanocarriers DAB-LT,
DAB-Pep2, DAB-PEG2k-Pep2 and DAB-PEG2k-Pep4. In this chapter, we will examine their
ability to improve the cellular uptake of the DNA being carried. We will also investigate the
therapeutic efficiency obtained from using these carriers for different therapeutic DNA (TNFa.,
TRAIL and IL-12) and compare these results with the effects obtained by using the unmodified
carrier DAB.

We hypothesised that the conjugation with the targeting ligands lactoferrin, Peptide2 and
Peptide4 would increase the therapeutic efficacy of the DAB-Lf, DAB-Pep2 and DAB-Pep4
dendriplexes by improving the active targeting of the nanoparticles, thereby enhancing the
delivery of the therapeutic DNA to prostate cancer cells. Furthermore, we hypothesised that
conjugating PEG molecules with DAB-Pep2 and DAB-Pep4 would result in improving the
physical characteristics by reducing the overall zeta potential of the dendriplexes as
demonstrated in Chapter 2. The various aspects covered in this chapter include investigating
the transfection and cellular uptake of the dendriplexes, their anti-proliferative effect and
finally the mechanism of uptake by the cells. Three different prostatic cancer cell lines (PC-3,
DU145 and LNCaP cells) were used in these experiments to emulate different metastatic stages

of the disease.
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3.2. Materials and methods

3.2.1. Materials

Table 3-1 List of materials used in chapter 3.

Materials

Supplier

Ammonium chloride

Sigma-Aldrich, UK

Ampicillin

Sigma-Aldrich, UK

Bovine serum albumin

Sigma-Aldrich, UK

Colchicine

Sigma-Aldrich, UK

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich, UK

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-

tetrazolium bromide (MTT)

Sigma-Aldrich, UK

DU145 prostate cancer cell line

European Collection of Cell Cultures ,

Salisbury, UK

Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich, UK

EndoFree Plasmid Giga Kit

Qiagen, UK

Filipin complex from Streptomyces filipinesis

Sigma-Aldrich, UK

Fluorescein isothiocyanate isomer |

Sigma-Aldrich, UK

Foetal bovine serum

Biosera, UK

N-2-hydroxyethylpiperazine-N-2-ethane

sulfonic acid (HEPES; 10 mM)

Life Technologies, UK

Isopropanol

Sigma-Aldrich, UK

L-glutamine

Sigma-Aldrich, UK

Label IT® Fluorescein Nucleic Acid

Labelling kit

Cambridge Biosciences, UK

LNCaP prostate cancer cell line

European Collection of Cell Cultures,

Salisbury, UK
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Minimum Essential Medium Eagle (MEM)

Sigma-Aldrich, UK

Mouse TNF alpha ELISA kit

Invitrogen, UK

2-nitrophenyl-p-D-galactopyranoside (ONPG)

Sigma-Aldrich, UK

Passive lysis buffer

Promega, UK

PC3M-luc-C6 human prostate cancer cell line

Caliper Life Sciences, USA

Penicillin-streptomycin

Sigma-Aldrich, UK

Peptide2 (CWQPDTAHHWATL)

Biomatik, Canada

Peptide4 (CPRPRGDNPPLTCGGKKK)

Biomatik, Canada

Phenylarsine oxide

Sigma-Aldrich, UK

Phosphate buffered saline tablet

Sigma-Aldrich, UK

Plasmid encoding B-galactosidase (pCMVsport

B-galactosidase)

Life Technologies, UK

Plasmid encoding TNFo () ORF9- mTNFa)

InvivoGen, USA

Plasmid encoding TRAIL (pORF- mTRAIL)

InvivoGen, USA

Plasmid encoding IL-12 (pORF- miIL-12)

InvivoGen, USA

Poly-L-lysine

Sigma-Aldrich, UK

Roswell Park Memorial Institute (RPMI)

Sigma-Aldrich, UK

Sephadex® G-10

Sigma-Aldrich, UK

Sodium pyruvate

Life Technologies, UK

Trypsin

ThermoFisher, UK

Triton-X

Sigma-Aldrich, UK

®
Vectashield 4',6-diamidino-2-phenylindole

(DAPI)

Vector Laboratories, UK
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3.2.2. Methods

3.2.2.1. Cell lines

The cell lines used in the experiments were all human prostate cancer cells extracted during
different stages of the disease and from different metastasized organs such as lymph node, bone

and brain.

3.22.11.PC-3

PC-3 is a human prostatic cancer cell line derived from a bone metastatic site in a 62-year-old
Caucasian male. Due to the lack of androgen receptors in the cell membrane, PC-3 cells have
been found to be androgen-insensitive, allowing them to survive even in androgen-deprived
media. In addition, PC-3 cells do not release PSA and do not express PSMA in their cell
membrane (Tai et al., 2011; Liu et al., 2012). However, PSA and PSMA mRNA were detected
in these cells (Takahashi et al., 1999).

PC-3 tumour cells have been found to be highly oncogenic and usually produce poorly

differentiated tumours categorized as grade 1V adenocarcinoma (Russell and Kingsley, 2003).

3.2.2.1.2. DU145

DU145 is an epithelial prostatic cell line that is derived from a metastatic brain site in a 69-
year-old Caucasian male (Stone et al., 1978). DU145 cells have a low response to androgen
hormones due to the lack of androgen receptors in their cell membrane. Although DU145 cells
were proven to carry DNA encoding PSA (Takahashi et al., 1999), they do not produce PSA
and do not express PSMA in their cell membrane (Takahashi et al., 1999; Ghosh et al., 2005).
The metastatic potential of DU 145 cells has been found to be lower than PC-3 cells, thus, it
has less invasive capability.

3.2.2.1.3. LNCaP

LNCaP is a cancerous epithelial cell line of human prostatic adenocarcinoma extracted from a

metastatic lymph node of a 50-year-old Caucasian male (Russell and Kingsley, 2003).

142



Numerous androgen receptors are expressed in the cell membrane, explaining the high
sensitivity of these cells to androgen hormones such as testosterone and dihydrotestosterone.
LNCaP cells also overexpress PSMA and secrete prostate specific antigen (PSA) (Horoszewicz
etal., 1983; Liu et al., 2004; Jin et al., 2014).

In addition, LNCaP cells have been found to have weak oncogenicity compared with other
prostate cancer cell lines. As a result, they initiate tumours that are slower growing and less

invasive when injected into nude mice, unless co-injected with stromal cells (Tai et al., 2011).

3.2.2.2. Cell culture

All the in vitro experiments were conducted using prostate cancer cell lines (PC-3, DU145 and
LNCaP) purchased frozen from the European and American collections of cell cultures.

PC-3 and DU145 cells were grown in Minimum Essential Medium (MEM) as monolayers in
a T75 flask, while LNCaP cells were grown in Roswell Park Memorial Institute Medium
(RPMI). These media were supplemented with 10% (v/v) foetal bovine serum, 1% (v/v) L-
glutamine and 0.5% (v/v) penicillin-streptomycin, plus 10 mM HEPES (5 ml) and 1 mM
sodium pyruvate (5 ml) for LNCaP cells only. The cell culture flasks were kept in the incubator

at 37 °C and 5% carbon dioxide in a humid atmosphere.

3.2.2.3. Transfection assay

Transfection assay was performed to test the efficacy of the dendrimers in improving the
cellular uptake of the DNA to the targeted cells by complexing the dendrimer with DNA
encoding [3-galactosidase enzyme.

PC-3, DU145 and LNCaP cells were seeded in 96 well plates at a concentration of 2000 cells
per well and incubated for 72 h at 37 °C and 5% CO.. They were then treated with DNA
encoding B-galactosidase complexed with the dendriplex of interest (DAB-Lf, DAB-Pep2,

PEGylated DAB-Pep2, or DAB-PEG2k-Pep4) in quintuplicate at various dendrimer: DNA
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weight ratios (20:1, 10:1, 5:1, 2:1, 1:1 and 0.5:1). Naked DNA was used as negative control
and DAB: DNA (5:1) was used as a positive control since it resulted in optimum DNA
expression in previous study (Schatzlein et al., 2005). The DNA concentration was kept
constant through the experiment at 10 pg/ml (1 pg/well). After treatment, the cells were
incubated for 72 h before the analysis. At the analysis day, the medium was removed from the
wells before 50 pl/well of 1X passive lysis buffer (PLB) was added to each well and incubated
for at least 20 min at 37 °C to ensure complete cell lysis. The lysed cells were tested for -
galactosidase expression by adding 50 pl of ONPG solution. The ONPG solution with the
concentration 1.33 mg/ ml was prepared fresh just before the analysis using 2X assay buffer
(sodium dibasic phosphate 60nM; magnesium chloride 1mM; -mercaptoethanol 50mM; pH
7.3) as solvent. Plates were then incubated for two hours at 37 °C, protected from light. The
absorbance was taken at 405 nm using a plate reader (Thermo Lab Systems, Multiscan Ascent,
UK) and the resultant absorbances were converted to concentrations using a p-galactosidase

standard curve.

3.2.2.4. Cellular uptake

3.2.2.4.1. Confocal microscopy

The cellular uptake of the DNA complexed to the dendrimer was assessed by imaging the
targeted cells using confocal microscopy after treatment with the dendriplex. Cellular uptake
is a qualitative assay that aims to evaluate the efficiency of the dendrimer in targeting the cells
and introducing the genetic material. In 6-well plates, two coverslips were added above each
other in a star shape in each well before the plates were seeded with PC-3, DU145 and LNCaP
cells. The cells were seeded directly on the coverslips at a concentration of 10 cells per well,
with a total volume of 3 ml/well, and incubated for 24 h at 37 °C. They were treated with
fluorescein-labelled, B-galactosidase-encoding DNA that was complexed with DAB-Lf, DAB-

Pep2 or DAB-PEG2K-Pep2 using the optimal dendrimer: DNA weight ratio obtained from their
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transfection assays. Control wells were also prepared: DAB: DNA at 5:1, as a positive control
for DAB-Lf, DAB-PEG: DNA 20:1, as a positive control for DAB-PEG2k-Pep2, plasmid DNA
only and untreated cells as negative controls. The concentration of the DNA (2.5 pg/well) was
kept constant during the experiment. The treated cells were incubated for 24 h at 37 °C and 5%
CO2 The cells were then washed three times with 3 ml phosphate buffered saline (PBS) and
the cells were fixed with 3 ml 3.7% w/v formaldehyde solution for 10 min at 25 °C. Wells were
then washed twice with 3 ml PBS and incubated at room temperature with 3 ml 0.1% Triton-X
solution for 5 min before adding 3 ml of 1% wi/v bovine serum albumin in PBS for 30 min at
37 °C to reduce the non-specific binding. One unit of Alexa Fluor®647 dye was diluted with
200 ul of PBS before being added on the wells and incubated for 20 min at 25 °C. The wells
were then washed for the last time with 3 ml PBS before mounting the coverslip on a glass
slide. DAPI (HardSet-1500) was used as a visualizing fluorescent dye to stain the nucleus of
the cells, while the cell walls were stained with Alexa Fluor®647 probe. DAPI is excited by the
405 nm laser line (emission bandwidth: 415-491 nm), fluorescein is excited by the 543 nm
laser line (emission bandwidth: 550-620 nm), and Alexa Fluor®647 is excited by the 633 nm
laser line (emission bandwidth: 650-685 nm). The prepared samples were then visualized under
a Leica TCS SP5 confocal microscope.

3.2.2.4.2. Fluorescence-activated cell sorting (FACS)

PC-3, DU145 and LNCaP cells were seeded at a density of 16x10* cells per well in 6-well
plates and incubated for 72 hours before being treated with 5 ug/well of fluorescein-labelled
DNA complexed with the dendrimer of interest (either DAB-LT in a dendrimer: DNA weight
ratio of 5:1, DAB-Pep2 2:1, or DAB-PEG2k-Pep2 20:1). Other wells were treated with DAB:
DNA or DAB-PEG: DNA as positive controls and DNA only as a negative control. The treated
plates were incubated for 24 h at 37 °C, protected from light. The wells were then washed three

times with 3 ml PBS. Trypsin was then added (250 pl per well) and the plates were incubated
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for 5 minutes at 37 °C followed by the addition of 500 ul per well of FACS buffer (PBS buffer
with 0.5% BSA and 2mM EDTA). Samples were transferred to polystyrene round-bottomed
tubes and the fluorescence intensity was measured by FACSCanto® flow cytometer (BD,
Franklin Lakes, NJ) to determine the amount of gene expression inside the cells after being
complexed with the dendriplex. Ten thousand cells were counted for each sample as gated
events. Standard solutions from BD Calibrate® Beads (un-labelled beads, fluorescein
isothiocyanate (FITC) and phycoerythrin (PE) labelled beads) were prepared to calibrate the
instrument before analysing the samples. DNA fluorescence emission was detected, as it

proportionally reflects the amount of the cellular uptake of the DNA. Their mean fluorescence

®
intensity was analysed with FACSDiva software (BD, Franklin Lakes, NJ).

3.2.2.5. Cellular uptake mechanism

The cellular uptake mechanism of DAB-Lf dendriplex was investigated using different
inhibitors of the most common cellular uptake mechanisms (Huang et al., 2009; Pang et al.,
2012; Somani et al., 2015). PC-3, DU145 and LNCaP cells were seeded in 6-well plates (1x10°
cells per well) and incubated at 37 °C for 24 or 72 hours. Cells were pretreated with free
lactoferrin (80 uM), colchicine (10 umol/L), phenylarsine oxide (10 or 20 pmol/L), filipin (5
or 10 pg/mL) and poly-L-lysine (40 pg/mL) for 15 minutes at 37 °C. DAB-LTf: fluorescein-
labelled DNA dendriplex was then added to the wells at a weight ratio of 5:1 and incubated for
one hour at 37 °C. The fluorescein labelled-DNA concentrations used in this experiment were
2.5 and 5 pg/well for qualitative and quantitative analyses by confocal microscopy and flow
cytometry respectively. Samples were prepared for the analysis by confocal imaging and FACS

as previously described in sections 3.2.2.4.1 and 3.2.2.4.2 respectively.
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3.2.2.6. Peptide2 binding efficacy

This assay was conducted for the purpose of examining the efficacy of Peptide2 in binding to
the different prostate cancer cells. Peptide2 was chosen for use in this study as a targeting
ligand to PSMA, which is believed to be overexpressed in the LNCaP cell line but not in PC-
3 and DU145 cells. Therefore, and in order to compare the uptake affinity of Peptide2 to the
positive and negative PSMA-expressing cells, Peptide2 was conjugated with fluorescein
isothiocyanate (FITC). The labelling of Peptide2 with FITC was carried using the method
described by Zheng et al (2014) with some modifications as follow:

Peptide2 (10 mg) was dissolved in 3 ml of sodium carbonate buffer at pH 9. FITC stock was
prepared by dissolving 5 mg of FITC in 2 ml DMSO. The 2 ml FITC stock which is equivalent
to two-mole excess of FITC over Pep2 was added gradually (20 pul in each addition) to Peptide2
solution with continuous mixing. The reaction took place for 8 hours at 4 °C in the dark with
continuous mixing. Ammonium chloride (13.3 mg, 50 mM) was then added and the reaction
was incubated for 2 hours at 4 °C in the dark. The formulated conjugate Peptide2 -FITC was
separated from the excess unreacted FITC by size exclusion chromatography using Sephadex®
G-10. Peptide2 -FITC was collected first as it eluted faster from the column, while unreacted
FITC was collected last. The collected solution was then desalted by dialysis against 1000 ml
distilled water for 48 h at 4 °C using a benzylated dialysis tubing with MWCO 2000 Da as a
filter and the dialysis solution was changed every 12h. The conjugation reaction was confirmed
using MALDI-TOF to detect the molecular weight of Pep2-FITC.

PC-3, DU145 and LNCaP cells were seeded in 6-well plates (16 x 10* cell/well) and incubated
for 72 hours before being treated with different concentrations of FITC-Pep2 (10 ug, 50 ug and
100 pg per well), with untreated wells acting as negative controls. The cells were incubated for
15 min, followed by triplicate washes of PBS (3 ml each). Cells were then suspended by adding

250 pl trypsin for 5 min followed by 500 pl of FACS buffer (PBS buffer with 0.5% BSA and
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2mM EDTA). Samples were transferred to round-bottomed polystyrene tubes and the
fluorescence intensity was measured immediately using a FACSCanto® flow cytometer (BD,

Franklin Lakes, NJ).

3.2.2.7. Enzyme-linked immunosorbent assay

This assay was conducted to examine the efficiency of the modified dendrimer DAB-PEG2k-
Pep2 in carrying the therapeutic DNA encoding TNFa inside the cells and the ability of the

DNA to transfect inside the nucleus to produce the cytokine of interest (mTNFa).

PC-3, DU145 and LNCaP cells were seeded in a 24-well plate at density of 35 x 102 cells per
well and incubated for 48 hours before being treated with DAB-PEG2k-Pep2 dendriplex
complexed with DNA encoding TNFa at a ratio of 20:1 and a DNA concentration of 2 pg/ml
in a volume of 1 ml per well. The cell medium was then collected after 12, 24, 48, 72, 96, 120,
144 and 168 hours of treatment and frozen at -80 °C until analysis. The concentration of mouse
TNFa protein produced was measured using an enzyme-linked immunosorbent kit (ELISA),
following the instructions provided (Invitrogen by Thermo Fisher, UK). The absorbance was
taken at 450 nm using a plate reader (FlexStation3 multi-mode microplate reader, Molecular
Devices, California, USA) and the resultant absorbance converted to concentration using

mTNFa standard curve.

3.2.2.8. Tetrazolium reduction assay (MTT)

The anti-proliferative activity of the synthesised dendrimers (DAB-Lf, DAB-Pep2, DAB-
PEG2k-Pep2 and DAB-PEG2k-Pep4) complexed with plasmid DNA encoding TNFa, TRAIL,
or IL-12 was assessed using a standard MTT assay.

PC-3, DU145 and LNCaP cells were seeded in quintuplicate at a density of 2000 cells/well in
96-well plates and incubated at 37 °C for 72 to 96 h. The cells were then treated with the DAB-

Lf dendriplex at a dendrimer: DNA weight ratio of 5:1 using various DNA concentrations
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ranging from 200 to 0.05 pg/ml, using naked DNA as a negative control, while DAB: DNA
5:1 ratio served as a positive control. The cytotoxicity of the prepared nanocarrier DAB-Lf and
DAB only was also examined by the same method, treating the seeded cells with 1000 to 0.25
ug/ml, which is equivalent to the amount of DAB-LTf used in the anti-proliferation assay.

For DAB-PEG2Kk-Pep2 dendrimer, PC-3 and DU145 cells were used in this assay as PSMA-
negative cells and LNCaP PSMA-positive cells respectively. Cells were treated with DAB-
PEG2k-Pep2: DNA weight ratio of 20:1 using various DNA concentrations ranging from 100
to 0.06 pug/ml, using naked DNA as a negative control, while DAB: DNA 5:1 ratio and DAB-
PEG: DNA 20:1 served as a positive control. The cytotoxicity of DAB-PEG2k-Pep2, and
DAB-PEG only were also examined by treating the cells with 2000 to 1.2 ug/ml of the polymer,
which is equivalent to the amount used in the anti-proliferation assay.

The plates were incubated for 72 h at 37 °C and 5% COg, then 50 pl of 0.5% MTT solution
was added to the medium and incubated at 37 °C protected from light for four hours. The
medium was then replaced with 200 pl of DMSO per well to dissolve the precipitated
formazan. The absorbance of the dendriplex was measured at 570 nm using a plate reader

(Thermo Labsystems, Multiscan Ascent) and the growth inhibitory concentration for 50% of
the cells (1Cso) was measured. A dose-response curve was plotted between the percentage of
the live cells and the logarithm of the DNA concentration used to obtain the ICsg values.
3.2.2.9. Statistical analysis
All experimental results were expressed as means + standard error of mean (S.E.M). Statistical
significance was detected using one-way ANOVA test followed by Tukey test for multiple
comparison using Minitab® and OriginPro® software. Significant differences were considered

when P value become equal or lower than 0.05.
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3.3. Results

3.3.1. Transfection assay

Transfection assay was conducted in order to compare the gene transfection efficacy of the
targeted carriers with the unconjugated dendriplex. It also assisted in identifying the optimum
dendrimer: DNA weight ratio to yield the best transfection effect in each modified dendrimer
synthesised. Three prostate cancer cell lines (PC-3, DU145 and LNCaP) were examined and

treated with different weight ratios.

3.3.1.1. DAB-Lf

Lactoferrin-bearing DAB dendrimer was found to improve gene transfection compared with
unconjugated DAB in the all cell lines tested. The results showed that the increase in the weight
ratio of the dendrimer was not related to the increase in B-galactosidase gene transfection
(Figure 3-6).

The PC-3 and DU145 cell lines were found to have improved gene transfection after using
DAB-Lf compared with unconjugated DAB, by a factor of 2.7 and 2.4 respectively. PC-3 cells
showed a remarkable gene expression at DAB-Lf: DNA weight ratios of 10:1 and 5:1, with
concentrations 8.31x10 + 0.48 U/ml and 10.5x10 + 0.43 U/ml respectively, compared with
5.17x10° + 0.46 U/ml for unconjugated DAB; there was then a sharp drop in transfection
ability at weight ratios of 2:1 and lower, while a 20:1 ratio yielded gene transfection analogous
to that of the DAB positive control, with a concentration of 4.62x10% + 0.40 U/ml. DU145
cells underwent optimum transfection at the weight ratios 10:1 and 5:1, with a concentration
of 2.22x107 + 0.23 U/ml and 1.99x102 + 0.18 U/ml.

LNCaP cell line showed significant elevation in gene transfection after treatment with DAB-
Lf at a weight ratio 20:1 only (2.324x107 + 0.20 U/ml), whereas the remaining ratios showed
no improvement in gene transfection compared with the unconjugated DAB (1.54x107° +

0.14U/ml).
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3.3.1.2. DAB-Peptide2

Peptide2 -bearing DAB dendrimer complexed with DNA encoding B-galactosidase resulted in
variable gene expression tendency based mainly on the weight ratio used (Figure 3-7). For the
PC-3 cell line, the three DAB-Pep2: DNA weight ratios 10:1, 5:1 and 2:1 showed a significant
increase in f-galactosidase expression compared with unmodified DAB, while the remaining
ratios resulted in either similar or lower expression. However, the optimum expression was
achieved using the 5:1 ratio with a 1.52-fold improvement over unmodified DAB, resulting in
B-galactosidase concentration of 9.63 x 103+ 0.19 U/ml and 6.32 x 10+ 0.19 U/ml for DAB-
Pep2 and DAB respectively. On the other hand, the DU145 cell line showed a significant
increase in the transfection efficacy of DAB-Pep2 at the 2:1 weight ratio, up to 1.8-fold over
DAB, with a B-galactosidase concentration of 5.89 x 10+ 0.48 U/ml. The other ratios failed
to show any significant improvement in gene expression, being similar to that obtained from
unmodified DAB. For LNCaP cells, the three weight ratios 10:1, 5:1 and 2:1 resulted in
significant increase in [3-galactosidase expression compared with unmodified DAB, while the
lower ratios resulted in low gene expression.

Although 2:1 ratio was not the optimal weight ratio for the PC-3 and LNCaP cell lines, it was
the only one showing significant expression with DU145 cells. Therefore, this weight ratio was

selected for use in further in vitro experiments.
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3.3.1.3. DAB-PEG2k-Peptide2

After DAB-Pep2 had been PEGylated with a four-mole excess of NHS-PEG2000-methoxy, a
transfection assay was performed to examine the capability of this new dendrimer in improving
the gene expression in PSMA-positive cells. For the cell lines PC-3 and DU145, the new
dendrimer showed no improvement in transfecting the DNA at any of the ratios examined
compared with the positive controls DAB-PEG: DNA (20:1) and DAB: DNA (5:1), which
resulted in superior DNA transfection efficacy. On the other hand, the PSMA-positive cell line
(LNCaP) showed a significant (2.7-fold) improvement in DNA transfection at the weight ratio
of 20:1 (2.78 + 0.11 x 10 U/ml) compared with the positive control DAB-PEG 20:1 (0.99 =+
0.10 x 107 U/ml). Significant 2-fold and 1.48-fold improvements in gene expression over
DAB-PEG were also recorded at weight ratios of 10:1 and 5:1 respectively, with transfection
values of 1.98 + 0.12 x 102 U/ml and 1.47 + 0.09 x 10 U/ml. The other control, DAB 5:1,
also resulted in lower transfection values compared with the three top weight ratios of DAB-
PEG2k-Pep2 in LNCaP cells, showing a B-galactosidase concentration of 1.27 + 0.09x 103

U/mil.
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3.3.1.4. DAB-PEG3.5-Peptide2

Using the long crosslinker NHS-PEG3.5K-malimide to conjugate DAB dendrimer with the
targeting ligand Peptide2 resulted in no clear pattern of the transfection efficacy of the DAB-
PEG3.5k-Pep2 dendriplex. For the PC-3 cell line, the weight ratio 20:1 gave a significant
improvement in dendriplex transfection, with a value of 16.2 + 0.24 x 107 U/ml compared with
the positive control DAB (12.7 + 0.28 x 10 U/ml). In contrast, DU145 cells showed almost
no transfection at the same ratio and there was no improvement in transfection as a result of
the inclusion of Peptide2 in the dendriplex. PSMA-positive cells (LNCaP) showed no
significant improvement in the transfection of DAB-PEG3.5k-Pep2 dendriplex compared with

the positive control DAB-PEG at any of the ratios examined.
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3.3.1.5. DAB-PEG2k-PEG3.5k-Peptide2

The DAB-PEG2k-PEG3.5k-Pep2 polymer showed no improvement in the transfection of the
complexed DNA in any of the cell lines examined, including the PSMA-positive LNCaP cells.
This failure could be related to the modest DNA complexation capability of this polymer,

which directly affects its physical characteristics such as its size and zeta potential.
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Figure 3-10 Transfection efficiency of DAB-PEG2k-PEG3.5k-Peptide2 dendriplex in PC-3
(A), DU145 (B) and LNCaP cells (C). Results were expressed as the mean + SEM of three
replicates (n=15). The data were analysed by one-way ANOVA; *: P< 0.05 versus the positive

control DAB-PEG.
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3.3.1.6. DAB-PEG2k-Peptided

Peptide4-bearing DAB-PEG was first examined by transfection assay to estimate the
improvement in the gene expression after using this new dendrimer as an indication for the
successful targeting to integrin receptors in prostate cancer cells. The new dendrimer showed
no improvement in transfecting the DNA in any of the cell lines and at any of the ratios
examined, compared with the positive controls DAB-PEG: DNA (20:1) and DAB: DNA (5:1),
indicating the failure of Peptide4 to improve the cellular uptake of this dendriplex. Another
control used in this assay was DAB-PEG: DNA (10:1). At that specific ratio, DAB-PEG2k-
Pep4 showed significantly enhanced transfection results than DAB-PEG in both PC-3 and
DU145 cell lines, yet both values were significantly lower than for the DAB: DNA control,
eliminating them from comparison because the main aim in using the targeted formulation was

to obtain higher uptake and transfection compared with the third generation DAB-Am16.
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Figure 3-11 Transfection efficiency of DAB-PEG2k-Peptide4 dendriplex in PC-3 (A), DU145
(B) and LNCaP cells (C). Results were expressed as the mean + SEM of three replicates (n=15).
The data were analysed by one-way ANOVA; *: P< 0.05 versus the positive control DAB-
PEG.
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3.3.2. Cellular uptake

3.3.2.1. Confocal microscopy

Confocal microscopy was used to qualitatively investigate the cellular uptake of the plasmid
DNA, labelled with the fluorescent dye (fluorescein-labelled DNA encoding [-galactosidase)
by the targeted cells after their complexation with DAB-Lf, DAB-Pep2 and the PEGylated

form of DAB-Pep2 (DAB-PEG2Kk-Pep2).

3.3.2.1.1. DAB-Lf

The DAB-Lf: DNA weight ratio selected for this study was 5:1 as was the optimal ratio in the
transfection assay, especially for PC-3 and DU 145 cells. Fluorescein-labelled DNA was found
to be diffused in the cell cytoplasm of PC-3 and DU145 cells after treatment, with less diffusion
for LNCaP cell line (Figure 3-12). PC-3 cells showed the most abundant DNA uptake. Cells
treated with unconjugated DAB complex also showed DNA uptake inside the cells, but with
less intensity compared with those treated with DAB-Lf dendriplex. In contrast, naked DNA

showed minimum fluorescence on the cytoplasm of all of the cell lines tested, as expected.
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Figure 3-12 Confocal microscopy images for the cellular uptake of fluorescein-labelled DNA
at a concentration of 2.5 ug/well, complexed with DAB-Lf, DAB or uncomplexed, after
incubation for 24 hours with PC-3, DU145 and LNCaP cells. Blue: nuclei stained with DAPI
(excitation: 405 nm laser line, bandwidth: 415-491 nm), green: fluorescein-labelled DNA
(excitation: 543 nm laser line, bandwidth: 550-620 nm), red: Alexa Fluor®647 probe
(excitation: 633 nm laser line, bandwidth: 650-690 nm) (Bar size 10 pm).
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3.3.2.1.2. DAB-Peptide?2

DAB-Pep2 at a dendrimer: DNA weight ratio of 2:1 was selected for this experiment as it was
the optimal ratio in the transfection study. For all the cell lines treated, green fluorescence
corresponding to the fluorescein-labelled DNA was distributed inside the cytoplasm and
around the membranes of cells that have been treated with DAB-Pep2 and DAB dendriplexes.
A stronger fluorescein intensity was seen in the cells treated with DAB-Pep2 dendriplex
compared with the positive control, DAB: DNA 5:1. In contrast, cells treated with naked DNA

showed no sign of cellular uptake in either cell line (Figure 3-13).

164



DNA DAB DAB-Pep2

Untreated

Figure 3-13 Confocal microscopy images for the cellular uptake of fluorescein-labelled DNA
at a concentration of 2.5 pg/well, complexed with DAB-Peptide2, DAB or uncomplexed, after
incubation for 24 hours with PC-3 and DU145 cells. Blue: nuclei stained with DAPI
(excitation: 405 nm laser line, bandwidth: 415-491 nm), green: fluorescein-labelled DNA
(excitation: 543 nm laser line, bandwidth: 550-620 nm), red: Alexa Fluor®647 probe
(excitation: 633 nm laser line, bandwidth: 650-690 nm) (Bar size 10 pm).
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3.3.2.1.3. DAB-PEG2k-Peptide2

DAB-PEG2k-Pep2 dendriplex at the weight ratio 20:1 was selected for in vitro experiments,
as it showed optimal transfection in the PSMA-positive control cells (LNCaP). The PC-3 cell
line was used in this experiment as a model for PSMA-negative cells. The cells were treated
with DAB-PEG2k-Pep2: DNA (20:1) and with DAB-PEG: DNA at the same ratio as positive
control and DNA only as negative control. In LNCaP cells, the images showed green
fluorescence being distributed inside the cytoplasm of the cells treated with DAB-PEG2k-Pep2
and DAB-Pep2, with more intense fluorescence in the cells treated with DAB-PEG2k-Pep2,
suggesting that Peptide2 had improved the cellular uptake of the dendriplex. In the PC-3 cell
line, the green fluorescence was found to be distributed inside the cytoplasm of the cells treated

with DAB-PEG2k-Pep2 and DAB-PEG.
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Figure 3-14 Confocal microscopy images for the cellular uptake of fluorescein-labelled DNA
at a concentration of 2.5 pg/well, complexed with DAB-PEG2k-Peptide2, DAB-PEG or
uncomplexed DNA, after incubation for 24 hours with PC-3, DU145 and LNCaP cells. Blue:
nuclei stained with DAPI (excitation: 405 nm laser line, bandwidth: 415-491 nm), green:
fluorescein-labelled DNA (excitation: 543 nm laser line, bandwidth: 550-620 nm), red: Alexa
Fluor®647 probe (excitation: 633 nm laser line, bandwidth: 650-690 nm) (Bar size 10 pm).
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3.3.2.2. Fluorescence-activated cell sorting (FACS)

Flow cytometry is a quantitative assay used to examine the cellular uptake of DNA by
measuring its fluorescence emission in different prostate cancer cell lines. The three cell lines
PC-3, DU145 and LNCaP resulted in significant high fluorescence intensity following
treatment with the DAB-Lf, DAB-Pep2 and DAB-PEG2k-Pep2 dendriplexes compared with
unmodified DAB dendriplex.

3.3.2.2.1. DAB-Lf

PC-3 cells showed the highest cellular uptake of the DAB-Lf dendriplex, with a mean of 9004.3
+ 241.1 a.u., which is twice as high as the fluorescence emission of the unconjugated DAB
dendriplex. Similarly, DU145 and LNCaP cells resulted in significant fluorescence emissions
after treatment with DAB-Lf dendriplex compared with the DAB dendriplexe, with rates of 1.6
and 1.5 times higher in fluorescence intensity respectively (Figure 3-15 and Figure 3-16).
Lactoferrin-bearing DAB dendriplex had a fluorescence mean of 5227+ 251 a.u. and 5535+
532 a.u. compared with the unconjugated DAB, with 3261+ 677 a.u. and 3671+ 120 a.u. for
the DU145 and LNCaP cell lines respectively. Uncomplexed DNA did not result in any cellular
uptake for all cell lines examined, indicating the failure of the DNA to be taken by cells without

the assistance of a carrier.
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Figure 3-15 Flow cytometry histograms showing fluorescence emission intensity as a
quantitative measurement of the cellular uptake of fluorescein-labelled DNA complexed with
DAB-Lf and DAB in A) PC-3, B) DU145 and C) LNCaP prostate cancer cell lines.
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Figure 3-16 Fluorescence emission intensity as a quantitative measurement of the cellular
uptake of fluorescein-labelled DNA complexed with various carriers in various prostate cancer
cell lines (PC-3, DU145 and LNCaP) (n=3). *: P< 0.05 versus the highest cellular uptake.
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3.3.2.2.2. DAB-Peptide?2

In the case of the DAB-Pep2 formulation, PC-3 and DU145 cell lines showed significant
increase in the uptake of fluorescein-labelled DNA compared with unmodified DAB (Figure
3-18). In PC-3 cells, DAB-Pep2 treatment resulted in a 1.54-fold increase in DNA uptake
compared with unmodified DAB, with total mean fluorescence of 15017 + 614 a.u. and 9776
+ 454 a.u. respectively. For DU145 cells, DAB-Pep2 dendriplex had a 2.54-fold increase in
uptake, with a fluorescence intensity of 12464 + 299 a.u. compared with 4909 + 135 a.u. for
DAB: DNA. On the other hand, there was no significant increase in the fluorescence intensity

between DAB-Pep2 and DAB dendriplexes in LNCaP cells.
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Figure 3-17 Flow cytometry histograms showing fluorescence emission intensity as a
quantitative measurement of the cellular uptake of fluorescein-labelled DNA complexed with
DAB-Peptide2 and DAB in A) PC-3, B) DU145 and C) LNCaP prostate cancer cell lines.
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Figure 3-18 Fluorescence emission intensity as a quantitative measurement of the cellular
uptake of fluorescein-labelled DNA complexed with DAB-Peptide2, DAB, or uncomplexed in
PC-3 (A), DU145 (B) and LNCaP (C) cell lines (n=3). *: P< 0.05 versus the highest cellular
uptake.
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3.3.2.2.3. DAB-PEG2K-Peptide2

In the PSMA-positive LNCaP cell line, DAB-PEG2k-Pep2 dendriplex showed a significant
improvement in cellular uptake, with a mean fluorescence intensity of 5045 + 242 a.u.
compared with 3695 + 237 a.u. for the same dendriplex without Peptide2 (DAB-PEG). DNA
only failed to show any cellular uptake, with a mean fluorescence value of 145.3 + 13.9 a.u.
PSMA-negative cell lines, PC-3 and DU145, responded to the treatment differently. In PC-3
cells, the uptake of fluorescein-labelled DNA complexed with DAB-PEG2k-Pep2 was
significantly lower than that of the DAB-PEG dendriplex, the respective fluorescence intensity
values being 3030 + 282 a.u. and 4608 + 266 a.u., whereas DU145 cells treated with DAB-
PEG2k-Pep2 showed a significant improvement in fluorescence intensity (5467 + 703 a.u.)

over DAB-PEG dendriplex (2605 + 695 a.u).

There was no significant difference in the percentage of cells successfully taking up by DAB-
PEG2k-Pep2 and DAB-PEG dendriplexes, yet, the intensity of the uptake was significantly

different as demonstrated above.
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Figure 3-19 Flow cytometry histograms showing fluorescence emission intensity as a
quantitative measurement of the cellular uptake of fluorescein-labelled DNA complexed with
DAB-PEG2k-Peptide2 or DAB-PEG in PC-3, DU145 and LNCaP prostate cancer cell lines.
The P2 gating area show the percentage of cells that took up each specific treatment in a total
of 10000 events.
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Figure 3-20 Fluorescence emission intensity as a quantitative measurement of the cellular
uptake of fluorescein-labelled DNA complexed with DAB-PEG2k-Peptide2, DAB-PEG, or
uncomplexed in PC-3 (A), DU145 (B) and LNCaP (C) (n=3). *: P< 0.05 versus the highest
cellular uptake.
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3.3.3. Mechanism of cellular uptake

3.3.3.1. DAB-Lf

DAB-Lf dendriplex was pre-treated with different cellular uptake inhibitors to investigate and
confirm the mechanism of dendriplex uptake by the cells. For the three cell lines examined,
pre-treating the cells with poly-L-lysine resulted in almost complete blocking of the uptake of
DAB-Lf dendriplex, while 80 uM of free lactoferrin resulted in approximately 60% inhibition
of the uptake of DAB-LT dendriplex compared with the positive control (DAB-Lf dendriplex).
Pre-treating the cells with different doses of phenylarsine oxide (Ph.O) resulted in cellular
uptake reduction of around 60% and 80% for the PC-3 cell line. In DU145 cells, the low dose
of Ph.O (10 uM) did not cause and uptake reduction whereas the higher dose (20 uM) leaded
to 30% reduction in DAB-Lf dendriplex cellular uptake. Similarly, pre-treating PC-3 cells with
5 and 10 pg/ml of filipin (Fil) showed similar percentage of cellular uptake reduction (70%).
In DU145 cells, the low dose of Fil did not cause any reduction in the cellular uptake, while 10
pa/ml Fil caused 90% reduction in the dendriplex uptake. On the other hand, colchicine pre-
treatment showed no sign of affecting the uptake of the dendriplex (Figure 3-21).

In the PC-3 and DU145 cell lines, 40 ug/ml of the cationic polymer poly-L-lysine resulted in
complete suppression of dendriplex uptake, with a mean fluorescence intensity of 239.6 + 8.83
a.u. and 93.66 + 6.43 a.u. respectively. These values were not significantly different from the
negative control samples (untreated cells). In LNCaP cells, 61.9% reduction in uptake was
recorded after pre-treating the cells with PLL, with a mean fluorescence of 473.6 + 19.1 a.u.
Pre-treatment with free lactoferrin resulted in more than 3-fold decrease in the uptake of DAB-
Lf dendriplex compared with the positive control, with a fluorescence intensity of 482.0 + 20.2
a.u. for PC-3 cell line, and more than 2.5-fold reduction compared with the positive control

showing mean values of 2120 + 44.3 a.u. and 497.0 + 39.5 a.u. for DU145 and LNCaP cells
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respectively. The result of Ph.O pretreatment (10 pM) was 51.8% inhibition of dendriplex
uptake, with a fluorescence intensity of 766.0 + 22.6 a.u., amounting to a two-fold lower uptake
by PC-3 cells. The same dose of Ph.O did not lead to such inhibition in DU145 and LNCaP
cells, it caused 1.2- and 1.3-fold reduction in the uptake with fluorescence intensity values of
4585 + 169 a.u. and 974.0 + 29.6 a.u. respectively. Increasing the dose of Ph.O to 20 uM cases
a significant reduction in the cellular uptake of the dendriplex by up to 4.7-fold and 1.7-fold
following treatment with DAB-Lf dendriplex in PC-3 and DU145 cell lines respectively.
Similarly, pre-treating the cells with 5 pg/ml Filipin produced a roughly 3.2-, 1.3- and 1.4-fold
reductions in uptake by PC-3 (597.0 + 13.4 a.u.), DU145 (4334 + 636 a.u.), and LNCaP cells
(910.0 + 104 a.u.). Higher dose of Fil (10 pg/ml) caused a significant improvement in DNA
uptake inhibition with 3.4-fold and 9-fold reduction in DNA uptake for PC-3 and DU145 cell

lines and fluorescence intensity values of 1082 + 66.7 a.u. and 380.7 + 36.9 a.u. respectively.
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Figure 3-21 Flow cytometry quantification of the cellular uptake of fluorescein-labelled DNA
complexed to DAB-Lf dendrimer in PC-3 (A), DU145 (B) and LNCaP (C) prostate cancer cell
lines after pre-treating them with different uptake inhibitors: free lactoferrin (Lf), phenylarsine
oxide (Ph.O), filipin (Fil), colchicine (Col) and poly-L-lysine (PLL) (n = 3), *: p < 0.05

compared with DAB-LT dendriplex without pre-treatment.
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Figure 3-22 Flow cytometry quantification of the cellular uptake of fluorescein-labelled DNA
complexed to DAB-Lf dendrimer in PC-3 (A)and DU145 (B) cells after pre-treating them with
phenylarsine oxide (Ph.0) 20 uM, and filipin (Fil) 10 pg/ml) (n = 3), *: p < 0.05 compared
with DAB-Lf dendriplex without pre-treatment.

A Free Lf 80uMm Phenylarsine oxide 10uM

Filipin Sug/ml Colchicine 10uM Poly-L-Lysine 40ug/ ml Untraatad
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B Free Lf 80uM Phenylarsine oxide 10uM

Filipin 5ug/ml Colchicine 10uM Poly-L-Lysine 40ug/ ml Untreated

C Free Lf 80uM Phenylarsine oxide 10uM

Filipin 5ug/ml Colchicine 10uM Poly-L-lysine 40ug/ ml Untreated

Figure 3-23 Confocal microscopy imaging of A) PC-3, B) DU145 and C) LNCaP cells,
showing the cellular uptake of fluorescein-labeled DNA (2.5 pg/well) complexed with DAB—
Lf, after pre-treatment with various cellular uptake inhibitors: poly-L-lysine (PLL),
phenylarsine oxide (Ph.O), filipin (Fil), colchicine (Col) and free lactoferrin (Lf) (B). Blue:
nuclei stained with DAPI (excitation: 365 nm, emission bandwidth: 435-485 nm), green:
fluorescein-labeled DNA (excitation: 470 nm, emission bandwidth: 515-555 nm), red: Alexa
Fluor®647 probes (excitation: 633 nm laser line, bandwidth: 650-690 nm) (Bar: 10 um).
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DAB-Lf dendriplex cellular uptake inhibition by several inhibitors of different apoptosis
pathways was qualitatively measured by confocal microscopy as well. In the PC-3 cell line,
after treatment with DAB-Lf dendriplex pretreated with poly-L-lysine and colchicine, the
confocal images showed a similar diffusion of the DNA around the cell membrane in
comparison with the positive control. The other blockers seemed to cause some degree of
uptake inhibition, as relatively minimal green fluorescence was detected in the cells compared
with the control. All of the data are consistent with the FACS experiment measurements, except
for poly-L-lysine, as cells pretreated with it showed no sign of uptake inhibition (Figure 3-23,
A).

In DU145 and LNCaP cells, pre-treating the cells with PLL, phenylarsine oxide, filipin and
free lactoferrin resulted in a decrease in fluorescein-labeled DNA uptake as indication for
uptake inhibition in comparison with the positive control. By contrast, there was no sign of
uptake inhibition in cells pre-treated with colchicine, as the fluorescence detected was almost
similar to the positive control (Figure 3-23, B and C).

It is important to note that due to the short incubation period (one hour), the fluorescence in
the cell lines (Figure 3-23), was quite minimal and accumulated in the cell membranes but not

inside the cytoplasm.
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3.3.3.2. DAB-PEG2k-Peptide2

DAB-PEG2k-Pep2 dendriplex cellular uptake inhibition by several inhibitors of different
apoptosis pathways was quantitatively measured by flow cytometery to investigate and confirm
the mechanism of the dendriplex uptake by the cells.

For the three cell lines examined, pretreating the cells with PLL resulted in more than 80%
blockage of DAB-PEG2Kk-Pep2 dendriplex uptake in the PSMA-negative cell lines PC-3 and
DU145, whereas it caused only 45% blockage of the uptake in the PSMA-positive cell line
LNCaP. Pretreating cells with 2.5 uM of Peptide2 resulted in around 50% decrease in the
uptake of Pep2 targeted dendriplex in all cell lines examined, with no significant difference
among them. Pretreating PSMA-negative cell lines PC-3 and DU145 with phenylarsine oxide
(Ph.O) 20 uM caused around 83% and 28% blockage in the dendriplex uptake respectively.
On the other hand, Ph.O caused no reduction in dendriplex uptake after treating PSMA-positive
cell line LNCaP. Filipin (10 pg) caused significant reduction in the cellular uptake of DAB-
PEG2k-Pep2 dendriplex with varied extent among cell lines. There was 44% inhibition of
uptake in PC-3 cells and 36.4% in LNCaP cells, while inhibition in DU145 cells was 84%.
Finally, pre-treating cells with colchicine resulted in around 60% reduction in the uptake of
PC-3 and DU145 cells, while it was 37% decrease in dendriplex uptake in LNCaP cells

compared with the positive control (DAB-PEG2k-Pep2 dendriplex without pretreatment).

In PC-3 and DU145 cell lines, all of the blockers examined caused significant and varied
reductions in the uptake of the dendriplex DAB-PEG2k-Pep2. In PC-3 cells, PLL and Ph.O
caused almost complete uptake inhibition, with mean fluorescence intensities of 346.6 £ 14.5
a.u. and 347.6 £ 28.8 a.u. respectively. The other three inhibitors used (Peptide2, filipin and
colchicine) reduced fluorescence intensity by 1.7-, 1.8- and 2.5-fold respectively, with values
of 1177 £ 39.4, 1148 + 85.7 and 816.0 = 93.2 a.u. respectively, compared with the positive

control value of 2047 + 209 a.u.
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In the DU145 cell line, PLL and filipin caused the most significant inhibition of uptake
compared with the other blockers used, with mean fluorescence intensity of 222.6 + 3.75 a.u.
and 507.3 + 47.8 a.u. respectively. Peptide2 and colchicine pretreatment resulted respectively
in 3- and 3.5-fold reductions in cellular uptake of the dendriplex, with mean values of 1029 +
415 a.u. and 881.0 = 123 a.u. Finally, pretreating DU145 with Ph.O caused a 1.3-fold
reduction in uptake, with a mean value of 2223 + 70.3 a.u., compared with 3090 + 387 a.u. for

the unblocked samples.

For the PSMA-positive cell line LNCaP, all of the blockers used resulted in a 40% to 50%
reduction in dendriplex uptake, except for Ph.O, which had no blockage effect. There was 2.16-
and 1.8-fold reductions in the dendriplex uptake after pre-treating LNCaP cells with Peptide2
and PLL, with mean fluorescence intensity of 839.3 + 44.4 a.u. and 997.6 + 80.4 a.u.
respectively. The other two blockers, filipin and colchicine, reduced the uptake by 1.57- and
1.58-fold with mean fluorescence intensity of 1154 + 17.6 a.u. and 1148 + 459 a.u.

respectively, compared with 1815 + 85.4 a.u. for unblocked samples.
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Figure 3-24 Flow cytometry quantification of the cellular uptake of fluorescein-labelled DNA
complexed to DAB-PEG2k-Peptide2 dendrimer in prostate cell lines PC-3 (A), DU145 (B) and
LNCaP (C) after pretreatment with uptake inhibitors: free Peptide2 (Pep2), phenylarsine oxide
(Ph.O), filipin (Fil), colchicine (Col) and poly-L-lysine (PLL) (n = 3), *: p < 0.05 compared
with untreated DAB-PEG2Kk-Pep2 dendriplex.
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3.3.4. Peptide2 binding affinity assay

The successful conjugation between FITC and Peptide2 was confirmed using MALDI-TOF
(Figure 3-25). The peak at m/z 1921.08 (z=1) corresponds to the compound FITC-Pep2 with
molar mass 1970. The difference between the actual and detected molar mass of FITC- Pep2
could be due to the loss of COOH group in leucine amino acid (46 m/z), which is a common

fragmentation pattern in amino acids and peptides during MALDI analysis (Gogichaeva et al.,
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Figure 3-25 MALDI-TOF spectrum of Peptide2 -FITC

All of the cell lines treated with different concentrations of Peptide2 showed different extents
of cellular uptake, with higher fluorescence than untreated cells. However, the PSMA-positive
LNCaP cells showed significant uptake of FITC-Pep2 compared with PSMA-negative PC-3
and DU145 cells at all concentrations examined, with a mean fluorescence intensity of 4808 +
545 a.u. for LNCaP cells, compared with 1912 + 90.3 a.u. and 1074 + 41.5 a.u. for PC-3 and
DU145 cells respectively at the same FITC-Pep2 concentration (100 pg/ml). Although PSMA-
negative cell lines showed some cellular uptake of FITC-Pep2, the uptake was significantly

lower than the one obtained in LNCaP cells.
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This assay also investigated the proportion of the cellular population that FITC-Pep2 binds to.
Almost half of the LNCaP cells were successfully bound to FITC-Pep2 after 15 minutes
incubation, whereas the cellular population percent reduced to 33.9% and 29.4% for the

PSMA-negative PC-3 and DU145 cells respectively (
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Figure 3-27).

These results provide strong evidence for the successful uptake of Peptide2 by the LNCaP cells
compared with PC-3 and DU145 cells, which showed some uptake but not to the same extent

as the PSMA-positive cells (Figure 3-26).
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Figure 3-26 Cellular uptake intensity of Peptide2 labelled with FITC in PC-3 (black), DU145
(grey) and LNCaP (white) cell lines (n=3) *: P< 0.05 compared with the fluorescence intensity
of the highest binding at the same concentration.
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Figure 3-27 Cellular uptake intensity histograms of Peptide2 labelled with FITC in PC-3,
DU145 and LNCaP cell lines. The P2 gate represents the percentage of cells with positive

FITC-Pep2 binding.
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3.3.5. Enzyme-linked immunosorbent assay

All the three cell lines examined successfully produced the cytokine of interest, mTNFa but
with various amounts following treatment with DAB-PEG2k-Pep2 dendrimer complexed with
DNA encoding mTNFa. After 12 hours of treating cells, the assay detected no TNFa protein
in any of the cell lines. PC-3 cells successfully produced some mTNFa cytokine after 24 hours
of treatment, whereas the amounts produced by LNCaP and DU145 cells were still

undetectable.

In the PSMA-positive LNCaP cell line, the cytokine began to be detectable after two days of
incubation and the quantity produced gradually increased until, after seven days of incubation,
there was a mean TNFa concentration of 162.6 + 15.4 pg/ml. Similarly, in DU145 cells, a
detectable amount of TNFa was measured after 48 h of incubation and this gradually increased
until Day 7, but at a mean concentration of 59.38 + 5.78 pg/ml, less than half of the LNCaP
value. Figure 3-28(A) shows that PC-3 cells started to transfect TNFa earlier than the other
cell lines, as noted above, and that the concentration was considerably higher than in the other
two lines throughout the period of incubation. It increased sharply until 48 h, when it plateaued
at a mean value of around 3.5 ng/ml for a further four days, before decreasing to roughly half

this value at Day 7.
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Figure 3-28 DAB-PEG2k-Peptide2 dendriplex-mediated transfection of TNFa after different
treatment periods in A) PC-3, B) DU145 and C) LNCaP cell lines, using ELISA as detection
method (n = 3).
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3.3.6. Tetrazolium reduction assay (MTT)

3.3.6.1. DAB-Lf

Lactoferrin-bearing DAB dendriplex significantly increased the in vitro anti-proliferation
effect of the therapeutic DNA (TNFa, TRAIL, or IL-12) in PC-3 and DU145 cells. In PC-3
cells, there was a 1.95-fold increase in the anti-proliferative effect in DAB-Lf dendriplex
compared with the unconjugated DAB, with an ICso of 9.97 + 1.38 ug/ml and 19.5 + 3.43
ug/ml for DNA encoding TNFa respectively (Figure 3-29). For DNA encoding TRAIL, there
was a 3.6-fold increase in the anti-proliferation effect of DAB-Lf upon DAB dendriplexes, at
15.6 + 3.61 pg/ml and 55.74 + 22.3 ug/ml respectively. The highest increase in the ratio
between DAB-Lf and unmodified DAB dendriplexes in the PC-3 cell line was for DNA
encoding IL-12, with an I1Cs of 10.8 + 2.71 pg/ml and 63.3 + 37.8 pug/ml for DAB-Lfand DAB
dendriplexes respectively, recording a 5.86-fold increase in therapeutic effect.

In the DU 145 cells, the treatment of DAB-Lf: TNFa resulted in a 13.2-fold stronger anti-
proliferation effect of the DAB-Lf to DAB dendriplexes, with an ICsq of 4.34 + 0.681 pg/ml
and 57.38 + 95.4 ug/ml respectively. The DNA encoding TRAIL showed a 5.6-fold increase
in its anti-proliferation activity after being complexed with DAB-Lf compared with DAB with
an ICso of 3.03 £ 0.69 ug/ml and 17.13 + 3.77 ug/ml respectively for DAB-Lf and DAB
dendriplexes. For the DNA encoding IL-12, 1.6-fold increase in the anti-proliferation between
DAB-Lf and DAB was detected with 3.79 + 0.97 ug/ml for DAB-Lf and 5.92 + 0.95 ug/ml for
unmodified DAB. LNCaP cell line data are still under analysis (Figure 3-30).

In LNCaP cells, the response of cells significantly fluctuated, making the initiation of dose
response curve complicated and the data obtained from these curves end to be inaccurate. This

is actually due to the nature of LNCaP cells that can easily become detached following the
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addition of the MTT solution. Therefore, some of the formazan may have disappeared during
medium removal.

Cytotoxicity tests were also performed on the DAB-Lf and DAB nano-carriers without
complexing the therapeutic DNA to determine whether the source of the anti-proliferation
effect was either the DNA or simply the toxicity of the designed nano-carrier. In all of the cell
lines examined, the modified dendrimer DAB-Lf and DAB were found to have 100% survival
rate and higher 1Cso values compared with their dendriplexes, indicating that any therapeutic
effect detected in DAB-Lf: DNA and DAB: DNA was from the internalization of the
therapeutic DNA inside the cells (

Table 3-2). These findings support our hypothesis that lactoferrin protein improves the
transfection of the gene inside the cells, and therefore improve the anti-proliferation effect of
the therapeutic gene. Thus, conjugation DAB dendrimer with Lf initiated a prominent gene

carrier to target prostate cancer.
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Figure 3-29 Anti-proliferative effect of DAB-Lf: DNA, DAB:DNA, DNA, DAB-Lf and DAB
in PC-3 cell line at different concentrations (0.05 to 200 ug/ml), using various therapeutic DNA
encoding A) TNF, B) TRAIL, C) IL-12. (Dark grey: DAB-Lf: DNA, grey: DAB: DNA, black:
DAB-LTf only, striped white: DAB only, white: DNA only) (n = 15).
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Figure 3-30 Anti-proliferative effect of DAB-Lf: DNA, DAB:DNA, DNA, DAB-Lf and DAB
in DU145 cell line at different concentrations (0.05 to 200 ug/ml), using various therapeutic
DNA encoding A) TNF, B) TRAIL, C) IL-12. (Dark grey: DAB-Lf: DNA, grey: DAB: DNA,
black: DAB-LT only, striped white: DAB only, white: DNA only) (n = 15).
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Figure 3-31. Anti-proliferative effect of DAB-Lf: DNA, DAB: DNA, DNA, DAB-Lfand DAB
in LNCaP cell line at different concentrations (0.05 to 200 pg/ml), using various therapeutic
DNA encoding A) TNF, B) TRAIL, C) IL-12. (Dark grey: DAB-Lf: DNA, grey: DAB: DNA,
black: DAB-LT only, striped white: DAB only, white: DNA only) (n = 15).
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Table 3-2 Anti-proliferative activity of DAB-Lf and DAB complexed with various therapeutic
DNA (TNFa, TRAIL or IL-12) and the cytotoxic effect of the dendrimers on PC-3, DU145

and LNCaP prostate cancer cell lines.

I Cso(pug/ml)
DAB-LTf:
o oo veu oo | ow

TNFoe  9.97+138 19.5+8.82 > 50 > 50
#O<h TRAIL 156+3.61 557224 > 50 > 50 n.d.
IL-12 108+2.71 63.3+37.8 > 50 > 50 n.d.
TNFa 434+068 574+951 > 50 > 50 n.d.
PISFLEN TRAIL  3.03+069 17.1+3.77 >50 >50 n.d.
IL-12 379+0.97 5.92+0.95 > 50 > 50 n.d.
TNFoe  31.8+715 40.8+2.64 > 50 > 50 n.d.
ENOEIE TRAIL  9.85+579 28.2 +46.6 > 50 > 50 n.d.
IL-12 7.04+ 2.68 - > 50 > 50 n.d.

e n.d. not determined
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3.3.6.2. DAB-Peptide2

A preliminary screening for the cytotoxicity of DAB-Pep2 dendrimer was examined in DU145
cell line, to test the safety of this dendrimer. The antiproliferative effect of DAB-Pep2 only and
of DAB-Pep2 complexed with DNA encoding TNFa was examined. The data showed that the
uncomplexed DAB-Pep2 dendrimer was 100% toxic at a concentration of 64 ug/ml, whereas
when it was complexed with DNA encoding TNFa (32ug/ml), the toxicity of the formulation
decreased at the same concentration (Figure 3-32). As the formulation is toxic, we cannot
estimate the improvement in the antiproliferative effect of TNFa and any therapeutic effect
would be due to the toxicity of the formulation, rather than to the improvement in delivering

the therapeutic DNA to induce apoptosis.

From the above data we can conclude that this formulation needs to be modified. The aim of
the modification would be to reduce its cytotoxic effect by lowering the zeta potential of the

formulation.
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Figure 3-32 Anti-proliferative effect of DAB-Peptide2: DNA (dark grey), and DAB-Peptide2
(white) in DU145 cell line at different concentrations (200 to 0.05 pg/ml), using therapeutic
DNA encoding TNF a (n = 15).
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3.3.6.3. DAB-PEG2k-Peptide2

The antiproliferative effect of DAB-PEG2k-Pep2 dendriplex was examined in the PSMA-
negative cell lines PC-3 and DU145 and in the PSMA-positive cell line LNCaP after

complexing it with DNA encoding TNFa or TRAIL as apoptosis-inducing cytokines.

Treating PC-3 cells with DAB-PEG2k-Pep2: DNA encoding TNFa dendriplex resulted in an
ICso Of 36.04 £+ 1.52 pg/ml, whereas the untargeted dendriplex DAB-PEG: TNFa had a more
effective anti-proliferative effect, with a lower 1Cso of 25.4 + 6.93 pg/ml. However,
uncomplexed polymers were found to have almost the same cytotoxic effect as the
dendriplexes. Thus, the therapeutic effect of DNA encoding TNFa is uncertain and cannot be
determined. This issue did not arise with the other therapeutic DNA, encoding TRAIL, as lower
ICso values were recorded: the ICso values of DAB-PEG2k-Pep2 and DAB-PEG complexed

with DNA encoding TRAIL were 17.1 £5.79 pg/ml and 13.4 £ 3.95 pg/ml respectively.
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Figure 3-33 Anti-proliferative effect of DAB-PEG2k-Peptide2: DNA, DAB-PEG: DNA,
DAB-PEG2k-Peptide2 only, and DNA in PC-3 cells at different concentrations (0.026 to 100
pg/ml), using various therapeutic DNAs encoding A) TNF and B) TRAIL. (Dark grey: DAB-
PEG2k-Pep2: DNA, grey: DAB-PEG: DNA, black: DAB-PEG2k-Pep2 only and white: DNA
only) (n = 15).
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Treating DU145 cells with DAB-PEG2k-Pep2: DNA encoding TNFa dendriplex resulted in
an I1Cso of 10.58 £ 10.37 pg/ml whereas the untargeted DAB-PEG dendrimer complexed with
DNA encoding TNFa showed ICso value of 6.79 + 4.22 pg/ml. Uncomplexed polymer was
toxic at the very high concentrations from 2 to 0.32 mg/ml then the toxicity of the polymer
diminished completely. Thus, the therapeutic impact of the dendriplex at the DNA
concentrations from 6.4 pg/ml and lower is due to the impact of the DNA used. In both
examined DNA, non-targeted dendriplex (DAB-PEG: DNA) showed superior anti-
proliferative effect compared with the targeted formulation (DAB-PEG2k-Pep2: DNA) in both

DNA encoding TNFo and TRAIL (Table 3-3, Figure 3-34).
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Figure 3-34 Anti-proliferative effect of DAB-PEG2k-Peptide2: DNA, DAB-PEG: DNA,
DAB-PEG2k-Peptide2 only, and DNA in DU145 cells at different concentrations (0.026 to
100 pg/ml), using various therapeutic DNAs encoding A) TNF and B) TRAIL. (Dark grey:
DAB-PEG2k-Pep2: DNA, grey: DAB-PEG: DNA, black: DAB-PEG2k-Pep2 only and white:
DNA only) (n = 15).
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Treating the positive control LNCaP cells with DAB-PEG2k-Pep2 dendrimer complexed with
DNA encoding TNFa dendriplex resulted in an ICso of 4.76 £ 2.66 pg/ml, whereas the
untargeted dendriplex DAB-PEG: TNFa had a significantly higher ICso value of 14.03 + 25.96
pag/ml. DAB-PEG2k-Pep2 dendrimer alone was not toxic at the same concentration. Treating
LNCaP cells with DNA encoding TRAIL complexed with DAB-PEG2k-Pep?2 resulted in an
improvment in the anti-proliferation compared with non-targeted dendriplex. However, at
higher DNA concentrations, DAB-PEG2k-Pep2: DNA encoding TRAIL dendriplex recorded
a significantly stronger antiproliferative effect than the non-targeted dendriplex and the

dendrimer only (Figure 3-35) at concentrations from 100 to 6.4 pg/ml.
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Figure 3-35 Anti-proliferative effect of DAB-PEG2k-Peptide2: DNA, DAB-PEG: DNA,
DAB-PEG2k-Peptide2 only and DNA in LNCaP cells at different concentrations (0.026 to 100
pg/ml), using various therapeutic DNAs encoding A) TNF and B) TRAIL. (Dark grey: DAB-
PEG2k-Pep2: DNA, grey: DAB-PEG: DNA, black: DAB-PEG2k-Pep2 only and white: DNA
only) (n =15).
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Table 3-3 Anti-proliferative activity of DAB-PEG2k-Pep2 and DAB-PEG complexed with

various therapeutic DNA (TNFa or TRAIL) and the cytotoxic effect of DAB-PEG2k-Pep?2

dendrimer on PC-3, DU145 and LNCaP prostate cancer cell lines.

I1Cso0 (g/ml)
DAB-PEG2k- DAB- DAB-PEG2k-
oo | reoon "o | o

TNFa 6.905 + 1.36 >12
He< TRAIL 9.93+13.6 3.87+1.39 >12 n.d.
TNFa 10.58 + 10.37 6.79 £ 4.22 >12 n.d.
TRAIL  10.97 £8.36 n.d. >12 n.d.
TNFa 4,76 £ 2.66 14.03 £ 25.96 > 30 n.d.
HNCaR TRAIL 142+0.854 1.48+0.929 > 30 n.d.

e n.d. not determined
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3.4. Discussion

Prostate cancer is one of the most common cancer types in men and causes hundreds of
thousands of deaths annually worldwide. The high mortality rate of this disease could be due
to the scarcity of efficient treatment options, as most of the common treatments are either
inefficient in the late stages of the disease and/or associated with undesirable side effects. Gene
therapy is one of the rising treatment approaches that is expected to show prominent therapeutic
benefits (Lu, 2009). However, the success of this approach relies on the safe delivery of
therapeutic genes to the cancer site. Genes usually undergo degradation by serum nuclease
enzymes immediately after intravenous administration, reducing the extent of delivery to the
target site. The essential purpose of using gene carriers is to protect the plasmid from such
degradation.

The previous chapter discussed the different types of gene carrier that might be used; the one
selected for this study was diaminobutyric polypropylenimine hexadecaamine (DAB-Am16),
modified with three alternative targeting ligands: lactoferrin, PSMA-binding peptide
(Peptide2), and integrin-binding peptide (Peptide4). We successfully synthesised DAB-LT,
DAB-Pep2, DAB-PEG2k-Pep2 and DAB-PEG2k-Pep4 as novel non-viral gene carriers having
a strong tendency to condense the DNA with persistent stability. Thereafter, testing these
carriers for their capability and efficiency in targeting prostate cancer cells is vital to
demonstrate the improvement in targeting of these dendrimers after modification.

Examining the efficacy of these carriers in vitro will result in various benefits in understanding
the extent of prostate cancer targeting and the level of gene transfection improvement before
moving forward to in vivo studies. In a tumour microenvironment, genes are expected to be
hindered by assorted barriers that reduce transfection efficiency. The gene internalization
process could be one of the main factors reducing the probability of gene therapy success. The

similarity in the negative charge between the cell membrane and the DNA molecule generates
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a repulsive force which prevents the DNA from diffusing through the cell membrane. Using
the cationic dendrimer DAB as gene carrier has previously been found to improve the uptake
of DNA by the cells (Dufes et al., 2005); however, its transfection efficacy is still lower than
that obtained by using viral carriers (Thomas et al., 2003).

After successful internalization, dendriplexes tend to cluster inside the cytoplasm, as they will
be trapped in an endosome where they are exposed to a mildly acidic (pH 6), enzyme-rich
environment with low calcium concentration. Most ligands usually dissociate at that stage and
the DNA carried is expected to be hydrolysed as well (Mellman and Yarden, 2013; Blanco et
al., 2015). Using the cationic dendrimer polypropylenimine (DAB) as gene carrier in this study
has a very important impact in overcoming this endosomal degradation. Most of the amine
groups in the dendrimer have pKa values around 10, so they become ionized inside the
endosome because of its pH. Thus, the high density of amine groups in these molecules causes
a sharp increase in the demand for protons inside the endosome, leading to its expansion and
hydrolysis, and the escape of dendriplex (proton sponge effect) (Pérez-Martinez et al., 2011;
McCrudden and McCarthy, 2013). However, even after the successful endosomal escape, the
surviving DNA molecules are subjected to hydrolysis by the cytoplasmic nucleases unless they
pass through the nuclear envelope. The most common processes by which DNA successfully
reaches the nucleus are either pore permeabilization, which is applicable to particles smaller
than 70 kDa, or during cell division, where the nuclear membrane lyses, allowing the genetic
materials to fuse inside the newly generated nucleus, which is the process most commonly
expected to occur with cancer cells (Pérez-Martinez et al., 2011; McCrudden and McCarthy,
2013).

Using lactoferrin, Peptide2 and Peptide4 as targeting ligands in the synthesis of the novel gene
carriers DAB-Lf, DAB-PEG2k-Pep2 and DAB-PEG2k-Pep4 is expected to have a positive

impact in ameliorating the in vitro efficacy of the delivered gene of interest. The positive
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impact should involve improvement in cellular uptake as well as transfection efficiency.
Cellular uptake is expected to occur through receptor-mediated endocytosis that arises due to
the use of the targeting ligands lactoferrin, Peptide2 and Peptide4, whose receptors are
overexpressed in various prostate cancer cells. Furthermore, the enhancement in the
transfection capability of the formulated dendriplex is an indication of a successful cellular
uptake, followed by efficient endosomal escape of the dendriplex and finally the effective
passage of the plasmid inside the nucleus. Transfection efficiency assay is a good technique to
evaluate the improvement associated with the ligands used, since the dendriplex will pass the
three most common cellular obstacles mentioned above before expressing the protein encoded
by the carried gene. Therefore, efficient transfection data indicate the success of the designed
dendrimers in overcoming these cellular barriers.

For the first formulation DAB-LT, the in vitro treatment with DAB-LT dendriplexes resulted in
increased DNA transfection compared with unconjugated DAB in all examined cell lines. The
DAB-Lf: DNA weight ratio which resulted in optimum uptake were both 10:1 and 5:1 for the
cell lines PC-3 and DU145 while it was 20:1 for LNCaP cells. However, the dendriplex with a
weight ratio of 5:1 was chosen for further in vitro and in vivo experiments. The two weight
ratios 10:1 and 5:1 had nearly identical positive potential and particle sizes. The similarity in
particle size is due to the fact that both ratios were completely able to condense 80% of the
DNA as being fined in PicoGreen® assay. Therefore, the lower ratio was selected for the
upcoming experiments to overcome any possible toxicity that could arise in the future from
using higher ratios.

The use of lactoferrin as a targeting ligand for various organs of the body has been examined
in previous publications; however, none has reported the use of Lf to target prostate cancer
tissues until recently when Shankaranarayanan (2016) published an article discussing the

improvement in the doxorubicin therapeutic effect after conjugating it with lactoferrin to treat
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metastatic prostate cancer. The LCso of doxorubicin was decreased four-fold after conjugating
it with Lf in DU145 cell line. This article demonstrated the efficacy of Lf as a targeting ligand
to prostate cancer cells which supports the original hypothesis of our study. Similarly, DAB-
Lf: DNA dendriplex at the weight ratio of 2:1 was examined with different cancer cell lines to
test its effect in gene expression. At best, expression was 1.4 times higher than for unconjugated
DAB (Lim et al., 2015). This is less than the value obtained in this study with prostate cancer
cells, especially PC-3 cells. In a comparison between our results with previous study obtained
by the group, the iron binding protein transferrin was used as ligand conjugated to DAB to
target prostate cancer (Al Robaian et al., 2014). DNA transfection showed 1.3-fold higher in
transfection efficacy compared with DAB dendriplex in PC-3 cells which is much less than the
data obtained in this study with an improvement in the transfection by 2.7-fold for the same
cell line compared with the unconjugated DAB dendriplex.

Cellular uptake experiments demonstrated the capability of DAB-LT in increasing the cellular
uptake of the DNA qualitatively and quantitatively using confocal microscopy and flow
cytometry. The data obtained demonstrated the superiority of DAB-Lf in improving the uptake
of the condensed DNA over untargeted DAB in PC-3 and DU 145 cell lines with minimum
effect on LNCaP cells. These data are in line with the flow cytometer finding of Wei and
colleagues (2012) who found that the uptake of liposomes modified with Lf significantly
enhanced by more than double compared with unmodified liposomes in hepatocellular
carcinoma. The findings are also compatible with the results obtained by Lim and colleagues
(2015), demonstrating the ability of lactoferrin to improve the targeting capability of the
dendriplex to different cancer cell lines (A431, B16-F10 and T98G), However, this report is
the only one of its kind so far to demonstrate the effect of lactoferrin on targeting different

prostate cancer cell lines, as the in vitro results show.

208



Investigating the cellular uptake mechanism of DAB-Lf dendriplex is an important manifesting
step to prove that conjugating the targeting ligand lactoferrin is the reason for the improvement
in the cellular uptake of this dendriplex through detecting the main uptake pathway. It should
also shed light on the potential uptake mechanisms beside LfRs.

In DAB-Lf dendriplex, free lactoferrin was used to block Lf receptors, it resulted in
approximately 70% blockage in the uptake of the dendriplex in all cell lines examined. This
effect could be due to the competitive tendency between the free Lf and DAB-Lf dendriplex
towards LfRs, supporting the original hypothesis that Lf conjugation could improve the uptake
of the therapeutic DNA complexed with it. This result is in line with previous publications
examining the effect of free Lf on the uptake of modified nanomedicines in various cancer cell
lines (Huang et al., 2009; Chen et al., 2010; Lim et al., 2015). Building over these previous
studies, 80 uM of free Lf was selected in this study which is lower than the highest
concentration used in Chen study.

Phenylarsine oxide and filipin are common inhibitors of clathrin- mediated endocytosis (CME)
and clathrin- independent endocytosis (CIE) respectively. Two different doses were selected
for each blocker (10 and 20 uM for Ph.O) and (5 and 10 pg/ml for Fil). The low doses of Ph.O
and Fil were used before to block these pathways in normal cell lines (Huang et al., 2008).
Therefore, the reduction in the cellular uptake obtained from using these low doses might not
be sufficient to induce clear blockage effect in case of cancer cells because most of the
receptors become overexpressed in cancer cells for up to 200-fold, which is the case with
transferrin receptors (TfRs). Therefore, Ph.O and Fil doses have been increased up to the
double based on previous studies using these doses with cancer cell lines (Ivanov et al., 2004;
Yumoto et al., 2006; Chen et al., 2010). It has been found that blocking these pathways resulted
in a significant decrease in the uptake of DAB-Lf dendriplex in all the examined cell lines.

Clathrin- mediated endocytosis is the pathway responsible for the uptake of most protein
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ligands (Grant and Sato, 2006). Therefore, it was expected that some reduction in the uptake
of Lf-bearing DAB dendriplex would be detected after the blocking of this pathway. Previous
study by Jiang and colleagues (2011) demonstrated that Lf internalized colorectal cancer cells
via clathrin- mediated endocytosis. Caveolae- dependent endocytosis pathway blockage by
filipin resulted as well in significant reduction in the DAB-LT dendriplex uptake indicating the
diversity in the cellular uptake of the dendriplex designed.

All cell lines examined showed almost complete blockage in the cellular uptake after
pretreatment with poly-L-lysine as an inhibitor of ionic uptake. The presence in excess of lysine
in this polymer (zeta potential 50 mV) makes its cellular upake superior to that of other types
of cationic polymer due to the electrostatic interaction between PLL and cell membranes (Chen
et al., 2010). As DAB-LT dendriplex is cationic as well (zeta potential 20 mV), poly-L-lysine
pretreatment could hinders the DAB-Lf dendriplex from approaching the cell membrane due
to the charge repulsive force between PLL and DAB-Lf dendriplex. This finding highlights the
possible contribution of the positive charges on DAB-Lf dendriplex in its uptake by prostate
cancer cells.

Several published studies have examined the mechanisms of lactoferrin uptake in various
normal and cancerous cell lines (Huang et al., 2009; Chen et al., 2010; Jiang et al., 2011; Lim
et al., 2015; Somani et al., 2015). However, no previous work has discussed lactoferrin uptake
mechanisms in prostate cancer cells. Jiang and colleagues (2011) examined the different
endocytosis pathways for lactoferrin protein and the results of the present experiment are
consistent with their findings, except in the case of filipin, where they report no sign of uptake
inhibition, in contrast to the present finding of an approximately 2-fold reduction in uptake
which could be due to the size of DAB-Lf dendriplex as it is lower than 100 nm.

One of the major techniques used in gene therapy is the induction of controlled cell death

(apoptosis) by aiding the cancerous cells to express the cytokines required for this normal
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physiological process. Cytokine expression occurs after the successful delivery and
transfection of the plasmid DNA encoding these cytokines to the cells and nucleus respectively.
Three different cytokines (TNFa, TRAIL and IL-12) were selected in this study for their well-
known effect in inducing apoptosis (Chopra et al., 2004; Aldawsari et al., 2011).
Lactoferrin-bearing DAB dendriplex encoding a therapeutic DNA was found to increase the in
vitro anti-proliferative activity of the dendriplex in the three cell lines tested; significantly
lower 1Cso values were recorded compared with unmodified DAB. From a comparison of the
ICso values of DNA complexed by DAB-Lf and DAB dendriplexes, we can deduce that these
findings are correlated with the improvement in DNA transfection provided by the modified
carrier DAB-Lf. More importantly, the cytotoxicity data of DAB-Lf and DAB dendriplex
demonstrate that the therapeutic effect obtained is due to the successful delivery of the
therapeutic genes, as the dendrimers showed minimum cytotoxic effect. A previous study by
the same group also found Lf-bearing DAB dendriplex encoding TNFa to improve the anti-
proliferation activity in different cancer cell lines (A431, B16-F10 and T98G) compared with
unmodified DAB dendriplex (Lim et al., 2015).

A recent study by Shankaranarayanan and colleagues (2016) investigated the efficacy of
lactoferrin in improving the targeting capability of the drug doxorubicin after conjugating it
with lactoferrin. Use of this formulation in prostate cancer cells was found to lead to 4-fold
reduction in the anti-proliferative efficacy of Lf- doxorubicin compared with free doxorubicin
in DU145 cell line. This article is the only one so far reporting an investigation of the efficiency
of Lf as a targeting ligand to prostate cancer cells. Its data are in line with the data obtained in
our laboratory, as we recorded a reduction in the 1Csg value by up to 13-fold in the same cell
line after conjugating Lf with DAB.

PSMA has been found to be extensively expressed in prostate cancer tissues compared with

normal ones, with a remarkable increase in its expression as the disease progresses (Wright et
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al., 1995; Silver et al., 1997; Kinoshita et al., 2006). This makes PSMA a possible substantial
element in targeting prostate cancer. Peptide2 with the amino acid sequence
WQPDTAHHWATL was first identified by Aggarwal et al. (2006) as a targeting ligand for
the extracellular domain of PSMA. The use of Peptide2 as a targeting ligand for PSMA in vitro
IS expected to cause some improvement in the targeting capability of the dendriplex.

The optimum transfection efficacy of the DAB-Pep2 dendriplex was found to be at the weight
ratios 5:1 and 2:1 in the PC-3 and DU145 cell lines respectively, whereas it was 10:1 in the
PSMA-positive cell line LNCaP. The 2:1 ratio was selected for use in further in vitro and in
vivo studies, resulting in a 1.3- and 1.8-fold improvement in 3-galactosidase expression for PC-
3 and DU145 cells respectively, compared with unmodified DAB. There is no previous report

of the use of Peptide2 as targeting ligand for a gene carrier to compare the data with.

The LNCaP cell line did not respond very well to the previously mentioned transfection
protocol, although it responded normally in the other cellular uptake experiments. This could
be due to the nature of LNCaP cells. They are adherent cells, but with weak attachment to the
surface of tissue culture plates and a tendency to grow in aggregates. This would negatively
affect the accuracy of the transfection and anti-proliferation assays in particular, as these were
performed in this study using 96-well plates, which resulted in the process of changing the
medium during the treatment and analysis steps being associated with some loss of cells, thus
introducing some inaccuracy in the data obtained. In order to overcome this obstacle, we pre-
coated the plates with poly-L-lysine before seeding the cells, following the procedure described
in Liberio et al (2014). 96-well plates were pre-coated with 50 pl per well of PLL solution at a
concentration of 6.4 pg/ml diluted in distilled water. The plates were incubated overnight at 37
°C, then washed once with 200 pl per well of PBS and used directly for LNCaP cell seeding.
This procedure was adopted in all transfection and MTT experiments conducted on the

PEGylated forms of DAB-Pep2 dendriplexes and DAB-PEG2k-Pep4 on LNCaP cells only.
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The qualitative images obtained with 2:1 DAB-Pep2 dendriplex demonstrated significant
improvement in DNA uptake in the PC-3 and DU145 cell lines. This was supported
quantitatively by flow cytometry, which showed up to a 2.5-fold increase in dendriplex uptake
in DU145. This therapeutic effect could be due to the improvement in the endocytosis of the

modified DAB-Pep?2.

The PC-3 and DU145 cell lines are well known in the literature to be PSMA-negative (Ghosh
et al., 2005), questioning the source of such an improvement in transfection and cellular uptake
after treating them with DAB-Pep2 dendriplex. There are two possible explanations. Firstly,
some papers have noted some non-specificity in the targeting tendency of Peptide2 monomer
(WQPDTAHHWATL) toward PSMA compared with its dimer and trimer (Kim et al., 2013;
Pu et al., 2016), which could have some impact in this formulation. The other factor expected
to cause the strong impact on cellular uptake is the high zeta potential of the DAB-Pep2
dendriplex, with a mean of 35 mV. Because this study measures the improvement in targeting
tendency of the DAB-Pep2 dendriplex by comparing it with the non-targeted dendriplex DAB
(5:1) as a positive control and because DAB (5:1) dendriplex has a lower zeta potential (25
mV), some improvement in uptake and transfection with DAB-Pep2 dendriplex is to be
expected in all cell lines, even the PSMA-negative one, making the comparison inapplicable
in these tests, since the higher potential will result in better uptake regardless of the impact of

the targeting ligand.

Furthermore, PSMA expression has been found to be directly proportional to the progression
of prostate cancer and the development of androgen-independent cell lines, yet some androgen-
independent metastatic cell lines such as PC-3 and DU145 cells have not been described yet to
express PSMA in their cell membrane. Numerous researchers have used these cells as models
of PSMA-negative and their experiments have yielded reasonable data showing the inability

of their PSMA targeted formulations to bind significantly to these cells (Chang et al., 1999;
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Ghosh et al., 2005), whereas other studies have proven the existence of PSMA mRNA and
protein forms in these cells by using stimulants such as growth factors and estradiol (Laidler et
al., 2005). Another study actually elucidates the existence of PSMA in these cells but with low
expression in comparison with LNCaP cells (Regino et al., 2009). PSMA expression has also
been detected in metastasised tumours in bone, indicating the existence of PSMA in these cells
originally (Wright et al., 1995; Silver et al., 1997). Therefore, the reduction in the expression
of PSMA in PC-3 and DU145 may be caused by changes in the cells’ environment, such as the
disappearance of hormones, whereas the metastasised form of the tumours still contains PSMA,

as mentioned in several studies (Wright et al., 1995; Silver et al., 1997; Kinoshita et al., 2006).

It has been demonstrated previously that a high zeta potential is associated with high
cytotoxicity of nanoparticles (Shao et al., 2015). Therefore, the therapeutic effect of the DAB-
Pep2 dendriplex is believed to be associated with some level of toxicity. A preliminary
cytotoxicity experiment was conducted to examine the safety of using DAB-Pep2 dendrimer
and its dendriplex in high doses in the PSMA-negative DU145 cell line. The dendrimer was
found to be cytotoxic even at low concentrations, which would block any therapeutic effect to

be obtained from the therapeutic DNA (TNFa).

At that stage of the research, it was important to investigate the efficacy of Peptide2 as targeting
ligand to PSMA especially after the significant improvement in DAB-Pep2 uptake the PSMA-
negative PC-3 and DU145 cell lines. Therefore, binding affinity assay of Peptide2 to all
prostate cancer cell lines was performed using flow cytometry as the quantitative method.
There was a significant difference in the binding affinity of FITC-Pep2 between LNCaP, PC-
3 and DU145 cells, whereby Peptide2 was shown to have a superiority in binding to LNCaP
cells by more than two-fold over PC-3 cells and 4.4-fold over DU145 cells. This finding
demonstrates the binding favorability of Peptide2 to PSMA-positive cell line. PSMA-negative

cells also showed some level of uptake for Peptide2, which could be due to its chemical
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composition as basic peptide, which might facilitate its direct penetration in the cell membrane
regardless of the existence of PSMA in its cell membrane (Madani et al., 2011). Pu et al (2016)
had highlighted the possible non-specificity of WQPDTAHHWATL as a monomeric peptide
compared with its trimeric version. However, the finding in his assay demonstrate significant

binding of this peptide to PSMA-positive cells.

For the purpose of reducing the cytotoxic effect of DAB-Pep2 dendrimer and improving the
physical and chemical properties of its dendriplex, various PEG molecules were conjugated
with DAB-Pep2. Several studies have conjugated PEG molecules with dendrimers to obtain
improved formulations with lower cytotoxicity, especially with the highest generations of
dendrimers (Hashemi et al., 2015).

The measurement of the physical characteristics of these dendriplexes is reported in Chapter 2.
Generally, PEGylating DAB-Pep2 resulted in the formation of almost similar sized
dendriplexes with lower but efficient DNA condensation capability and significantly lower zeta
potential. Introducing PEG molecules to DAB-Pep2 is believed to reduce the cytotoxicity of
this polymer. However, this is not the only factor needed to be monitored in gene carriers; the
optimal factor in judging the effectiveness of any gene carrier is its ability in efficiently carry
the DNA of interest inside the cells, then improve its endosomal escape and release of the DNA
inside the nucleus. For this purpose, all the PEGylated polymers targeted with Peptide2 (PEG-
DA-Pep2, DAB-PEG3.5k-Pep2 and DAB-PEG2k-PEG3.5k-Pep2) were first screened for their
transfection ability. Based on the results obtained, one of the formulations was selected for

further in vitro investigation.

The transfection results did not follow the same pattern for all three PEGylated polymers of
DAB-Pep2, highlighting the effect of PEG size and ratio on the properties of the dendriplex
formed. DAB-PEG2Kk-Pep2 showed significant improvement in the transfection efficacy of

LNCaP cells only, whereas the other cell lines showed no significant change in transfection
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ability compared with the positive control of PEGylated DAB with no targeting ligand. DAB-
PEG2000 (20:1) was selected as positive control at this stage of the study for the purpose of
creating a similarity between the control and the polymer of interest, both being conjugated
with an equivalent quantity of PEG molecules. Thus, comparing the DAB-PEG2k-Pep2 and
DAB-PEG transfection results could specifically elucidate any impact of Peptide2 on

transfection.

In light of the findings reported in Chapter two and the transfection results, DAB-PEG2k-Pep?2
was selected as the optimal modified polymer for targeting PSMA in this study. Further in vitro
assays were conducted with this polymer at 20:1 as the optimal weight ratio obtained from the

transfection results.

The transfection efficacy of DAB-PEG2k-Pep2 dendriplex was also examined by enzyme-
linked immunosorbent assay. The successful transfection of plasmid DNA encoding mTNFa.
as therapeutic DNA was assessed by ELISA for the three cell lines, which expressed variable
amounts of mTNFa cytokine. PC-3 cells were found to produce a much higher concentration
of TNFa than the other two cell lines, while the value for LNCaP cells was almost double that
of DU145 cells. The results of this assay are in line with the findings of the f-galactosidase
transfection assay, that PC-3 cells tended to produce significantly larger amounts of [3-
galactosidase than did the other cell lines. The variation in expression between the cell lines
might not be linked to the binding favourability of the dendriplex to a specific cell line, but
instead to the metabolic states of the cell lines. Each of the three lines of cells selected for this
study represents a different metastatic region of prostate cancer, with differences in their
receptors expression, invasive aggressiveness and growth rates. PC-3 cells are rapidly
proliferating and fast growing (they duplicate in vitro after 33 h) with a strong invasive
tendency compared with DU145 and LNCaP cells, explaining the high transfection abilities of

this cell line, since actively growing cells facilitate the passage of the DNA to the nucleus
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which lead to more production of the protein encoded by this DNA (Tai et al., 2011;

Cunningham and You, 2015).

Although the standard ONPG transfection assay confirmed the successful transfection of
plasmid encoding [-galactosidase and the production of [B-galactosidase enzyme, which
converts the colourless ONPG to the yellow o-nitrophenol, it remains an indirect way of
measuring transfection. On the other hand, ELISA method was used to directly assess the
production of the cytokine of interest through its direct binding to the antibody, giving an
accurate evaluation of the amount produced. Furthermore, TNFa transfection assay helped in
estimating the time required for the dendriplex to be taken up by the cells and to produce the
cytokine of interest. This was achieved by subjecting the cells to various incubation periods
after treatment. Overall, 48 to 72 hours of treatment seem ideal for the DAB-PEG2k-Pep2

dendriplex to produce TNFa cytokine.

Qualitative and quantitative studies of the cellular uptake abilities of the dendriplex formed by
complexing FITC-labelled DNA with DAB-PEG2k-Pep2 were conducted using LNCaP cells
as PSMA-positive cells and PC-3 and DU145 cdlls as PSMA-negative cell lines. Both assays
revealed a binding favourability of DAB-PEG2k-Pep2 to LNCaP cells over the other cells.
This was supported by Peptide2 binding affinity studies. PC-3 cells were found to respond
significantly to the untargeted DAB-PEG over DAB-PEG2k-Pep2 at the same weight ratio
(20:1). This may be a demonstration of the ability of the DAB-PEG2k-Pep2 dendriplex to
actively target PSMA-positive cells but not PSMA-negative ones. However, DU145 cells did
not follow the same pattern, showing a superiority for the uptake of DAB-PEG2k-Pep2

dendriplex despite being PSMA-negative.

Although cellular uptake experiments would show the preference of the nanoparticle to bind
to a specific cell line, this may not be exactly reflected by the transfection results. Cellular

uptake experiments reflect only the first in vitro stage, which is the extent of uptake of the
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targeted dendriplex by a specific cell line, whereas the extent of transfection in each cell line
depends partly on cellular uptake as well as on other factors such as lysosomal escape and
metabolic activity, which will vary among cell lines (Singh et al., 2012; Cunningham and You,
2015). This variation complicates any comparison between prostate cancer cell lines. For
example, in the case of the DAB-PEG2k-Pep2 dendriplex, LNCaP cells were proven to have
superior binding affinity to the dendriplex compared with PC-3 cells, yet the cytokine
concentration produced after TNFa transfection was significantly higher in the PC-3 cells

because they are more strongly proliferating than LNCaP cells (Cunningham and You, 2015).

Establishing the cellular uptake mechanism of DAB-PEG2k-Pep2 dendriplex is an important
step towards confirming that conjugating Peptide2 would result in an improvement in the
cellular uptake in PSMA-positive cells. PSMA has been reported to undergo uptake via
receptor-mediated endocytosis through clathrin-mediated endocytosis (Goodman et al., 2007).
In addition, this assay would highlight the potential and multiple possible uptake mechanisms
of the PEGylated dendriplexes beside the PSMA endocytosis pathway. Blocking different
cellular endocytosis pathways in the cells before treating them with DAB-PEG2k-Pep2
dendriplex, followed by quantitatively measuring the extent of dendriplex uptake, would

provide insight into the uptake pathways.

Free Peptide2 was used in this study as a blocker for the receptors PSMA. It was used earlier
by Aggarwal et al. (2006) to inhibit the enzymatic activity of PSMA, which occurs as a result
of the binding of this peptide to PSMA. The binding favourability of this peptide to LNCaP
cells was confirmed earlier in the present work, by means of a binding affinity study. It was
found that pretreating the cells with Peptide2 resulted in around 50% reduction in the uptake
of DAB-PEG2k-Pep2 in both PSMA-positive and PSMA-negative cell lines. This finding does

not support the original hypothesis that Peptide2 would show some superiority in blocking
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LNCaP compared with the other cell lines; there are a number of possible reasons for this

effect.

Aggarwal et al. (2006) examined the inhibitory effect of Peptide2 on the enzymatic activity of
PSMA by incubating different concentrations of Peptide2 with PSMA for 30 minutes, followed
by the addition of N-acetyl-aspartyl-glutamate and incubation for 15 minutes. When the
tendency of the Peptide2 to inhibit the formation of glutamate carboxypeptidase Il was
quantified, it was found to have an 1Csg of 23 uM, which is much higher than the concentration
used in our study (2.5 uM). A concentration of 2.5 uM had a limited inhibitory effect in the
Aggarwal study, but we were unable to test higher concentrations because we had limited
access to Peptide2. Therefore, one explanation for the insignificance of the differences detected
between the cells lines after pretreatment with Peptide2 is that we may not have approached a

sufficient concentration to show a difference in the blocking effect.

Nevertheless, the PSMA-negative cells PC-3 and DU145 showed around 50% blockage in
uptake, similar to the result for the positive cell line LNCaP. Thus, this low concentration had
a significant inhibitory effect in all cell lines examined. One possible explanation is that
Peptide2 is a basic peptide with an overall zeta potential around 7 mV. Its hydrophilic, basic
nature may have facilitated its penetration in the cell membrane, limiting the likelihood of the
dendriplex being taken up via alternative mechanisms. It is unknown, however, how this may
have disrupted the uptake of DAB-PEG2k-Pep2 in the current state. One possible way to
improve the investigation of whether this dendriplex was taken up by PSMA would be to
pretreat the cells with a specific antibody known to block PSMA such as PSMA mAbs J591,

J415 and J533 (IgG1) antibodies developed by Liu et al (1998).

Phenylarsine oxide is a common blocker of clathrin- mediated endocytosis. It has been found
that blocking this pathway results in a significant decrease in the uptake of DAB-PEG2k-Pep2

dendriplex in PSMA-negative PC-3 and DU145 cells, but not in PSMA-positive LNCaP cells.

219



This pathway is believed to be the one responsible for the uptake of ligands binding to PSMA
or protein binding receptors generally (Goodman et al., 2007; Zhang et al., 2016); therefore, it
was expected that some reduction in the uptake of Peptide2-bearing DAB dendriplex would be
detected after the blocking of this pathway by Ph.O in LNCaP cells, with less effect in PC-3
and DU145 cells. However, the data from this assay showed a minimal inhibitory effect of
Ph.O in LNCaP cells. There is no obvious explanation for this result, which contradicts earlier

findings in this study.

LNCaP cells are well known to represent a good model of adenocarcinoma, whereas PC-3 and
DU145 cells resemble more aggressive forms of prostate cancer such as small cell carcinoma
(Dozmorov et al., 2009; Tai et al., 2011; Cunningham and You, 2015). Thus, subjecting these
cells to similar conditions when studying the mechanism of cellular uptake would be expected
to result in a smaller effect being detected in LNCaP cells. Some studies subjected PSMA.-
positive LNCaP and C4-2 cells to different conditions when investigating the mechanism of
cellular uptake of nanoparticles: either a longer incubation period of up to one hour (Nagesh et
al., 2016) or significantly higher concentrations of the blockers used (Wu et al., 2014)
compared with the conditions used in our study. Nagesh et al. (2016) synthesised nanoparticles
to treat prostate cancer by targeting PSMA using antibodies; blocking the clathrin- mediated
endocytosis pathway using chlorpromazine for one hour led to a 30% reduction in uptake only

in PSMA-positive cells (C4-2).

Pretreating cells with filipin resulted in a significant and varied reduction in uptake in all cell
lines examined. The dendriplex uptake was strongly blocked in DU145 cells, indicating that
the uptake of this dendriplex was highly reliant on caveolae-mediated endocytosis compared
with the other pathways in this cell line. The uptake in PC-3 and LNCaP cells was blocked by
around half compared with DU145 cells, giving an indication of the major role of caveolae-

mediated endocytosis in the uptake of DAB-PEG2k-Pep2 dendriplex.
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The use of colchicine, a common blocker of macropinocytosis, resulted in around 50%
blockage in all cell lines examined. Macropinocytosis is the usual uptake pathway for particles
> 100 nm, yet DAB-PEG2k-Pep2, with an average size of 65 nm, was found to be taken up
significantly through macropinocytosis. Colchicine mechanism of action based on inhibiting
cellular microtubule polymerisation which affects the cells mitosis and migration abilities. The
author demonstrated that colchicine has significant inhibitory role in high generation of
PAMAM dendrimers conjugates even if their size is less than 100 nm (Mohammadpour et al.,

2017), similarly to the finding obtained here.

In the PSMA-positive LNCaP cells, none of the blockers used caused more than a 50%
reduction in the uptake of the DAB-PEG2k-Pep2 dendriplex, due to the nature of this cell line,
as mentioned earlier. Wu et al. (2014) used the same blockers as this study at significantly
higher doses, yet the optimal blockage obtained was 60% at best. This raises the question of
whether studying the effect of the designed dendriplex by comparing LNCaP cells as positive
control with PC-3 and DU145 cell lines as negative controls would result in comparable data,
not mentioning the differences in proliferation rate between these cell lines (Cunningham &
You, 2015). One way to overcome this issue is by transfecting PSMA to a cell line known to
be PSMA-negative; thus, Chen et al. (2016) examined the PSMA targeting tendency of their
nanomedicine using the PSMA-negative PC-3 cell line and transfected it to express PSMA,
then compared the data between PSMA- positive (PC3-PIP) and PSMA- negative cells (PC3-
Flu). The results obtained should be comparable because only one criterion is variable between
the cells (PSMA expression). In Chen study (2016), PSMA-targeted nanoplex encoding
pTRAIL significantly improved the anti-proliferation effect in PC3-PIP compared with PC3-

Flu.

The anti-proliferation of DAB-PEG2k-Pep2 dendriplex using a therapeutic gene (TNFa and

TRAIL) was conducted to investigate the therapeutic effect of the complexed DNA.
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In MTT experiments, DAB-PEG2k-Pep2 dendrimer complexed with pPORF9-mTNFa and
pORF9-mTRAIL showed significant improvement in the antiproliferative effect of the targeted
dendriplex compared with DAB-PEG dendriplex for the positive control cell line LNCaP, with
a more significant difference at higher DNA concentrations. Furthermore, because the weight
dendrimer: DNA ratio used in these MTT experiments was 20:1, DAB-PEG2k-Pep2 was found
to have relatively low cytotoxicity at high doses compared with the cytotoxic effect of DAB-
Pep2 demonstrating the impact of PEG chain in reducing the cytotoxic effect of the polymers

(Lee and Larson, 2011).

Generally, these dendriplexes had a weak anti-proliferative effect compared with the modified
dendrimers used previously by the group, such as DAB-Lf and DAB-Tf (Al Robaian et al.,
2014; Lim et al., 2015). This could be due to the failure of this formulation to successfully
transfect the DNA of interest to produce the encoding cytokine and induce cellular apoptosis
in low doses. However, this suggestion is contradicted by the ELISA findings, which confirmed
the successful formation of mTNFa after 48 h of treatment in all cell lines examined, with
variation in the amount of mTNFa formed, based mainly on the metabolic tendency of the cell
line, as demonstrated above. Nevertheless, the produced cytokine was found to have a limited
anti-proliferative effect at low doses, as an indication for the weak apoptosis effect which could
be due to the low concentration of the cytokine, making DAB-PEG2k-Pep2 dendriplex
successfully transfect the DNA of interest but not in a manner comparable with DAB-LTf and
DAB dendriplexes. In order to confirm this hypothesis, an ELISA assay would need to be

performed on DAB-Lf and DAB dendriplexes encoding TNFa to compare the findings.

The third targeting ligand selected for this study was Peptide4 (PRPRGDNPPLT), the active
binding site of the cyclic peptide EETI-I1 2.5F, which has been examined before and found to
bind efficiently with favourability to the integrin receptors awvs, avBs, cuinBz and asp1 (Kimura
et al., 2009; Moore et al., 2013). Compared with normal prostate tissues, prostate cancer
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showed a considerably increased presence of some of these integrin heterodimers, such as
avps, ouwpPs, and asP, as reported in various papers (Zheng et al., 1999; Fornaro et al., 2001,
Suyin et al., 2013). Therefore, we hypothesised that using the active site of EETI-II 2.5F as
targeting ligand would improve the cellular uptake of the dendriplex DAB-PEG2k-Pep4 by

prostate cancer cells in vitro.

A DNA transfection assay was performed, but the cell lines showed no improvement in -
galactosidase expression compared with the positive control DAB-PEG (20:1) at any of the
ratios examined, so this formulation may require some modifications to obtain better outcomes.
Two possibilities are assumed to be linked to this unpromising outcome. Firstly, this study was
the first to examine the active binding site (PRPRGDNPPLT) of the cyclic peptide EETI-II
2.5F instead of the full peptide, which may have reduced the targeting capability of the peptide.
Alternatively, the ratio of Peptide4 used may have been sub-optimal, so increasing the ratio of
Peptide4 might increase its exposure to integrin receptors in the cell membrane, thus improving

the targeting tendency.
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Chapter 4 : In vivo evaluation of lactoferrin-bearing

polypropylenimine dendriplex
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4.1. Introduction

Although in vitro experiments assist in understanding the biological response of various
prostate cancer cells to the novel gene carrier DAB-LT, they are insufficient to gain a full
understanding of the therapeutic efficacy and associated toxicity of systemic administration of
DAB-Lf dendriplexes. In vitro assays cannot reproduce the tumour microenvironment and the
cellular interactions that the drug would encounter after intravenous administration (Ittmann et

al., 2013).

An intravenously administered nanomedicine is expected to face obstacles to its efficacy during
its circulation in the bloodstream, before reaching the target site. Understanding these systemic
barriers and their relation to the physical and chemical properties of the nanoparticle is

important for the design of the treatment, as they could reduce its efficacy.

The original difficulty in gene therapy is the degradation of DNA after intravenous
administration, caused by the direct contact of the naked DNA molecules with serum nuclease
enzymes. Using gene carriers has been found to mitigate this direct effect, allowing enough

time for the DNA to circulate in the bloodstream and accumulate at the target site.

However, according to the nature of the gene carrier used, different kind of impediments may
arise. As nanoparticles enter the bloodstream, they come into contact with a complex mixture
of substrates such as plasma proteins, blood cells, enzymes and components of the immune
system (Alex and Sharma, 2013). These molecules interact with the nanoparticles in different
ways according to their charge, size and composition. They are generally found to be
deleterious to the nanoparticles, either by causing their non-specific binding to different cell
types or by facilitating their elimination by the reticuloendothelial system after their
opsonisation, thus reducing the likelihood of the nanomedicine reaching the target site
(Santander-Ortega et al, 2016).
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Cationic dendrimers tend to have a positive potential due to the high density of amine groups
in their molecules, which allows them to undergo electrostatic interactions with DNA
molecules (Dufes et al., 2005). This high zeta potential tends to diminish after the condensation
of the DNA molecules, leaving the dendriplexes with a slight positive to neutral potential. A
relatively positive zeta potential will tend to improve the cellular uptake of the dendriplex by
forming an attraction between the oppositely charged cell membrane and dendriplex, but at the
same time it will increase the chance of the non-specific binding of these dendriplexes with
any anionic molecules in the bloodstream, including different proteins and non-targeted cells.
This may lead to dramatic changes in the biodistribution and biological effect of the dendriplex.
For example, the interaction between the dendriplex and serum proteins after I\ administration
can lead to a partial or complete coating of the dendriplex surface by these serum proteins. A
partial coating may cause heterogeneity in the surface charge and therefore aggregation of the
nanoparticles, while complete coating could have either a positive impact, by improving the
colloidal stability of the nanoparticles, or a negative one, by masking the targeting ligand in
the dendriplex and thus lowering the targeting tendency of the formulation or assisting the

clearance of the dendriplex by macrophages.

There is no clear prediction of how the zeta potential of the dendriplex would interact with the
in vivo environment. It has been suggested that the zeta potential should preferably not exceed
25 to 30 mV (Durymanov et al., 2015; Bhattacharjee, 2016). The only way to attain a better
understanding of the impact of these systemic interactions is to perform in vivo experiments

(Alex and Sharma, 2013).

Dendriplexes that successfully travel through the systemic circulation and safely reach the
cancer site will face another barrier, in the form of the extracellular matrix (ECM) generated

by cancer tissues; the ECM is generally composed of proteins such as collagen and laminin,

226



glycoproteins and polysaccharides, connected together and has been found to be responsible
for various biochemical properties of tumours (Lu et al., 2012). This dynamic niche creates a

partition that limits the ability of nanoparticles to approach the cancer cells.

Each of these systemic barriers will affect the therapeutic efficacy of the nanomedicine and in
vivo studies are essential in order to better understand the extent of these effects and their

overall impact.

This chapter reports an investigation of the in vivo therapeutic efficacy and toxicity of the gene
carrier lactoferrin-bearing DAB dendrimer, before and after complexing it with different
therapeutic DNA molecules, by measuring the tumoricidal activity of these dendriplexes when
injected intravenously into nude mice carrying subcutaneous xenograft prostate tumours.
Tumour growth rate, tumour regression, animals weight changes and survival are the
parameters considered in this study as indicators of the efficacy and possible toxicity of these

dendriplexes.

4.1.1. Animal models

Animal models are often used to provide preclinical predictions of the efficacy and cytotoxicity
of any drug. There are two common ways of generating malignant tumours in animal models:
either grafting tumour cells into immunocompromised animals (syngeneic or xenogeneic) or
using genetically engineered animals with a cancer genotype. The tumours thus generated are
believed to provide the fundamental knowledge about human tumours. In xenograft models,
human prostate cancer cells are implanted into animals (usually mice) subcutaneously or
orthotopically. Orthotopic cancer models have been found to be superior to subcutaneous ones
because they reflect the prostate microenvironment, with a strong tendency to generate
metastatic tumours. However, establishing orthotopic models is associated with some

difficulties such as the inability to follow up the tumour growth except by using MRI.
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Additionally, the creation of orthotopic models requires surgery to inject the cells into the
mouse prostate, which carries a high risk of causing certain infections that nude mice may not

be able to withstand (Richmond and Su, 2008; Pavese et al., 2013).

The discovery of nude mice (BALB/c) in 1980 made tumour xenografting possible as these
animals lack a thymus, thus lack of thymus-dependent immune function because of their
inability to produce T-lymphocytes to generate an immune response to extraneous tissues or
cells. Nevertheless, BALB/c nude mice still have functioning B-lymphocytes and NK cells

(Morton and Houghton, 2007; Valkenburg and Williams, 2011).

Several benefits are associated with the use of human tumour xenograft models. They represent
the actual biology and microenvironment of human tumours, including all of the changes in
genetic features. Time is also saved, as xenograft tumours are usually ready for treatment trials
to start within weeks of cell implantation, whereas with other models such as genetic
engineering it may be months before the animals are ready for treatment (Richmond and Su,
2008). Although xenografting has proven to be a good method of predicting the therapeutic
and cytotoxic effects of various anti-cancer drugs, there is a strong debate as to its efficacy in
representing an accurate tumour model. The main reason for this is that such in vivo tumours
are generated by injecting cancer cell lines that have first been subcultured for a long time;
therefore, they no longer precisely represent the physiology of the original tumours from which
they were extracted. They usually lose the ability to generate a tissue architecture that
resembles the original tumour because of changes in the expression of some genes, leading to
changes in the pattern of interaction with the environment and treatment response (Morton and

Houghton, 2007; Yee et al., 2015; Rea et al., 2016).

During in vivo studies and for the purpose of estimating the therapeutic effects of any

intravenously injected therapeutic agent, three types of tumour response are usually measured:
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the growth rate of the tumours, their size and the survival rate of the animals (Richmond and

Su, 2008).

4.1.2. Bioluminescence imaging

Bioluminescence is a phenomenon which occurs naturally in species including Photinus
pyralis, a beetle which emits visible light from a substrate containing luciferase, a light-
producing enzyme. This process is exploited in bioluminescence imaging (BLI), a technique
for the optical imaging of tissues or structures in living laboratory animals by detecting light
emitted from them. BLI is a fundamental method in most laboratories dealing with animals
because of several advantages over alternative imaging techniques, such as its low cost, its ease
of use and its various in vivo applications. Of particular value is the ability to acquire data
without the need for animal sacrifice, plus the possibility of continuous observation of a single
animal, which reduces the risk of error arising from inter-animal variation (Sato et al., 2004;

Close et al., 2011).

The mechanism of BLI is based on measuring the visible light emitted after injecting the subject
animal with a reporter enzyme. This is usually luciferase, which mediates the oxidation of
luciferin, causing it to emit light in the visible region at 560 nm; this bioluminescence has a
half-life of 2 hours. The reaction occurs when luciferase catalyses luciferin with the assistance
of ATP to form luciferyl adenylate, which is oxidised to form oxyluciferin, a bioluminescent
substance. This technique of in vivo imaging, using a reporter enzyme to track biological
processes in a living organism, is possible in mammals because mammalian tissues do not
naturally undergo any bioluminescence reactions, which eliminates any background noise and

improves image resolution.

Bioluminescence can be detected even when emitted from deep tissues a few centimetres inside

the body. Generating bioluminescence is depending on several factors including: the depth of
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the imaged tissue, the amount of luciferase expression, and the sensitivity of the detector used
(Sadikot and Blackwell, 2005). Luciferase expression is correlated with the number of reporter

cells carrying the luciferase gene.

The quality of data obtained by BLI is affected by certain factors that should be considered to
obtain valuable images. Firstly, the luciferase reaction is affected by the quantities of oxygen,
ATP and luciferin; if any of these elements is insufficient, the emitted light which is detected

will not reflect the true activity of luciferase (Sadikot and Blackwell, 2005).

The imaging equipment is basically composed of a light-tight chamber in which the animal is
placed, a high quantum efficiency charged couple device (CCD) camera kept at a temperature
between -80 and -90 °C to reduce thermal noise and gas anaesthesia tubes to immobilise the
animal. It is usual to take two images of each animal, a photographic image followed by a
bioluminescent one; these are then superimposed so that the location of the bioluminescence
is mapped (Figure 4-1). The time required to obtain such images varies from a few seconds to
several minutes, depending on signal strength. Various software packages can be used to

display the images acquired (Close et al., 2010).

There are several applications for BLI, mainly depending on the aim of the in vivo study. Using
luciferase-tagged cell lines or tissues is a common method of tracking the study target to
measure the therapeutic effect of drugs and is also useful in studying various aspects of cancer
such as tumour progression. There are a variety of cell lines commercially available that are

bioengineered with the luc gene to produce luciferase protein (Close et al., 2010).
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Figure 4-1 Bioluminescent imaging instrumentation (adapted from Behrooz et al., 2013)

231



4.2 Materials and methods

4.2.1 Materials

Table 4-1 List of materials used in chapter 4.

Materials Supplier

Lactoferrin- bearing polypropyleneimine
Prepared as described in Chapter 2
(DAB) dendriplex

Phosphate buffered saline tablet Sigma-Aldrich, UK
MEM Invitrogen, UK
Foetal Bovine Serum (FBS) Invitrogen, UK
L-Glutamine Invitrogen, UK
Penicillin-Streptomycin Invitrogen, UK
Trypsin Invitrogen, UK

Ampicillin Sigma-Aldrich, UK

The European Collection of Cell Cultures

PC-3 cells
(Salisbury, UK)
Luciferase Assay Reagent Promega, UK.
Passive Lysis Buffer (5x) Promega, UK.
The European Collection of Cell Cultures
DU145 cells

(Salisbury, UK)
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4.2.2. Methods

4.2.2.1. Cell culture

Prostate cancer cell lines (PC-3 and DU145) were purchased frozen from European and
American collections of cell cultures. They were cultured and passaged several times before
being used in the experiments.

PC-3 and DU145 cells were grown in Minimum Essential Medium (MEM) as monolayers in
a T75 flask. The media was supplemented with 10% (v/v) foetal bovine serum, 1% (v/v) L-
glutamine and 0.5% (v/v) penicillin-streptomycin. The cell culture flasks were kept in the

incubator at 37 °C and 5% carbon dioxide in a humid atmosphere.

4.2.2.2. Laboratory animals

The animals selected for the in vivo experiments were immunocompromised BALB/c male
mice. They were randomly separated into groups of five and kept at 19 to 23 °C and 12-hour
light-dark cycle. The animals were fed classic mice diet and water. The in vivo experiments
were approved by the local ethics committee and carried out with conformity of UK Home

Office regulations.

4.2.2.3. Therapeutic efficacy

PC-3M-Luc-C6 and DU145 cancer cells were injected subcutaneously into both flanks of
immunodeficient BALB/c male mice at 1 x 10° cells per flank. Once the tumours become
palpable and vascularized at a diameter of 5 mm. the mice were randomly separated into groups
of five, each of which was given a different intravenous treatment as follows: Lf-bearing DAB
dendrimer complexed with DNA encoding TNFa, TRAIL or 1L-12; the targeting dendrimer
(DAB-LT) alone; and naked DNA (50 pug of DNA). Treatment was repeated every other day
until five doses had been given, ending on Day 10. The mice were weighed daily after tumour

development as a measurement for any treatment toxicity. Tumour diameters were also
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measured daily using calliper measurements to obtain the tumour volume using the following

equation:

Volume = d3 x /6. (4)

4.2.2.4. Bioluminescence imaging

Tumour regression was observed by bioluminescence imaging using an IVIS Spectrum
(Calliper Life Sciences, Hopkinton, MA). Mice with PC-3M-luc-C6 tumours were treated with
DAB-Lf: DNA encoding TNFa as described above. The mice were injected intraperitoneally
with D-luciferin in a dose of 150 mg/kg, ten minutes before imaging. The animals were
anaesthetized with isoflurane inhalation on the 1%, 3", 5 7" and 9" days of treatment. Living
Image® software was used to detect the light emitted from the bioluminescent tumours for two

minutes and the images were displayed as a pseudo-colour overlay onto a grey scale image.

4.2.3. Statistical analysis
One-way ANOVA and Tukey multiple comparisons tests (OriginPro software) were used to
determine the statistical significance of differences. A p-value of 0.05 or less was considered

significant.
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4.3. Results

4.3.1. Therapeutic efficacy

4.3.1.1. PC-3 xenograft tumours

Intravenous administration of lactoferrin-bearing DAB dendrimer complexed with DNA
encoding TNFa, TRAIL or IL-12 resulted in tumour regression within 24 h of the first injection
in PC-3 tumours (Figure 4-2, A). Mice injected with DAB-Lf: DNA encoding TNFao showed
immediate and continuous regression in tumour size until the ninth day, when the tumours
stopped regressing and showed some signs of slow growth for six days. After the final dose,
70% of tumours continued to shrink while the remaining were not responding to the treatment
until they have been eliminated from the study. The remaining tumours continued in regression
until the end of the study. At the end of the treatment, 70% of tumours showed significant
regression and the remaining 30% had slower grown rate compared with the control group.
There was no weight loss in the animals treated with DAB-Lf: DNA encoding TNFa,

demonstrating the good tolerability of the treatment.

A different response pattern was observed in the group treated with DNA encoding TRAIL
complexed with DAB-Lf. Generally, the response to treatment was lower than in the DAB-LT:
TNFa group; some tumours immediately responded to the treatment and started regressing,
while the others maintained their original size for a week. After the fifth dose, some of the
tumours showed slow growth, while others maintained their size until Day 14, when one of the
animals was removed from the study for approaching the allowed tumour size. The remaining
tumours were going through slow tumour growth or tumour regression. 40% of the tumours

were completely eradicated at the end of the trial.

In the group treated with DAB-LT: IL-12, some of the tumours start to respond to the treatment

by regressing, while the remaining showed a reduction in tumour growth compared with the
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control group treated with DNA only. Two weeks after starting the therapy, two of the animals
had been sacrificed because of enlarged tumours, while the remaining animals in the group
maintained a slow rate of tumour growth until the end of the treatment, while one mouse
showed complete regression in the tumours. Thus, 60% of the treatment group survived until

the end of the experiment.

For DU145 xenograft tumours, the intravenous administration of lactoferrin-bearing DAB
dendrimer complexed with DNA encoding TNFa, TRAIL or IL-12 resulted in tumour
regression within 24 h of the first injection (Figure 4-3, A). The DAB-Lf: DNA encoding TNFa
treatment group showed immediate tumour regression after the first dose, followed by
continuous regression in 70% of the tumours, while the remaining 30% showed some constant
slow growth until they reached the maximum size allowed, when the animals were sacrificed.
Half of the tumours had completely disappeared at the end of the treatment. The animals
tolerated the treatment very well and showed no sign of toxicity or weight loss during the
treatment period. Animals were sacrificed during the treatment period because of their tumours

reaching maximum allowed size by the Home Office, but not because of weight loss.

Animals treated with DAB-Lf: DNA dendriplex encoding TRAIL showed some signs of
tumour regression after the first dose, followed by continuous regression in 40% of the
tumours; the remaining 60% maintained their size until day five, when they started to show
some signs of slow growth before reaching maximum size and being sacrificed. There was no

sign of weight loss during the treatment period.

Similarly, in the group treated with DAB-Lf: IL-12, some of the tumours started to respond to
treatment by regressing after the first dose, while in others there was either a reduction in
tumour growth rate or an increase in overall growth, but at a lower rate than in the group treated

with DNA only. By Day 22, three animals had been sacrificed due to tumour enlargement and
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at the end of the treatment 20% of the tumours had completely disappeared, while 20% had

slow growth compared with the DNA-only control group.

The average survival rate was significantly improved in all DAB-Lf: DNA dendriplexes, by
around 14 days in animals carrying PC-3 tumours and ten days in animals with DU145
xenograft tumours. This was due to the reduction in tumour growth rate in these groups

compared with DNA only or DAB-Lf complexed with nontherapeutic DNA.

By contrast, PC-3 and DU145 tumours treated with DNA only (TNFa, TRAIL or IL-12) or
with DAB-LT dendrimer only showed continues growth of the tumours in a similar manner to
the untreated group. These animals were sacrificed after significant tumour growth, i.e. when

the diameter reached 10 mm.

The treated animals showed no sign of toxicity or significant weight loss during the treatment
period, indicating that the treatments were all well tolerated by the animals (Figure 4-2, B and
Figure 4-3, B). All the sacrifice of animals during the study was due to their tumour

enlargement reaching the maximum allowed size.

At the end of the experiment, 70% of PC-3 tumours treated with DAB-Lf complexing DNA
encoding TNFa had completely disappeared, while the remaining 30% showed no sign of
response to the treatment (Figure 4.2 C). Similarly, 40% of mice treated with DAB-Lf: TRAIL
underwent complete disappearance of their tumours, while 20% showed partial response to the
treatment. Finally, 20% of mice treated with DAB-Lf: IL-12 showed complete disappearance
of the tumours and 10% had a partial response, while the remaining 70% had continuously
growing tumours but at a slower rate than in the group treated with naked DNA and in the

untreated group.
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Half of the DU145 tumours treated with DAB-Lf complexing DNA encoding TNFo had
completely disappeared by the end of treatment, while 20% showed some signs of tumour
regression (Figure 4-3, C). 20% of tumours had completely disappeared in animals treated with
DAB-Lf: DNA encoding TRAIL and IL-12 with significant tumour regression in 30% and 10%

of the tumours respectively.
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Figure 4-2 (A) Tumour growth studies in PC-3 xenograft tumour model after intravenous
injection of lactoferrin-bearing DAB dendrimer complexed with DNA encoding TNFa (green),
TRAIL (red), IL-12 (blue), or DAB-Lf only (brown), uncomplexed DNA encoding TNFa (pale
green), TRAIL (orange) and IL-12 (cyan) (DNA dose 50 pg/ml), and an untreated group
(black). Tumour size was measured using a caliper. (B) Percentage change in animal body
weight during treatment period (colour code as A). (C) Overall tumour response to treatments
at the end of the study (Green: complete eradication, Yellow: tumour regression, and Red:
tumour growth compared with the original size).(D) Time to disease progression where animals

were removed from the study once their tumour reached 10 mm diameter.
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Figure 4-3 (A) Tumour growth studies in DU145 xenograft tumour model after intravenous
injection of lactoferrin-bearing DAB dendrimer complexed with DNA encoding TNFa (green),
TRAIL (red), IL-12 (blue), or DAB-Lf only (brown), uncomplexed DNA encoding TNFa (pale
green), TRAIL (orange) and IL-12 (cyan) (pale blue) (DNA dose 50 pg/ml), and an untreated
group (black). Tumour size was measured using a caliper. (B) Percentage change in animal
body weight during treatment period (colour code as A). (C) Overall tumour response to
treatments at the end of the study (Green: complete eradication, Yellow: tumour regression,
and Red: tumour growth compared with the original size). (D) Time to disease progression

where animals were removed from the study once their tumour reached 10 mm diameter.
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4.3.2. Bioluminescence imaging

Images obtained by IVIS spectrum showed continuous regression in tumour size for the animal
groups treated with lactoferrin-bearing DAB dendriplex complexed with DNA encoding
TNFa, TRAIL or IL-12 from the first treatment injection (Figure 4-4). No sign of tumour
regression was detected in either the animals treated with uncomplexed DNA or the untreated

group, with proportional growth of their tumours.
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Figure 4-4 Bioluminescence imaging of the tumours after treatment with lactoferrin-bearing
DAB dendriplex complexed with DNA encoding TNFa (cplx DL-TNF), TRAIL (cplx DL-
TRAIL) and IL-12 (cplx DL-IL12) in a PC-3M-Luc-C6 tumour model.
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4.4. Discussion

Earlier chapters have reported how the non-viral gene carrier diaminobutyric
polypropylenimine hexadecaamine (DAB), which is well-known for its DNA condensation
capability, was modified with the iron binding protein lactoferrin to improve the ability of the
gene carrier to target prostate cancer cells, both in vitro and in vivo. Chapter three confirmed
that the transfection efficacy and anti-proliferation effect of the DNA molecules condensed by
the modified dendrimer DAB-Lf were significantly improved over unmodified DAB,
providing considerable evidence for the success of the designed DAB-Lf dendrimer in

transfecting the genetic material and overcoming all of the common cellular obstacles.

In this chapter, we have examined the ability of DAB-Lf dendriplexes to overcome systemic
barriers to transfection and have reported the tumoricidal effect of different DNA molecules
complexed with this carrier. The use of lactoferrin-bearing DAB dendrimer as carrier for
different therapeutic genes encoding TNFa, TRAIL and IL-12 for in vivo experiments resulted
in significant tumour regression, growth rate reduction and survival rate improvement in nude
mice bearing xenograft tumours generated from the human cell lines PC-3 and DU145.
Complete tumour regression was also detected in 70% and 40% of the PC-3 tumours after
intravenous administration of DAB-Lf encoding TNFa and TRAIL respectively at the end of
the treatment cycle (day 30). Similarly, in DU145 tumours, there was 50% complete
disappearance in the tumours treated with DAB-Lf: DNA encoding TNFa. In a previous study
carried out by the group, Al Robaian et al. (2014) obtained around 60% regression in prostate
cancer PC-3 xenograft tumours and 50% regression in DU145 tumours after intravenously
injecting the mice with DNA encoding TNFa carried by transferrin-bearing DAB dendrimer.
Similarly, Kircheis et al. (2002) reported an inhibition in tumour growth with complete tumour
regression for up to 60% of animals after IV injection of DNA encoding TNFa carried by

transferrin-bearing PEI in fibrosarcoma xenograft animal models.
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Conjugating lactoferrin to the gene carrier DAB successfully improved the therapeutic efficacy
of the gene encoding TNFa compared with unmodified DAB dendriplexes carrying the same
therapeutic gene, whereas 30% tumour regression was detected after injecting the mice with
DAB: TNFa dendriplex (Lim et al.,, 2015). This improvement in therapeutic effect
demonstrates the significant positive impact of the modified carrier DAB-LT in assisting the
passage of the condensed DNA through both systemic and cellular barriers, producing a
significant tumoricidal effect. It also supports the original hypothesis that lactoferrin
conjugation would ameliorate the targeting of the nanoparticles to prostate cancer cells.
Moreover, this study demonstrates the effectiveness of using apoptosis gene therapy to treat

prostate cancer even as a single therapy.

The failure to show any therapeutic effect in the other animal groups, injected with DAB-LTf or
DNA only, also supports the original hypothesis that the therapeutic effect of the gene would
be seen upon its successful complexation with the modified dendrimer. No therapeutic effect
was expected in animals treated with uncomplexed DNA, because the DNA molecules would
fail to reach the tumour site. The group injected with DAB-Lf dendrimer alone was included
in the study to reveal any toxic effect of the carrier as well as any possible anticancer effect

that might arise from the use of lactoferrin as ligand in this formulation.

This study is not the first to demonstrate the advantages of using the iron-binding protein
lactoferrin as targeting ligand for prostate cancer. Suryanarayanan Shankaranarayanan et al.
(2016) also used Lf to improve the targeting of doxorubicin to prostate cancer. Their in vivo
experiments showed significant inhibition in tumour development in transgenic mice
exhibiting adenocarcinoma of the prostate (TRAMP) after treating them with Lf-DOX,
whereas most of the animals in the untreated and doxorubicin groups were sacrificed due to

tumour enlargement or significant weight loss.
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This study used DNA encoding the TNFa and TRAIL cytokines because of their well-known
apoptotic action against cancer cells (Norian et al., 2011; Tse et al., 2012). DNA encoding
TNFa and TRAIL have been used before in various studies to treat different cancerous
tumours, either alone or in combination with therapies such as radio- or chemotherapy, using
various types of gene carrier, mostly viral ones. Delivering TNFa gene using viral vectors to
target different cancer models by intratumoural (Mauceri et al., 1996) or intravenous injection
(Tandle et al., 2009) resulted in significant inhibition in tumour growth, but with no sign of
tumour suppression. Chung et al. (1998) treated nude mice with xenograft prostate tumours,
using a combination of radiotherapy together with TNFa gene carried by adenovirus injected
intravenously, resulting in tumour volume regression in comparison with each treatment alone.
However, these studies are not comparable to our findings, because the nature of the carrier

was different.

TRAIL has been examined previously for its potential apoptotic effect on cancer cells (Kim et
al., 2006; Norian et al., 2011). The first study to investigate the TRAIL gene for its therapeutic
anticancer apoptotic effect was by Griffith et al. (2000), who used adenovirus to deliver the
gene to cells in vitro before moving to in vivo trials of the treatment of many different cancer
types. Growth inhibition and tumour regression were detected when TRAIL DNA was
delivered using an adeno-associated virus in vivo in colorectal tumour models (Mohr et al.,
2004). A 50% regression of breast cancer xenograft tumours was also detected after
combination therapy with doxorubicin by intratumoural injection (Lin et al., 2002). DNA
encoding TRAIL failed to show any sign of tumour regression after being complexed with a
prostate cancer targeted nanoplex in vivo, while combination therapy with the prodrug 5-

fluorocytosine (5-FC) resulted in significant reduction in tumour growth (Chen et al. 2016).
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There is no previous work comparing the effectiveness of TNFa and TRAIL in inducing
apoptosis in cancer cells. Previous papers have reported the effectiveness of both genes in
suppressing tumour growth and some studies have reported a tumour regression effect.
However, in this study, TNFo showed a tumoricidal effect up to 30% greater than that of
TRAIL in vivo; in contrast to the in vitro finding which showed the superiority of both TRAIL
and IL-12 in inducing anti- proliferation effect in all examined cell lines (PC-3, DU145 and

LNCaP) showing significantly lower 1Cso values compared with TNFo

IL-12 is an interleukin that is usually generated in response to antigen stimulation, initiating an
immune reaction against it through the activation of T-lymphocytes, which stimulates the
production of interferon gamma (INFy). Therefore, using the IL-12 gene in cancer therapy is
expected to generate an immunomodulatory response against cancer cells (Lasek et al., 2014).
Intratumoural injection of virally carried IL-12 gene in an orthotopic prostate cancer mouse
model resulted in more than 50% reduction in tumour size (Nasu et al., 1999). Other studies
reported significant tumour regression, depending mainly on the site of injection. Intratumoural
injection of plasmide IL-12 together with electroporation to increase the permeability of the
cell membrane resulted in 47% tumour regression in C57BL/6 mice but not BALB/c nude
mice, whereas applying the same therapy using intramuscular injections resulted in slowing
the tumours growth compared with the control group (Lucas et al., 2002). In our study, the
dendriplex with DNA encoding IL-12 resulted in less tumour regression than the other two
cytokines examined. One possible explanation is that the nude mice were unable to mount an
efficacious immune reaction by activating T-lymphocytes in response to 1L-12 injections,

because they lacked a thymus (Kelland et al., 2004).

In conclusion, lactoferrin-bearing DAB dendrimer was successful in improving the anti-cancer

effect of condensed genes encoding various cytokines. It improved the survival rate of the
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animals to around 20 days compared with uncomplexed DNA. We observed 70% and 40% of
complete tumour regression at the end of the study without any sign of weight loss. DAB-Lf
has therefore been demonstrated to be a promising carrier in targeting prostate cancer tumours

in vivo.
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Chapter 5 : General Discussion
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In the late 1980s, the concept of active targeting in nanomedicine started to prevailed
worldwide. It was based mainly on conjugating an antibody, proteins, peptides, or small
molecular ligands that are well known to bind to specific cell membrane receptors to a
nanocarrier for the purpose of increasing the concentration and accumulation of nanoparticles
in the targeted cells or organs (Hoffman, 2008). Selecting a suitable ligand for targeting
prostate cancer is the first key step towards synthesising targeted nanoparticles successfully. In
this study, three targeting ligands were selected to target different receptors found to be
overexpressed in prostate cancer cells. Lactoferrin receptors, PSMA and integrin are all proven
to be overexpressed in various cancerous tissues compared with normal tissues including
prostate.

Lactoferrin was the first targeting ligand selected in this study as it was found to show strong
ability to bind to lactoferrin as well as transferrin receptors which are overexpressed in
cancerous tissues (VanSande and VanCamp, 1981; Elfinger et al., 2007; Adlerova et al., 2008;
Tuccari and Barresi, 2011), in addition to its multifunctional properties as an antimicrobial,
antioxidant and, more importantly, intrinsic anticancer effects. Therefore, lactoferrin seemed
to be one possible ligand choice that could be expected to increase the targeting capability of
DAB to prostate cancer cells.

Lactoferrin generated its anticancer effect by causing cancer cells apoptosis through the
activation of caspase 8 and caspase 3. It increases the release of the transmembrane protein
Fas, which has the ability to induce cell apoptosis when bound to its death receptors (Gibbons
et al., 2011). Fujita et al. (2004) tested the effect of Lf on colon cancer in vivo and found that
Lf increase the mRNA level of Fas, and the Fas protein by more than a double compared to the
control group. There was also a significant increase in the expression of caspases 8 and 3 (Fujita
et al., 2004). In addition, Lf was also found to decrease tumours angiogenesis, a possible

mechanism of action is the significant reduction in endothelial cell proliferation and the
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increases in the production of the anti-angiogenic cytokine IL-18 (Shimamura et al., 2004;
Legrand et al., 2008). However, in our study we did not directly investigate the anticancer
activity of Lf but instead, we assessed the anti-cancer effect of the formulation DAB-Lf both
in vitro and in vivo. In vitro, there were no significant differences in the cytotoxicity between
DAB-Lf and DAB dendrimer without DNA, as both were fully non-toxic at a concentration
160 pg/ml in all cell lines examined. In vivo, intravenously injecting the mice with DAB-Lf
only (250 pg) in an amount equivalent to the one used to complex the DNA as a screening for
the cytotoxic effect of the carrier, resulted in no therapeutic effect. Thus, Lf did not appear to
contribute in the therapeutic effect obtained from using DAB-Lf dendriplex, in our
experiments.

On the use of Lf as targeting ligand, several studies have evaluated its use in targeting different
cancer tumours such as brain, liver and lung (Elfinger et al., 2007; Huang et al., 2008; Kurmi
et al., 2011; Lim et al., 2015; Wei et al., 2012), while one recently published study discussed
the use of Lf as targeting ligand for prostate cancer (Shankaranarayanan et al., 2016).

Kurmi et al. (2011) tested the ability of Lf to target lung tissues after conjugating it with DAB
dendrimer (5G) to deliver methotrexate (MTX). The result was compared with the targeting
ability of DAB-MTX and MTX alone. There was a significant increase in the half-life of the
drug after its binding to Lf, plus a significant targeting ability of almost twofold superiority
compared to DAB-MTX, and a 2.5-fold superiority over free MTX. Similarly, Wei et al (2012)
used Lf to target hepatocellular carcinoma by conjugating it with PEGylated liposome. The
targeted liposome showed 2.2-fold improvement in the targeting compared with non-targeted
liposome after being examined in vitro. In vivo, Lf improved the accumulation of the liposome
12h post injection. In our study, DAB-Lf successfully improved the uptake of the dendriplex
by 2.1- folds compared with the untargeted dendriplex in PC-3 cells in a similar rate to the data

obtained in the studies discussed above.
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The second targeted receptor, selected in this study, is PSMA which is expressed primarily on
all forms of prostate tissues with some low expression in the nervous system, liver, kidney and
small intestine. More importantly, it has been found to be expressed in solid tumours such as
prostate, lung, breast and colon cancer (Shen et al., 2013; Dassie et al., 2014). Although PSMA
has been detected in several tumour types, it is uniquely overexpressed in prostate cancerous
tissues (epithelium cells), which makes it a suitable biomarker to be investigated in therapeutic
and diagnostic applications. It is strongly expressed in both primary and metastatic cancer cells,
an expression that increases with the malignancy of the disease (Goodman et al., 2007).

PSMA expression in prostate cancer cells has been found to be correlated with androgen
sensitivity. LNCaP is an androgen-sensitive epithelial cancer cell express PSMA in its cell
membrane. Conversely, PC-3 and DU145 metastatic cancer cells in the bone and brain
respectively were found not to express PSMA, although its DNA and mRNA have been
detected in these cells (Laidler et al., 2005). These findings would seem to contradict the claim
that PSMA expression increases as prostate cancer progresses (Goodman et al., 2007; Yao et
al., 2010), as both PC-3 and DU145 cells represent late stages of the disease. There is no clear

mechanism behind the loss of PSMA protein expression in these cells.

Using PSMA as a target for treating prostate cancer has several benefits. PSMA has been found
to be particularly overexpressed in prostate epithelial cells. Although there is still no known
natural ligand that can bind to PSMA, several researchers have succeeded in preparing
synthetic binding antibodies and peptides with a good tendency to couple with the extracellular
domain of PSMA (Aggarwal et al., 2006; Kinoshita et al., 2006). Furthermore, PSMA ensures
the uptake of bound molecules by receptor-mediated endocytosis through clathrin-coated pits,
in a manner similar to transferrin receptors (Goodman et al., 2007). This property facilitates
the uptake of encapsulated drugs or genes inside the cells. The expression of PSMA in prostate

cancer tissues has been found to be correlated with the progress of the disease (Yao et al., 2009;
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Liu et al., 2012; Tse et al., 2015). Therefore, targeting PSMA would be very beneficial for

treating primary and metastasised cancer tumours.

Various studies have targeted prostate cancer through PSMA by conjugating the nanoparticles
with specific antibodies, PSMA inhibitors or peptides (Bouchelouche et al., 2010; Wu et al.,
2010; Kasten et al., 2013; Shen et al., 2013). Peptide2 (WQPDTAHHWATL), in particular,
was first highlighted in 2006 by Aggarwal as a selective peptide for the extracellular domain
of PSMA identified through random phage library. Later, Wu et al. (2010) introduced three
amino acids to each side of the peptide for the purpose of improving its targeting. Therefore,
conjugating this core peptide with the gene carrier DAB is expected to improve the targeting
capability of the dendriplex, as well as the cellular uptake of the therapeutic gene through
receptor-mediated endocytosis. However, to date, no studies have examined this peptide as a

targeting ligand after conjugating it with nanoparticles.

The third and final targeted receptor in this study is integrin. Several integrin receptors have
been found to be overexpressed in prostate cancer cells, with differentiation in their expression
as the cancer progresses, whereas other receptors have been detected only in cancer tissues, not
in normal ones. The following integrin heterodimer receptors have been demonstrated in
different studies to be overexpressed in prostate cancer: avfe, atvps, ounfs, asP, asP1, and osPa
(Fornaro et al., 2001; Suyin et al., 2013). Among these, avfBs has been found to be expressed
in prostate cancer cells at an intensity that varies with the metastatic and invasion tendency of
the cells. PC-3 cells extensively express avBs while LNCaP cells do not, explaining the greater
invasion capability of PC-3 over LNCaP cells, as avfs tends to adhere to vitronectin in the
ECM (Zheng et al., 1999). In addition, asp: is shown to be expressed in PC-3 as it has a role

in their adhesion and invasion behaviour (Stachurska et al., 2012).

RGD is a peptide motif that is responsible for cell adhesion in ECM. Different RGD binding
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integrins are overexpressed in prostate cancer cells, making an RGD peptide a possible ligand
for prostate cancer. EETI-11 2.5F is an RGD peptide designed by Kimura and colleagues (2009)
to target integrin receptors overexpressed in cancer: avfs avps, ouinBz and asPi. This peptide
has been used before as an imaging probe to target brain tumours and particularly osp1
receptors (Moore et al., 2013). In this study, we selected the active binding site of the EETI-I1I
2.5F peptide PRPRGDNPPLT (Peptide4) to be conjugated with DAB dendrimer as the

targeting ligand for prostate cancer.

After a successful synthesis and characterisation of the physiochemical characteristics of the
targeted dendrimers (DAB-Lf, DAB-Pep2, DAB-PEG2k-Pep2 and DAB-PEG2k-Pep4) and
their dendriplexes, each of the conjugated targeting ligands (Lf, Peptide2, and Peptide4)
resulted in a different impact on the final physiochemical properties of the synthesised
nanoparticles because these ligands exhibit various differences in their nature, size and charge.
Firstly, Lf is a protein with a molar size of 82 kDa, whereas the size of Peptide2 and Peptide4
is 1.5 and 2 kDa, respectively. This huge difference in size is believed to have a major impact
on the overall size and zeta potential generated in DAB-Lf, DAB-Pep2, and DAB-Pep4
dendriplexes. DAB-LT resulted in a mean zeta of 19.6 mV, while both DAB-Pep2 and DAB-
Pep4 showed very high charged dendriplexes with zeta potential of over 30 mV which could
be explained by the fact that more dendrimers are required to obtain full condensation of the
DNA in the case of DAB-Pep2 and DAB-Pep4, i.e. higher overall zeta potential. This variation
in zeta potential essentially affects the safety of the designed dendriplexes, as demonstrated
later using MTT assay. In all three dendriplexes, we used the same generation of DAB
dendrimer (generartion 3), and the same amount of DNA was condensed, making the
conjugated targeting ligand the only changing factor between these dendriplexes. All three
targeting ligands are generally soluble in aqueous solutions, however, the core difference
between them is that Lf is actually a natural protein that is normally synthesised inside the body
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and is well-known to be non-toxic, whereas the used peptides were both synthetic and their
safety profile was not assessed beforehand. Thus, the used synthetic peptides contributed to the
overall cytotoxicity as well as the high zeta potential initiated in DAB-Pep2 and DAB-Pep4
dendriplexes. The high zeta potential of DAB-Pep2 and DAB-Pep4 dendriplexes was then

reduced by introducing different molar ratios of PEG polymer to the dendrimer.

The size of the dendriplexes formulated is directly correlated with the zeta potential generated.
By comparing the size of the highest dendrimer, DNA weight ratio used (20:1) of the different
dendriplexes formed, we concluded that DAB-LT had the largest size with a mean size of 66.37
+ 0.96 nm, whereas DAB-Pep2 and DAB-Pep4 had a lower mean size of 59.87 + 0.67 nm and
58.25 + 0.24 nm, respectively. The reduction in the size of the dendriplex is also correlated
with an increase in the zeta potential. One possible explanation is that in DAB-pep2 and DAB-
Pep4, more dendrimers are required to form a stable spherically shaped dendriplex than in the
case with DAB-LT, resulting in highly charged dendriplex but with better complexing property
for the DNA and therefore the formation of smaller compacted nanoparticles. This suggestion
was actually supported by the PicoGreen® assay findings where at a weight ratio of 20:1 DAB-
Lf was able to condense 80% of the DNA, whereas it was 90 to 100% in the case of DAB-
Pep2. In general, it seems that the size and zeta of the dendriplexes are in reverse relation,
wherein a higher zeta is associated with better complexation and therefore a smaller particle

size (Aldawsari et al., 2011; Li et al., 2015).

For the purpose of improving the physiochemical properties of DAB-Pep2 and DAB-Pep4,
different ratios of the PEG chain were introduced to the DAB-Pep2 dendrimer. The
introduction of PEG molecules resulted in a significant reduction of the zeta potential of DAB-
Pep2 and DAB-Pep4 to 23.28 + 0.96 mV and 19.5 + 5.43 mV respectively, while increasing

the size for up to 64.86 + 1.7 nm in the case of DAB-Pep2. However, this was not the case with

254



DAB-Pep4, where the introduction of the PEG chain reduced the zeta potential but did not

result in a detectable change in size.

The AFM finding showed that all three dendriplexes (DAB-Lf, DAB-PEG2k-Pep2 and DAB-
PEG2Kk-Pep4) were spherical in shape with size that was almost similar to the one obtained by
DLS. DAB-PEG2k-Pep4 showed a larger size with a mean value of 81.83 + 21.9 nm, which

could be due to the agglomeration of more than one particle.

In vitro studies were carried out for DAB-Lf, DAB-Pep2 and DAB-PEG2k-Pep2, with
preliminary screening of DAB-PEG2k-PEG3.5k-Pep2, DAB-PEG3.5k-Pep2 and DAB-
PEG2Kk-Pep4. We started the in vitro experiments with DNA transfection assay. The aim was
to investigate the capability of the various dendriplexes at different weight ratios between the
polymer and DNA in successfully bringing about improvement in DNA transfection over the
control. From the finding obtained, we can determine whether or not the modified dendrimer
will lead to an improvement in gene transfection, as well as being able to select the optimal
weight ratio for carrying out further in vitro studies. Both DAB-Lf and DAB-Pep2 showed an
improvement in the transection finding over the positive control DAB in low weight ratios 5:1
and 2:1 respectively in all cell lines. Introducing PEG, however, significantly reduces the
transfection tendency in the low weight ratios, keeping the two possible ratios that would have
a positive impact as 20:1 and 10:1. This is actually in line with the DNA complexation findings.
Based on transfection studies, we decided to stop working with integrin targeted dendrimer
DAB-PEG2k-Pep4, as it did not show any improvement compared with the controls. Further
improvement of this formulation is thus required. Some suggestions include increasing the
molar ratio of the targeting ligand, using a larger DAB generation, and different PEG chain

length and ratio.

The quantitative cellular uptake finding demonstrates the superiority of Lf in improving the
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uptake in all examined cells. However, this was not the case with Peptide2 formulation, as its
measuring was affected by other characteristics such as DAB-Pep2 dendriplex high zeta
potential. The PEGylated DAB-Pep2 showed a superiority in the uptake by LNCaP and DU145
but not PC3 cells. Therefore, for a better understanding of the exact uptake pathway of the
dendriplex, the mechanism of cellular uptake studies was performed. In both DAB-Lf and
DAB-PEG2k-Pep2, the uptake of the dendriplex was actually the sum of diverse pathways
including a significant inhibition of the ionic uptake, as all the dendriplexes examined in this
study were cationic. The other blocked pathways showed various levels of inhibition including
clathrin-mediated endocytosis and caveolae-mediated endocytosis. The main difference
between DAB-Lf and DAB-PEG2k-Pep2 is the impact of blocking the macropinocytosis
pathway through pre-treating the cells with colchicine. Pretreating the cells with colchicine
showed no inhibition in the DAB-Lf uptake but a significant inhibition for the DAB-PEG2k-
Pep2 uptake in all examined cells. Although both DAB-Lf and DAB-PEG2k-Pep2
dendriplexes have an average size smaller than 100 nm, this pathway is expected to have no
impact in the uptake of these dendriplexes. There is noticeable different in the zeta potential
between DAB-Lf and DAB-PEG2k-Pep2 dendriplexes, which would be related to the positive
uptake of DAB-PEG2k-Pep2 dendriplex through macropinocytosis, because DAB-PEG2k-
Pep2 has a higher zeta potential than DAB-Lf. Thus, this zeta potential attracts other particles
in the cell culture medium such as proteins through electrostatic interactions causing an
enlargement in the overall size of the dendriplex (Mahmoudi et al., 2011), explainig the uptake
of DAB-PEG2k-Pep2 dendriplex via macropinocytosis. Therefore, studying the size and zeta
of the synthesised dendriplex using culture medium instead of glucose 5% would seem to be
more useful to improve the understanding of the impact of protein binding on the circulation

in the physiochemical characteristics of the dendriplex.

Anti-proliferation examination using therapeutic DNA encoding TNFa, TRAIL and IL-12 was
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carried out to examine the capability of these modified dendrimers (DAB-Lf, DAB-Pep2 and
DAB-PEG2k-Pep2) in improving the apoptotic effect produced by these cytokines through
improving the active targeting and comparing the data with non-targeted formulation. In the
case of DAB-LT, all complexed DNA showed significant improvement in 1Csp compared with
DAB dendrimer complexing the same DNA, thereby expressing the impact of Lf in improving

the uptake of the dendriplex and thereafter the endosomal escape and transfection.

On the other hand, using Peptide2 as targeting ligand did not result in such effective data, as
with Lf. The preliminary screening for DAB-Pep2 showed that the dendrimer had high
cytotoxicity. It also demonstrated that complexing the DNA with the dendrimer would result
in reducing its cytotoxicity. This effect would be expected, as complexing the dendrimer with
DNA will likely neutralise the vast majority of the cationic groups in the dendrimer (primary

amine groups) by forming electrostatic interaction with the DNA (Dufes et al., 2005).

The anti-proliferation effect of the DAB-PEG2k-Pep2 dendriplex was examined after
complexing plasmid encoding TNFo and TRAIL. For both PSMA-negative PC-3 and DU145
cell lines, the non-targeted dendriplex showed preferable therapeutic effect with lower 1Cso
values, whereas LNCaP cells were found to respond better to the targeted formulation, thus
supporting the original hypothesis that Peptide2 is a PSMA-specific ligand. Owing to the fact
that we used a high ratio of DAB-PEG2k-Pep2 to DNA (20:1), the first three concentrations in
the MTT curve were associated with high toxicity that seemed similar to that between the DAB-
PEG2k-Pep2 dendrimer and its dendriplex. At DNA concentration of 6.4 pg/ml, the DAB-
PEG2k-Pep2 dendrimer found to be non-toxic, making this concentration ideal for comparing
between different dendriplexes. In PC-3 and DU145 cells, the non-targeted dendriplex DAB-
PEG resulted in superior anti-proliferation effect over DAB-PEG2k-Pep2, whereas this was

not the case with LNCaP cells that either showed no significant difference in the case of TNFa
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or superiority of the targeted formulation in the case of TRAIL treatment.

By comparing the anti-proliferation effect obtained from DAB-Lf and DAB-PEG2k-Pep2, we
can conclude that Lf had resulted in better targeting impact than Peptide2. DAB-Lf
dendriplexes were non-toxic and seemed to dramatically result in better cellular uptake and
more importantly better transfection for the DNA inside the cells, which can be highlighted
from the finding of the MTT assay. In contrast, Peptide2 was shown to have toxic effect on the
cells and in our effort to reduce this toxicity, it was found that introducing PEG molecules
successfully reduced the toxicity but it also affected the DNA condensation efficiency of the
third generation DAB. Furthermore, using the weight ratio 20:1 in the case of DAB-PEG2k-
Pep2 dendriplex could be one of the reasons behind the low efficiency in the MTT finding.
Which means that this ratio might be efficient for cellular uptake but inside the cytoplasm, the
transfection of DNA is affected. Although it might be early to draw any conclusion from the
finding obtained so far but using a high weight ratio of DAB-PEG2k-Pep2 (20:1) would result
in efficient DNA complexation even though it would negatively affect the release of DNA into
the endosome. This would be supported by comparing the transfection finding of DAB-LT at

the same weight ratio (20:1).

Having successfully demonstrated that the TNFa cytokine was produced in the cells after
treating them with DAB-PEG2k-Pep2 dendrimer complexed with DNA encoding TNFa, the
anti-proliferation findings were expected to be more efficient. A possible explanation for this
result is that the cytokine produced after delivering the DNA using DAB-PEG2k-Pep2 is not
high enough to produce the therapeutic effect expected compared to DAB-Lf. Using TNFa
cytokine as apoptosis inducer has been examined in several studies by means of the usual
concentration of 20 ng/ml of TNFa to record its apoptosis effect (Guo et al., 2014; Zheng et

al., 2017). This concentration is significantly higher than the amount detected in the ELISA
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test in our study in all cell lines examined. However, to confirm this hypothesis, a transfection
study using ELISA assay should be carried for DAB-Lf to compare the concentration of TNFa

cytokine formed.

In the literature, DAB PEGylation was usually carried out for large generations (DAB-Am32
and DAB-AmG64) with the purpose of diminishing the charge and reducing the cytotoxicity
usually associated with such a high charge (Taratula et al., 2009; Thakur et al., 2015).
However, we could not find any study that used the PEG chain to conjugate the third generation
DAB dendrimer. Therefore, the impact of PEG chains on DAB-PEG and DAB-PEG2k-Pep2
required more investigation. Although it was found to improve transfection in the high weight
ratio of 20:1, thereby suggesting the overcoming of the cellular barriers and successful
production of B-galactosidase, the MTT findings were lower than expected.This discrepancy
in the results leads to the outcome that PEGylating the third generation DAB dendrimer might
successfully reduce its cytotoxicity, but it might have also negatively affected the endosomal
escape of the formulated dendriplex. Further investigation is thus needed if we are to confirm

this hypothesis.

In this study, the DNA encoding TNFa and TRAIL were chosen as the therapeutic genes to be
complexed with the modified dendrimers due to their well-known cellular apoptosis effect
(Norian et al., 2011; Tse et al., 2012). In the literature, TNFa and TRAIL have been used to
treat different cancer tumours using mainly viral vectors (Lin et al., 2003; Seol et al., 2003;
Mobhr et al., 2004; Jiménez et al., 2010) and some non-viral vectors (Su et al., 2013; Wang et

al., 2015; Gao et al., 2016).

In vivo studies on the apoptotic effect of TNFa have yielded promising data either by using
TNFa in combination with other therapies such as chemo or radiotherapy (Chung et al., 1998;

Su et al., 2013) or as a single therapy (Al Robaian et al., 2014). Su et al. (2013) injected the

259



TNFa gene carried by modified DAB dendrimers intravenously alone (or in combination with
Doxil®) into neuroblastoma xenograft models so as to study the possibility of improving TNFa
expression in targeted tumour site. In vivo findings demonstrate the synergistic effect
associated with intravenously injecting the animals with the polyplex followed by Doxil® in
the next day for four doses, resulting in a significant reduction in tumour growth rate compared
with each therapy alone. Furthermore, TNFa have been used before as a single therapy
approach to treat cancer using non-viral gene carriers. Kircheis et al. (2002) intravenously
injected transferrin-targeted polymer PEI as a carrier of TNFa to target three different cancer
tissue origins (neuroblastoma, fibrosarcoma and melanoma), which resulted in tumour growth
inhibition as well as complete tumour regression for up to 60% of animals in fibrosarcoma
xenograft animal models. This was also demonstrated in our laboratory: intravenously injecting
mice with transferrin-bearing dendriplexes carrying DNA encoding TNFa was found to cause
significant tumour volume regression with an overall tumour disappearance in up to 90% and
50% of tumours in epidermoid carcinoma and prostate carcinoma xenograft models,
respectively (Koppu et al., 2010; Al Robaian et al., 2014). By comparing these findings with
the results obtained in this study, intravenously injecting DAB-Lf dendrimer complexed with
DNA encoding TNFa has resulted in complete tumour regression in 70% and 50% of tumours
in the PC-3 and DU145 xenograft tumour models, respectively. These studies demonstrate the
effectiveness of using protein- targeted cationic dendrimers to improve the therapeutic efficacy
of DNA encoding TNFa as a single therapy for treating different cancer tumours including

prostate.

DNA encoding TRAIL was also used as apoptotic agent. Some studies highlight that certain
types of cancer cells could develop resistance to TRAIL’s apoptotic effect, including prostate
cancer cells: LNCaP cells were found to have full resistance to TRAIL-induced apoptosis,

while DU145 was semi-sensitive, and PC-3 was fully sensitive to its apoptotic effect (Shankar

260



et al., 2005). However, this was not demonstrated in the in vitro findings, as DU145 responded
very efficiently to TRAIL treatment with ICso value 3.56 +/- 0.69 pg/ml, which was
significantly lower than the one detected with PC-3 15.6 +/- 3.61 pg/ml after complexing
TRAIL with DAB-Lf. This was not the case with in vivo studies as TRAIL treatment resulted
in better therapeutic effect for treating PC-3 xenograft tumours compared to DU145, with 40%

and 20% tumour regression, respectively.

Complexing DNA encoding TRAIL with targeted carriers and injecting it intravenously to treat
various xenograft tumours has been carried out before with variable findings. Gao et al. (2016)
used transferrin as a cancer targeting ligand and injected mice intravenously with PAMAM-
Tf: TRAIL complex in a dose of 200 ug DNA every two days for five doses. The results showed
significant improvement in the survival rate with reduction in tumour growth. In comparison
with the finding obtained in this study, treating mice with 50 g dendriplex every other day for
five doses resulted in significant improvement in the survival rate, reduction in tumour growth,

together with 40% complete tumour regression.
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Chapter 6 : Conclusion and future plans
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6.1. Conclusion

Prostate cancer is estimated to cause 1.1 million diagnosed cases with around 307,000 deaths
worldwide on an annual basis (GLOBOCAN, 2012). There has been great progress with regard
to prostate cancer treatments in the last two decades including an approval of some novel
treatments such as immunotherapy (sipuleucel-T) and hormonal therapy (abiraterone acetate
and enzlutamide) which have improved survival in men with the late stages and recurrent
cancer, not to mention improvement in their lifestyle (Pawlita and Brennan, 2013; Attard et al.,
2016). However, with the remarkable progress in prostate cancer treatments in recent years,
the choices are still limited and the improvement in the survival rate did not approach six
months at best in all the mentioned drugs.

One possible new approach to treating cancer is gene therapy, which is currently hindered by
the lack of a safe and effective gene carrier. Therefore, gene delivery methods must be
developed to ensure the successful transfer and transfection of the gene of interest to the
targeted cells. The main challenge in gene delivery is how to synthesize an efficacious delivery
system capable of targeting the required tissue without side effects (Wang et al., 2013).
Cationic dendrimers such as diaminobutyric polypropylenimine (DAB) are found to be very
efficient in gene complexation through the generation of electrostatic interactions between
phosphate groups in the DNA and amine groups in the dendrimer (Dufes et al., 2005). This
complexation protects the gene from the surrounding environment and prevents the
degradation of DNA by the nuclease enzymes in the circulation (Wang et al., 2013). It also
reduces the repulsion between the DNA and cell membrane that arises from their charges,
which in turn improves the ability of the gene to penetrate these cells (McCrudden and

McCarthy, 2013).
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In this study, we have demonstrated that apoptosis gene therapy could result in tumours
eradication even as a single therapy approach, using lactoferrin- bearing DAB dendrimer as a
targeted gene carrier.

In vitro, the cellular uptake of fluorescein-labelled DNA was significantly improved after being
complexed with DAB-Lf in PC-3, DU145 and LNCaP prostate cancer cells, as quantitatively
confirmed by the flow cytometer. The anti-proliferative efficacy of DAB-Lf complexed with
therapeutic plasmid DNA encoding TNFa, TRAIL or IL-12 was significantly improved
compared to the unmodified DAB dendriplex by up to 13.2-folds when treating DU145 cells
with DAB-Lf dendriplex encoding TNFa. In vivo, there were 70% and 50% complete
disappearances of the PC-3 and DU145 tumours respectively after intravenously injecting the
mice with DAB-Lf dendriplexes encoding TNFa.

We have also demonstrated that PEGylating peptide- bearing DAB dendrimers resulted in
improving the physiochemical properties of the dendriplex as well as reducing its toxicity.
DAB-PEG2k-Pep2 dendrimer was found to have efficiently condensed the DNA for the weight
ratios 20:1 and 10:1 by more than 70%. The DNA condensation tendency was reduced
compared with DAB-Pep2. The zeta potential was reduced after PEGylation, whereas the size
of the dendriplex increased. In vitro, DAB-PEG2k-Pep2 was found to improve gene
transfection for the PSMA-positive cell line by a 2.7-fold improvement compared to the
positive control. Cellular uptake finding also supports this result with a 1.36-fold improvement
in the uptake for LNCaP cells. The anti-proliferation results showed significant improvement
in the 1Cso compared with the unmodified DAB-PEG dendriplex by up to 2.94-fold when
treating LNCaP cells with DAB-PEG2k-Pep2 dendriplex encoding TNFa; whereas, as
expected, the other cell lines revealed the superiority of the non-targeted formulation.

In summary, Lactoferrin-bearing DAB dendrimer has been demonstrated to be a promising

carrier in targeting prostate cancer tumours, reflecting the efficacy of using Lf as a targeting
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ligand. This study is one of only a few that show such tumour regression after intravenous
administration of gene therapy using non-viral vectors as a single therapy approach. Peptide2
appeared to be a promising targeting ligand for PSMA, as DAB-PEG2k-Pep2 dendriplex
showed significant improvement in transfection and cellular uptake for LNCaP cells as the
PSMA-positive cell line. However, further improvement in formulation is required so as to
obtain the optimal anti-proliferation impact after complexing DNA encoding therapeutic

cytokines.
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6.2. Future work

In this study, various targeting ligands were used to synthesise three novel delivery systems for
targeting prostate cancer. These novel delivery systems were synthesised, characterised and
subjected to a preliminary in vitro screening. Based on the findings obtained, some of the
formulations were subjected to further in vitro studies, and only DAB-Lf succeeded to in vivo
experiments. The formulations resulted in variability in the finding due mainly to the targeting
ligand conjugated with. The findings of this thesis led to certain proposals that might be
applicable to future work.

Intravenously injecting mice with DNA encoding TNFa or TRAIL complexed with DAB-Lf
dendrimer has resulted in significant tumoricidal finding and tumour regression after
examining their impact on subcutaneous xenograft tumour models. However, a deeper
understanding of the designed dendriplex’s impact on the prostate microenvironment as well
as the effect of the therapy on the metastasized regions is required. Thus, the next suggested
step is to carry out in vivo studies using more advancer tumour models such as using mice with
transgenic adenocarcinoma of the mouse prostate (TRAMP) or -implanting BALB/C mice with
prostate cancer cells directly in the prostate to generate an orthotopic tumour model (Pavese et
al., 2013).

Furthermore, dual targeting of nanoparticles, based on the introduction of two receptor binding
elements instead of only one, could further improve cancer cell recognition and cellular uptake
(Saul et al., 2006). This dual-receptor internalization mechanism is expected to result in higher
selectivity and transfection efficacy. In both the thesis and literature, it has been demonstrated
that conjugating transferrin and lactoferrin proteins with the third generation DAB dendrimer
to act as targeting ligands for prostate cancer has led to an outstanding finding in gene therapy
(Al Robaian et al., 2014; Lim et al., 2015). In addition, targeting PSMA using Peptide2 was

found to have selective binding to PSMA-positive cells. Therefore, preparing a new
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nanoparticle with dual-targeting strategy by conjugating DAB with lactoferrin as well as
Peptide2 would improve the targeting tendency by doubling the chance of cellular uptake
through receptor-mediated endocytosis either through LfR or PSMA.
In addition, a combinational therapy through co-administration of complementary nucleic
acids: co-administration of plasmid DNA encoding TNFa with either interferon (IFN-y) or
tumour necrosis factor-related apoptosis-inducing ligand (TRAIL), would improve the
therapeutic efficacy of the dendriplex.
Another possible combinational therapy is co-administration of drug and gene therapy. This
has been examined before using both viral and non-viral carriers involving DNA encoding
TRAIL and TNFa co-administration with doxorubicin (Lin et al., 2002; Su et al., 2013; Chen
etal., 2016).
Furthermore, investigating the impact of PEGylation on DAB dendrimer was carried out in this
study for the purpose of reducing the cytotoxicity generated by the introduction of peptides
(Peptide2 and Peptide4). Although conjugating PEG chains with DAB-Am16 resulted in a
significant reduction of the zeta potential and cytotoxicity accordingly, it also reduced DAB-
Am16 abilities in condensing the DNA and was suspected to have a negative impact on the
endosomal escape and transfection. Owing to the fact that the third generation of DAB
dendrimer is known for its high DNA condensation tendency and relative low cytotoxicity
(Zinselmeyer et al., 2002), PEGylating it might not result in ideal findings. Therefore, the
following suggestions are recommended for improving the synthesis of peptide-targeted
dendrimers:
e Using high generations of DAB dendrimer (DAB-Am32 and DAB Am64) to conjugate
the peptides instead of generation three, and conjugating them with various ratios of
polyethylene glycol polymer (PEG) chains followed by conjugation with Peptide2 or

Peptide4. Better outcomes would be expected (compared to generation three) because
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PEGylating a larger generation of DAB is expected to diminish the cytotoxicity while
maintaining the complete DNA condensation tendency (Zinselmeyer et al., 2002).

In Chapter two, the targeting peptides amount used was equivalant to one- fold of the
molar concentration of DAB-Am16 dendrimer. However, in order to improve the
chance of ligands’ exposure to the targeted receptors after complexing the DNA, a
higher molar ratio should be used. Conjugating the PEGylated DAB-Am32 and DAB-
Am64 dendrimers with a higher molar ratio of targeting ligands could therefore lead to

improvement in the active targeting of these dendriplexes.
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