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progression where animals were removed from the study once their tumour reached 10
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Figure 4-3 (A) Tumour growth studies in DU145 xenograft tumour model after intravenous
injection of lactoferriko e ar i ng DAB dendri mer compl exed wit
TRAIL (red), IL-12 (blue),orDB-Lf only (brown), uncompl exed L
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disease progression where animals were removed from the study once their tumour reached 10
(0TI =T g L] (T PP PPPPPPPR 240

Figure 4-4 Bioluminescence imaging of the tunrewafter treatment with lactoferrimearing
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Summary

Prostate cancer is tlsecondmost widespread cancar men worldwide Treatment choices
arelimited to prostatectomy, hormonal and radiotherapy that commonly have deleterious side

effects and vary in their efficacgepenthg 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 administrétiont major drawbacks

Given that lactoferrimeceptorsprostate specific membrarantigen (PSMA) and integriase
overexpressed on prostate cancells the purpose of this study is to determine whether
lactoferrin, Peptide2 CWQPDTAHHWATL) and Peptide4 CPRPRGDNPPLTCGGKKK
bearing diaminobutyric gdypropylenimine (DAB) based dengiexs would improve the

targetingof therapeutigenesn vitro andin vivo.

Thechemical and physical characteristiéthe synthesised dendrimeavsrefirst determined,
followed by variousn vitro experimentsto assesshe improvement in the transtean and
cellular uptakeof the modified dendriplexesn PG-3, DU145 and LNCaP prostate cancer cell
lines.Finally, in vivostudies were carriegut usingBALB/c nude miceo investigatette anti

cancereffects ofthe Lf-bearing dendriplexes n ¢ o d i n TRAIL, ALIL2.

DAB-Lf significantly increased the cellular uptake of the DNA irpatistate cancer cellThe
highestDNA uptake observed in P& cells was doublghanthat observed in cells treated
with nontargeted dendriplexihe antiproliferative efficacy of DABLf dendriplex encodig
TNFU, T R A 12 was aignificantly improved compared with unmodified DAB

dendriplex In vivo, intravenous injections dDAB-Lf dendrimer complexed with plasmid
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DNA encoding TNFU and T RtAtegresdioa in #0%raeds40o% df e d

tumours respective at the end of the experiment in tumdaegaring mice.
DAB-PEG2kPep2significantly improved the cellular uptake in LNCaP and DU&d#s, but
notin PC-3 cellscompared with the netargeted dendriplexihe therapeutic DNA encoding
TNFU was stuansfectecftef campleationwith DAB-PEG2kPep2in all three cell
lines, with significantvariancein the cytokine concentration between deles. The ICso of
DAB-PEG2kPep2d endr i pl e x ewas sigdificanty iniprieviedJcompared with
untargeed DAB-PEG dendriplex il.NCaPcells

In conclusionDAB-LTf is a promising DNA carrier for targeting prostate cancérs study is
one of few showing significant tumour regression after intravenous adtraticsn of gene
therapyusingnonviral vectorsas a single therapy approaéteptide2vas alsdound to bean
effective ligand for PSMA, however more improvement in the formulasatill requiredto

obtainan enhancetherapeutic effect
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Chapter 1 : Introductio n



1.1. Prostate cancer

1.1.1. Prostate anatomy and istology

The prostate is a gland in the male reproductive system, located below the bladdéraarid

of the rectum, with its base at the bladder neck and its apex at the genital diaphragmleA capsu
of smooth muscles and fibres encapsulates the prostate and separates it from tl{Eigroim

1-1) (Hammerichet al, 2009;Rocers, 2011). Thglandis linked with the seminal vesicles and

vas deferens throughe ejaculatory ducts that meet at the centre of the prostate and combine
with the uré¢hra as it passethroughit (Hammerichet al, 2009).1t 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 fpedaod of tme. The fibromuscular

tissue is composed smooth muscle and connective tissue to provide the prostate with the
required strength to expte fluidsduring ejaculatiorfRocers, 2011).

In 1968, McNeal established the most commonly used anatomicalodivo$iprostate into

three zonesHigure1-2) (McNeal, 1968 Selman, 2011):

- The peripheral zone, which includes the posterior and lateral sides of the prostate,
containing most (70%) of the glandular tissue (Muru@13). Most of the prostate
disorders such as chronic prostatitis, popfiammatory atrophy, and cancerise in
the peripheral zonéiHammerichet al, 2009).

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

- The transition zoneyhich surrounds the part of theethra that passes through the

prostate. It isconsisting ofthreelobes two lateraland one central Benign prostatic



hyperplasia usually develops at this site, leading in some aasdsstruction 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 forthe luminal cells (Wangt al., 2007). Mostly, basal cells display growth factor
receptors to couple with different forms of growth factors that are essentiaklfatar
proliferation(Reynotls andKyrianou, 2006) Androgen receptors are also expressea few
basal cells, considered to be stem cells for their ability to differentiate to luminal (secretory) or
neuroendocrine cells (Ramon and Denis, 2007; Waingl., 2007). In addition, luminal
columnar cells form a layer that is locajasdt above théasal cell layer. ey are responsible
for the synthesis of seminal fluid, which requires androgen hormibnusgxplaining the high
expression of androgen receptors in their cell membramgeré 1-3) (Wanget al, 2007,

Hammerichet al, 2009).
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1.1.2. Prostate cancer epidemiology

Prostate cances one of the most leading causes of death in waidwide It is found to be
thefourth most widespread cancer in the world, the second most common cancer in men, and
the first in Europe and North Americ&l(OBALCAN, 2012; Brawley, 2013 According to
theWorld HealthOrganisationprostate cancer estimated t@ausel.1 million new diagnosed

cases and 307,000 dea#dmuallyworldwide (GLOBOCAN, 2012).

In the UK, prostate cancer is the most commonly diagnosed cancer in men, with approximately
25% of the total cancer casaad 10,000 deaths annually (Philipp@t al, 2014; Cancer
Research UK, 2015).

A continuous rise in the prostate cancwidence rate has been recorded with a tfokk
increase in Europe between 1975 and 2011 (Cancer Research UK, 2015). Around 190,000 new
cases arise each year with 80,@@@athsoccurringannually 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 prostde 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 del 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 rectumWagner, 206). Immunohistochemicamarkers such as prostate specific
antigen (BA), prostatic acid phosphatase (PAP), and atphthylacyl coenzyme A (CoA)
reductase (AMACR)re usually expressed during the progression of adenocarcintma. T

high expression of these markers could belasea 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 canceends tometastasise to different organsspreading from the pelvis to the
lymph nodes, bones, adrenal glands, liver, lung and brain (Wagné), Z&ihcer metastasis
arises due to severathanges in the primary cancer cell aachour surroundingnvironment.

The genetic instabilitin cancer cells can cause some cellular heterogeneity and DNA mutation
thatassist in cellular metastasisch as the loss of KAI1 (11p11.2) geneiiostate cancaells
(Gupta and Massagué, 200Burthermorethe stressed environment thgtdevelogd 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 patterrof organ metastasis is not a randprocess; cancer cells telodnvadeorgans that

are compatible with their primary cell growth in a préalidemanner. Blood flow is believed

to have an impact on selecting the site of metastasis. Cellular genetimnsuga well as the
extra cellular matrix binding are also affecting the metastasis pattern (Ketkhki 2013).
However, there is no clear understanding on how the cells maintain this pFessample,

in case ofprostate cancer bone metastasie adhesion moleculethat most commonly
correlatedwith bone marrow metastasis are cadherin, stromal detived factor 1 (SDF
1/CXCL12), and integrim2b1l (Ziaeeet al, 2015). In addition tumouss tend to metastasise
regiors with specific anatomicatlriteria. In case of prostate cancéeactive red bone marrow
was found to béhefavourable place fotancer cells talevelopmetastasised tumours in bone
due to the lateral site and the available vascular spaces in the bone marrow, whictealt@wns

cells to freely penetrate inside these spékke&hki 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 orthe use ofmedications or procedures prevent the release of tesersine and
dihydrotestosterorto reduce the growth of this androgelependant tumoursHormone
refractory showed a therapeutic response for around 18 to 24 months before developing
resistance to this therapy. Each year eaWSA, around 25,000rostate cancearases develop
resistance to hormone therapymulatingthe growth of androgemdependent prostate cancer
(AIPC) or hormone refractory prostate cancer (HRPC), where the canu@nues to grow
despite hormondteatnent (Garnick, 2016). The mechanism by which HR®@enerated is

not clearyet; it is thought that cells would change thedrogen receptors (ARjctivation
pathway by receptors mutation or change the receptor activation pathoragxamplethe
activation function domainAF-1 in AR receptors can be activated even in the absence of
androgen hormons whigh 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 beencextiduring 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 fopto ten months (Di Lorenzet al, 2007).

1.1.3.2.0ther types of prostate cancer

There are other rare types of prostate cansech assmall cell carcinomasquamous cell
carcinoma angbrostatic sarcoma that couatound 1.5 to 2% of all prostate cancasesn
total. Thes rare types are very aggressioems of prostate cancediTavora, 2013Wagner,
2014).The dagnosisof these cancsiis very complicated, since serum PSA levels are usually
in the normal rangewhich is the main factor atributingto delayed diagnosigMalik 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 survitnade have been achieved by a combination of

radiotherapy and chemotherapjunozet al, 2007).

1.1.4. Pathophysiology of the idease

The pathophysiology of prostate cancer can be histologically divided into three main levels
based on tissue mutations. Nbplogical 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 mertfigane1-3, A). The
histological changes start with the proliferative inflammatory atrophy (PIA), which appears as

a dilation of the glands with mablechange in the secretory cells. At this stage, prostate tissues
undergo cell atrophwith signs of chronic inflammatioWwoenckhaus and Fenic, 2008; Shah

and Zhouy 2012). PIA mutatiornin the tissuds not categorized as cancer, although there is
strong evidence that it could be considered as a precursor lesion to prostatic intrdepithelia
neoplasia (PIN) and then prostatic carcinoRanjon and Denis, 2007; Woenckhaus and
Fenlic, 2003.

The second progressive level of the histophysiolofyprostate cancas the PIN which is
considered recursor foiprostate canceand can be divided o two gradestow- 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 transihation 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, whiclagses the basal cells to lose their-teltell arrangement as well

as increasing the invasion tendency to the prostate glandular tissue (Brawer, 2005; Ramon and

Denis, 2007) Kigure 1-3, B). Some genetic changea$so occur in higlgrade PIN, such as



gaining chromosomes 7q31, 8g and Xq, and losing 8p, 10q, 13q and 16q, which are considered
genetic precursors of prostate cancer (Ne&taad, 2003). However, in some cancer caties
disease progresses from normpitleelium to cancerous tissue without passing through the
intermediate stages of PIA and PIN (Ramon and Denis, 2007).

The development of higgrade PIN to cancerous tissue is strongly correlated with the genetic
changes in the cancer cells that affectrthiemal balance in the adhesion molecules, leading to
more degradation in the cell membrane with the loss cta@ekll adhesion. Cancerous tissues
undergo abnormal expression ofcidherin (gene at chromosome 18q11.2) and loss of E
cadherin (gene at ahimosome 16q21/22), which is normaftyund 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 beyongtkd disru
basal membrane. In addition, the continuous releaseaaidNerin 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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1.1.5.Screening

Prostate cancer screeniisgusually performed bylood testing for prostate specific antigen

(PSA), since a high serum level indicates prostate disorders such as prostatitis, benign prostatic

hyperplasia, or malignamtimours. Some countries have a prostate screening policy, which in

the USA is applied to any man above 50 years oldborve 40 years for AfricaAmerican

men or men with previously affected fidégree relatives. Other countries have no defined

rules far prostate cancer screenjrgince 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, mosprostate cancer patients are haseeking diagnosis due tbeir limited

prostate cancer symptontsowever, there are some signs and symptoms that should draw the

patientds attention

t

0]

t h ehaematesgernfiacand dificuitye e n i n

in urination due to prost#s, 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
(Philippouet al,, 2014).

A PSA blood test and digital rectal examination (DRE) are the primaryaBtigmprocedures

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 proteads Heatreted
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 coagutumalso found to be released

in blood serum in its free or protein complexedhie (Stephen, 2012; Philippet 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 patiertiave been found to have an elevated PSA level which is linked to the
high production of PSA iprostate cancdissues (Stephen, 2012; Philippeual., 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 théissue barriers between the cancerous glands and the capillary tubes. Secondly,
any abnormality in the PSA serum level will particularly intécprostate 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
et al, 2014).

Although the PSA tess 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 progatitdphy and

prostate canceihis is considexd the main drawback in using PSA as a diagnostic test and
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explains theuse of thedigital rectal examinationORE) test with it in most diagnostic
guidelines (Stephen, 2012). For example, at PSA concemsatlmove sg/ml, only 30% of
cases develop a positive diagnosipufstate canceil he positive prediction rate increases to
42-64% if PSA is higher than 10 ng/ml (Philippetial, 2014). Unfortunately, some prostate

cancer cases (6.6%) express very R8A levels (0.5ng/ml) (Artibani, 2012).

1.1.6.2.Digital rectal examination

Digital rectal examination{RE) is a physical examination of the rectum for any abnormality

in the prostate. It is usually performed in parallel with the PSA serum test, $ki€edn 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 prostatpgy to confirm the positive

diagnosis (Ramon and Denis, 2007).

1.1.6.3.Transrectal ultrasound

Transrectal ultrasoun@RUS)is a diagnostic test where a special endoscope is inserted into

the patientdés rectum t o t dekten ofidbriomalies imthe | ma ¢
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
(Philippouet al, 2014). It is wsually 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
accuracyinclude threedimensional ultrasound imaging (Ramon and Denis, 28@neset

al.,, 2014. Moreover, MRifused image technique was also developed to overcome the

possibility of false diagnosis, since TRUS cannot usually guide a biopsy from some parts of

12



the prostatic trarngon zone, where around 30% of prostate cameses aris@Marbergeret

al., 2012;Antuneset al, 2014).

1.1.6.4.Prostate bopsy

Prostate biopsy is a test which involves screening prostate tissue under a microscope to detect
any histdogical 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 ordenge ttte most
appropriate treatment for the patieRafnon and Denis, 200Philippouet 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 specimensrebiffprostate 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;
Philippouet al, 2014).

The histological grading ofrpstate cancer is performed by various methitsmost common

method is the Gleason grading system (Philippoal, 2014). In 1966, Donald Gleason
developed diagnostic procedure on the basis of histological images of specimens. Several
changes have beanade in the guideline since then. The grading system now has five major
stages, where 1 is the mildest, as briefly describefable 1-1 and Figure 1-4. However,
insteadof allocating the worst grade, the suntloé mostdominant pattern and the nexbst
dominant pattern is allocated to the tumdAiistological screening for the most abundant
pattern of the tumour is usually done (primary grade), followed by a segogdale 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).

13



Tablel-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 separatec
- each oher.

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

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

Pattern 4 Glandular units fused to each other withregular shapec

perforated glands.

Pattern 5 Almost solid masses with no differentiation in glandular tissue

N

Figure1-4 Modified Gleason grading system witive histological stages, where#gle 5 is
themost advanced stag@ddapted 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 mortalitate in addition to thérequentfailure oflocalized

region prostate cancer cagéerapy(Freytaget 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 tfas@nary tract infection (Philippoet

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 sevaty of the case, which determines the purpose of the treatment: either a total cure or
prolongation ofthe pat i ent 6 s lifestyleePattentsddiagnaspd imothe eatly stages

of the disease have a better chance of total recovery, while thegosdirs to improve and
prol ong t h e thp @aseiofenetastass ahdirdig@segnall, 2014). However, most

of the available treatment options are associated with major side effects alithiiasability

to cure patients in the late stagegpuadstate canceil herefore, in light of the high and rising

incidence of the disease, the search for new therapeutic approaches, including those applicable

to metastasis cases, is cruc{8agnall, 2014).

1.1.7.1.Prostatectomy

Prostatectomy is a surgiqaocedure that is associated with the total eradication of the prostate
gland and seminal vesicles. Radical prostatectomy is considerecdh®dnt of choice for
localized prostate canc@atients. However, it is not applicable to those with othertlineal
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 utadidéén

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 sedioedreatment.

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

(Novaraet al, 2012). Nevertheless, it is associated with complications such as urination and
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erectile dysfunctions, deep vein thrombosis and pulmonary embolism. Thebacdka 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 treatmprbstdte

cancer Radiotherapy is a dabletreatment irall stages oprostate cancebut with different
purposes. Localized prostate cancases 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 (Bgnall, 2014).

The mechanism of action of EBTR is that ionized beams are focused on the tumour site to
attack the DNA of the canceells. The affected cells logkeir ability to divide due to the
damage in their genetimaterialand as a resultthey urdergoprogrammecdcell apoptosis
(Kulik and DNbkowski, 2011). In order to avo
should be given in multiple small doses called fractions, since a single curative dose could lead
to strong damage to the surroumglinormal tissue. An initial MRI scan is also usually
performed before the treatment, to improve the targeting of the beams on the tumour (Kulik
and DNbkowski, 2011; Bagnall, 2014).

Normal cells are less affected by radiotherapy bedaB3& has higher settivity 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 DNbkowski, 2011).

1.1.7.3.Hormonal therapy

Androgen deprivation is another treatment option, since androgen hormones (testosterone and
dihydrotestosterone (DHT}jave been found to be vital for prostate camedrproliferation.

Hormone deprivation is considered the treatment @iicehfor netastasised tumours and
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relapse prostate cancém addition,docalizedanddocalized advand@@umours can be treated

by hormonal therapy in combination with radiotherapy (Calabro and Sternberg, 2007).

The aim of the treatment is to blockthee st ost er one hor mone product

using various methods in order to reduce the testosterone level at the tumour site and decrease
its effect on cancer cell growth. The approadhes are usuallysed to achieve a reduction in
androgerhormones include orchiectomy and luteinizing hormoeieasing 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 testostesicaitelev

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 lelzeiRks, 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 bmslate 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 LHRHwhich 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) (Catabnd Sternberg, 20pBagnall, 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
consdered the last treatment option, especially for patients who develop resistance to hormonal

therapy, or relapsed patients with HRPC; it
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(Calabro and Sternberg, 2007). The most common cliFagbeing usedith prostate cancer
is docetaxel which is an astitotic drug that has been found to improve the survival rate

especially forcastratiorresistant prostate cancer cases (Rateatl., 2013).

1.2.Gene therapy

Gene therapy is a new medical approach iséckat genetic and hereditary disorders such as
cancer, Parkinsonds di sea«ad,,2012).yThetUnited Stateb r 0o s i1 ¢
Food and Drug Administration (FDA) defines gene therapy as any product which uses a
transferred foreign genetinaterial to produce its effects by expressing anihtegrating the

gene with the host cell genome for the purpose of cell modificationibeikio andex vivo

The transferred gene is introduced to the host cell usingtabBw~yector such as a viral

bacterial or nosviral delivery system (Wirtlet al, 2013). It is based on delivering exogenous

genetic material to host cells in order to resolve genetic mutation and regulate cellular processes

(Shanet al, 2012; Wanget al, 2013).

1.2.1.History of gene herapy

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 papillomasvas 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 @xvivotrial by extracting tumour infiltrating lymphocytes
(TILs) from metatatic melanoma patients. He used a retroviral vector to transfer the tumour
necrosis factor{ N F) 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 (Wighal, 2013).
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In 1990, the first geneansfer trial with a treatment purpose was approved by the US Food and
Drug Administration (FDA). Blaese treated two children with adenosine deaminase deficiency
using theex vivovaccine method, extracting white blood cells from the patients and iningduc
adenosine deaminase gene into them, thanjeeting them into the patients (Blaeseal,

1995). There was individual variability in the outcome: one patient showed a good response to
the treatment while the other did not. Nonetheless, this tr@insidered the first successful
experiment in the gene therapy field, whose promising results inspired others to proceed

(Blaeseet al, 1995).

In 1999, a clinical gene therapy trial was performed to treat theed8old Jesse Gelsinger

who was suffeng 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 treahrithaeck
squamous cell carcinoma. Gendi@nga nonreplicative adenovirus that carries the p53 gene.
This product created much controversy due to the lack of a phase 11l clinical trigt @la
2009). Two years later, the Chinese FDA approved another gene therapy drug, ®ncorine
Oncoriné is used withchemotherapy to treat refractory nasopharyngeal cancer using a

controlled replicative adenovirus.

In 2012, Glyber& was the first gene therapy to receive a recommendation for approval by the
European Medicines Agency. It is an ad@ssociated virus thaarries 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 (Withal, 2013).

1.2.2.Cancer gene herapy

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) amtogenes (e.g. RAS;myc, bct2, and emet) (Booksteiret

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
inactivaton 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 igémetic 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 digotion in the DNA; when this gene is mutated, the result is
uncontrolled cell growth (Booksteket al, 1990; Shalewet al, 2001; Mazhar and Waxman,
2004). In addition, glutathiorg-transferase gene (pl) svédound to be disrupted in some
prostate cancecases. The main cellular role of pl is carcinogen detoxification and its
inactivation leads to carcinogenesis (Shaeal, 2001; Mazhar and Waxman, 2004).

Different gene therapeutstrategies can be involved in prostate catreatment, such as gene
apoptosis therapy, in which the transformed gene is replaced with one that regulates the cancer
cell sé deat h; i mmunomodul atory gene therapy
system; and suicide gene therapy, which relies on introducing geneaubkatahanges to a

chemical compound or enzyme to form toxic substances (Segédy 2001; Lu, 2009).
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1.2.21. Apoptosis in gene therapy

Apoptosis is a normal physiological process that is programmed under certain circumstances
to control cell death (I, 2009; Jiaet 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 cellgdst leancer
development. Therefore, using gene therapy to induce cellular apoptosis in cancer cells would

be an effective treatment for cancer.

Tumour necrosis factor alph@ T N)E tUmour necrosis factenelated apoptosisducing
ligand (TRAIL) and Fasligand (Fasl. are the most common cytokines to cause cellular
apoptosis by binding to their specific death receptors (Walczak, 2048pase activation,
which occurs externgl (by binding to thedeath receptor) or internallyié themitochondria

and death domain), is requirf stimulatingcell apoptosis (Wong, 2011; Baal, 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 recepters TNF
R1, TNFR2 and Fas receptor respectively, which creatparticula binding site specific to

the adaptor protein; this causes the formation of a dedtiting signalling complex (DISC),
triggering the activation of caspase 8, which in turn causes cell apoptosis through activating
effector caspases such-8sand-6 thathave the capability to recognizing proteins amino acids
sequences thare involved inthe main cellular physiological functions and cleave them at

certain motifs to form substrate residues (Wong, 201%ktkhd, 2012).

Alternatively, the intrinsic adtation 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 BA. After apoptotic stimulationt causes the release of
cytochromec followed by apoptosomecausing the release of the apoptotic peptidase
activating factor 1 (Apal) and as a result activating the initiator casp@sellowed by the

effector caspase 3 which initiateell 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
(Wanget al, 1996 Tutinget al, 1997 Jiaet al, 2012. Some common cytokines used for this

purpose ard N F, DRAIL and FasL.

1.2.21.1. Tumour necrosis factor dpha (TNFU )

T N Fig an inflammatory cytokine that produces many biological activities in the immune
system, at inflammation sites, and in cell death and surwaal Horssenet al, 2006). To
gererate cell apoptosid;, N Fdduples 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
Fasassociated death domain (FADD). This leads to the formation of DI&Chwactivates

the procaspase 8, thereby causing DNA fragmentation and cell apoptosis (€hapra004;

Tseet al, 2012).

Highlevelof TNRJ) causes cel | apoptosis and necrosi s
destroy cancer cells (Chopetal, 2004; Tseetal,2012). TNRJ has been found to
at inducing apoptosis when it is introduced externally to cells. Maateati (1996) used the

TNFU gene to treat epidermoid carcinoma, t 0C¢
compared tis with the same treatment in normal tissues in mice; the results showed highly

selective tissue necrosis with no harm to normal tissue.

T N F &ytokine therapy was also tested against prostate cancer @fepraet al (2004)

investigated the effectsof 'l on nor mall (NP) and camvir@r ous (
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the results for low dosesof TNF wer e promi sing, with signific:é

and no effect on normal cellSeveral articles have since been published, discussing the use of
plasmid DNA encoding N Fdd an apoptotic agent with prominent finding after carrying this
DNA to target different tumours including prostate cancer using targetedirawectors as
single therapy approacKgppuet al, 2010; Aldawsaret al, 2011; AlRobaiaret al, 2014;

Lim et al, 2015.

1.2.21.2. Tumour necrosis factorrelated apoptosisinducing ligand

TRAIL or Apo2L is acytokinethat was first described by Wiley and lealgues in 1995. I

found in human tissues such the spleen, proggand ovariesTRAIL binds to its specific
receptors TRAILR1 (death receptor 4) and TRAILR2 (death receptor 5), causing activation of
the death domain and cell apoptosis (Ashkeatai., 1999 Norianet al, 201J). In addition,

TRAIL has also been fourtd 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 anycell death signalling. The existencei®3 andi R4 in the cells is linked to their

TRAIL apoptosis resistance (Griffiget al, 2009).

The mechanism by which TRAIL induces apoptosis occoasnly through the extrinsic
pathway when TRAIL binds tdR1 ori R2 receptors which as a resstimulates TRAIL
signalling cascade by forming deaitducing signalling complex (DISC). DISC includes
several proteins such as FADD and-paspases 8 and 10. Therefore, after TRAIL binding and
DISC activation, cgsases 8 ectivation 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 (Griffitat al, 2009; Noriaret al., 2011).
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The use of TRAIL asn agent to kill cancer cells arises from its preferential ability to induce
cell apoptosis in cancer cells without harming normal healthy celle(™l, 2000; Farooqi

and De Rosa, 2013). Ashkenaral (1999) examined the apoptotic effect of TRAILvarious
normal and cancerous cells. It was found to have good apoptotic activity against most cancer
cellsin vitro (32 of 39 cell typesgndwas not cytotoxic to normal cells. This criterion attracts
the attention of numerous researchers to furthersitgee the andiumour activity of this
cytokine. Moreover, TRAIL caused a significant reduction in tumour progressiovo, with

an accompanying increase in survival rate ev¥al (2000) also examined the effect of TRAIL
cytokinein vitro in the andogeninsensitive prostate cancer cells (B@nd 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 ce&pasie

3 bycrosslinking 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 denovirus (Ad5TRAIL) to examine its possible apoptosis effect against different
cancer cells including prostate cancer-BCells. In vitro, treating cells with AJSTRAIL
showed similar antiproliferative effect obtained from usTiRAIL cytokines, whereasther
non-therapeutic DNA carried by the same carrier did not show any cytotoxic effect. The study
also demonstrated the successful production of TRAIL protein i3 Bélls after infecting it

with Ad5-TRAIL using Western bt and flow cytometerlLater, rumerous groups used
adenovirus and aderassociated virus as a carrier for thene encoding RAIL to target
different cancer cells and tumours, including prostate in iotlitro andin vivo (Lin et al,

2003; Seolet al, 2003; Mohret al, 2004; Jiméneet al, 2010) All of these showed the
superiority of this gene in inducing cellular apoptasigitro and supressing the tumour growth

in vivo.
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DNA encoding TRAIL was also complexed using different woal gene carriers for the
purpose of avoiding tnhimmunogenicity 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 tacarry the plasmid encoding TRAIK¢ppuet al, 2010; Lemarie at al., 2012|
Robaianet al, 2014;Wanget al, 2015;Gaoet al, 2016; Wanget al, 2016); other studies

have used cationic polymers as carriers for pTRAIL in order to form polyplex méctgs

(Tzenget al,, 2016; Wanget al, 2016).

The raite 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 factotbat play a key role in evaluating the outcome obtained fronmthe
vivostudies. Intratumoral injection of DNA encoding TRAIL complexed with different carriers
such as cationic dendrimer or polymer against breast cancer tumours was examined. The data
demastratel the capability of intratumoral injection of dendriplex (PAMAM: TRAIL) i
preventing tumour growth (10y.of DNA per injection) compared with polyplex (PEI: TRAIL)

(Wang et al, 2016). Similarly, Wanget al (2015) targeted osteosarcoma intraturathyr

through PAMAMtriazine: pTRAIL dendriplex at N/P ratio 14:1 (i pTRAIL per injection),

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

However, some types of cancer celfécscaubedvel op
by a mutation in the receptors responsible for the signalling pathway in the malignant cells,

especially death receptors (Ashkeneizal, 1999 Norianet al, 2011).

A combination treatment with different medications, chemotherapy, radipher 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 overexpressioaciindtion of death receptors
after treatment with chemamr radiotherapy, which as a result improves sensitivity to the
TRAIL apoptosis pathway (Faroogi and De Rosa, 2013). Vodikehsoret al (2002) tried

to overcome the problem of TRAIL gene resis@ann eight prostate cancer cell lines by
combining gene therapy with doxorubicin, a chemotherapeutidgqathesizedo play a role

in improving the sensitivity of cancer cells to TRAIL. Cell death was significantly improved
after the combination thergpn seven cell lines compared with each therapy aloneitro
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%@t(Al) 2003). Shankar

et al (2005) and Kasmaret al (2007) combined TRAIL gene therapy with various
chemotherapeutic drugs and found an improvement in the sensitiyptystate cancegells

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

1.23. 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 degi@udtiring its passage through the

blood circulation and biological tissues (Tag@taal, 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 transfaettitside the cell (Wangt al, 2013).

These drawbacks can be overcome by usingaldegene delivery system. Gene delivery can

be simply defined as a process to introduce a foreign gene to a host cell using a gene carrier
(Kamimuraet al, 2011). It nvolves the complexation of the gene of interest totalsieigene

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 deliveryrsgbte

26



to targetthe required tissue and delivering the transferred gene to the cells without major side
effects (Wanget al, 2013).

Gene delivery confers several advantages on the complexed gene, such as protecting it from
degradation in the blood cutation and increasing the targeting specificity to the required
tissue. Several methods can be used to transfer genes, such as viraleinal nentors, and

even naked DNA transferred by physical methods (Curiel and Douglas, 2005). Studies seeking

moretargeted and less toxic vehicles are ongoing.

1.2.31.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 (McTaggartFRunob |

2002). Modified (replicatiordeficient) viruses are used as gene vectors to attenuate their
ability to induce infection (Kamimuret al, 2011).

The use of viruses as gene vectors has several advantages. First, viruses have a strong ability
to pursueand 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 requirecseetisid, viral vectors are

found to integrate genes into the targeted cells for a longer period thairaorectors (Curiel

and Douglas, 2005).

On the other hand, viral vectors are also associated with disadvantages such as immunogenicity
(Huntet 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 attpdkim the
bloodstream, reducing ifgrobability 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 (Weatngl., 2013). Other potential drawbacks
could arise from using viruses as gene vectors are toxicity and oncogenicitg{8ha012).
Several viruses are used as gene vectors such as retroviruses, adenovirusesssutzaied
viruses and the herpes siraplvirus (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 requiremeBisliéck et al, 2003. For
exanple, genetic disorders usually demand ldeign treatment, which requires a gene vector
that is able to induce permanent gene expression and integration, such as-baseNAirus

(e.g. a retrovirus). In contrast, in suicide gene therapy, the theragem#c 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 mtablstor this treatment approach

(McTaggart and ARubeai, 2002Kamimuraet al., 2011).

1.2.3.2.Non-viral vectors

Nonrviral delivery systems are based on the use ofun@h vectors such as liposomes or
polymers to transfer the therapeutic gene to the required tissue. The delivery of the gene occurs
via electrostatic interactions betwethe gene and the nmiral vector, which leads to the
condensation of the gene withe vector (Wangpet al, 2013). Several advantages can arise
from this complexation, such as protecting the gene from the surrounding environment, as well
as preventinghte degradation of DNA by the nuclease enzymes in the circulation (Ogris and
Wagner, 2002; Wanet 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,
nonviral vectors possess higher gene complexation ability for large DNA molecules when

compared to viral vectors, due to their wabnstructed chemical strucgyrwhile 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, thetgeting ability of nofviral 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

et al, 2013).

1.2.3.21. Cationic polymers

Cationic polymers are macromolecules thadgess 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.-pdlsine) and dendrimers (e.g.
polyamidoamine). Somehemical 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
(Wanget al, 2013).

The concept of using polymers as drug or gene carriers was first deveto@&d0 by
Ringsdorf (Tairaet 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 phosphateshiNth. The molecule
formed is called a polyion complex or polyplex and usually leads to the DNA condensing to
around 1@ of its actual size (Curiel and Douglas, 2005). Polymers tend to protect the
complexed genetic material (DNA) from hydrolysis in thecaiation or in the body tissue,
giving it a longer haHife 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 ofgéeetic material (Tairat 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 (ithe DNA). The total charge should be positive in order to form a
stableand effectivepolyplex Mannistoet 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 (Metista 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). Aitgively, 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 bettBNA 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
andhydroxyl groups (Tairat al, 2005).

1.2.3.21.1. Examples of cationic plymers

Poly-L-Lysine (PLL) is a polypeptide cationic polymer which is one of the early polymeric
vectors used in gene delivery (Waetal, 2013). PLL contains high density of primary amines
(Figure1-5) that have a strong affinity titve negative ions at neutral pH, since most of them
are ionized at pH 7.44&nnistéet 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 thestrong 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 &s#etts and
improve its ability as a gene carrier, especiallyinnvivo trials, since it isbiodegradable

(Mannistéet al,, 2005; Wanget 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 formtabte polyplex, as well as a strong
ability to condense large moleculdsdure1-5) (Wanget 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 thecytoplasm Mannistoet al, 2005). Moreover, the lowrotonated PEI facilitates

the endosomal escape of polyplex from the lysosome by means of the proton sponge effect

(Wanget al, 2013).
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Figure1-5 Chemical structuréor the most comimn cationic polymersised in gene delivery
(adapted from Tairat al., 2005)

1.2.3.22. Dendrimers (dendritic polymers)

Dendrimers are thregimensional branched macromolecules with a-likee structure that

were first synthesised in the late 1980mnald Tomalia. The name is taken from the Greek
worddendron whi ch means oO0treed. 8avebeenusedirevariousdi s C
applications in pharmacy, medicine and engineering (Klajnert and Bryszewska, 200letDufes

al., 2005; Taireet d., 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 maecnileo
(Dufeset 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 swmlles to form the firsgeneration
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 ektghemselves ta multifunctional core molecule
(Figurel-6). This method yields dendrimers with a better thaleeensional structure (Klajnert

and Bryszewska, 2001).

In either case, dendrimer synthesis occursalwelldefined 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 asany binding sites (Klajnert and Bryszewska, 2001; Dafed, 2005).

4x X 8x 16x
A) —_— L X e

>_. 2x (a) 2x (b) 2
12X T = U =
>_. (a)

(b)

Figure 1-6 Different methodsuseal in dendrimer preparation A) divergent synthesis method,
which initiated upward and )Bconvergent rathod which startedbackward (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 diaminobutyrigolypropylenimine (DAB). Cationic
dendrimers tend to ooplex 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 (Defed, 2005). Among their advantages
overregular polymers, dendrimers have a significant gene transfection ability which increases
with higher generations (Tairt al, 2005). Their tredike shape also increases the surface
area of the molecule and creates inner cavities, thus improving tNéircdmplexation 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 nonrimmunogenic molecules, which makes themtahle gene carriers forn vivo
experiments (Dufést al, 2005; Kimet 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 mol&caiso
depends on the surface charge, so that primary amines are more toxic than secondary or tertiary
amines (Dufet al, 2005).In order to overcome this limitation, conjugation with a peptide,
acetylation and alkylation can reduce dendrimer toxiitgt promote delivery specificity by
lowering the charge ratio (Shanal, 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 (NH) or a tetravalent core, e.g. ethylenediamine. Changing theremesule 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 etlgiediamineKigurel1-7) (Duféset al, 2005; Taireet 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 afttile groups

to primary amines. This process is repeated until the required dendrimer aid@eged
(Figurel-8). The molecule is usually called DABwhere x is the number of positively charged

amines in thesurface (Dufegt al, 2005).
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Figurel-7 Synthesis of PAMAM dendrimemnd chemical structure d$ different generations
(adapted from Dufést al., 2005).
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Figure1-8 Synthesis oDAB dendrimer (adapted from Dufesal., 2005).
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1.2.3.22.1. Diaminobutyric polypropylenimine (DAB)

Among dendrimers, PAMAM has been examined extensively as a gene carrier, whereas DAB
has been more rarely considered, due éohilgh 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 generatns (DABAmM4, 8 and 16) were found to have low
cytotoxicity, making them potentially attractive as noral vectors for genetic materials
(Zinselmeyetet al, 2002; Kimet al, 2007; Zhanget al, 2014).

Zinselmeyer and colleagues (2002) evaluated Hrestection 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 (E¥8L6)

was found to complex the DNA congipély 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, leandj 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 DABAmM16 (Zinselmeyeet al, 2002). This suggesthat thirdgeneration

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.this study, the thirgjeneration polypropylenimine

dendrimer (DABAM13) was selected as the gene vector.
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1.3. Cancertargeting

1.3.1. Passive argeting

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 tunestna(let

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 vessalsssaq 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; Bertrainal., 2014). In addition, the lymph nodes

in tumour sites do not function prapg 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 (Bertramd al, 2014).

Passive targeting is a naturally occurring processatises from the unique pathophysiology

of the tumour site. Due to the nature of the blood vessels formed and the disruption of the
| ymph nodesd functi on, macr omol ecul es and
tumour tissues. This is called teehanced permeability and retention (EPR) effect or passive
targeting (Bertrancet 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 theirdiffusion 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 (Bertranctt al, 2014).

Passive targeting is also associated with certawlzheks, 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 tsdarred cytotoxic agents (Waet 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 ge. The administration of vasodilator medication also brings some improvement in
passive targeting by increasing the vascular permeability of the tumour vessels to the
macromolecules (Woret 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 nanopatrticles.

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 inafgeted 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 (Bertrancet 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 n@pecific binding. It is importa to mention that some ligands

have the ability to bind to more than one type of receptor, which could increase the chance of
nonspecific binding (Bertrandt al, 2014). In addition, the conjugation reaction of the ligand
with the nanoparticle has a roajimpact 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 onetep reaction has the advantages of low probability of side reactions, with
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straghtforward purification of the final polymer formed which results in better control of the
polyplex properties.

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

The genetic material firedts way tothe nucleus ttough three possible pathways:

1 Duringcell division, when the nucleus membraysels and allows the genetic material
to migrate inside the nucleus. Thistiee commonpathwaywith cancer cells, since
they possess high growth rate.

1 The passage of DNA through the nuclear membrane pores, which can normally
accommodate molecules with aagimum diameter of 9 nm (Pérdtartinezet al,

2011).

1 Active transport, which based on introduciclgemical compounds that enhance the
passage of transgenes, making it possible to introduce the gene to the nucleus (transfer
carriers) (Ogris and WagneiQ@2; PéreaMartinezet 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 Marthy, 2013).
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Figure 1-9 Active tumour celltargeting by receptormediated endocytosis) (adapted from
Wagneret al, 1994)

1.4. Delivery barriers

Several factors affed¢he 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, B8 factors

can be classified as systemic and cellular barriers.

1.4.1. Systemic farriers

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 redwite. In the bloodstream,
nanoparticles (NPs) face a number of barriers, especially after intramuscular or intravenous
administration.

Due to their net positive charge, nanoparticles could undeggespecific binding to
negatively charged moleculescbuas immunoglobulin M, complement C3 and other proteins

in the circulation by electrostatinteractions which can lead to the dissociation of the NPs
before reaching the target site (Ogris and Wagner, 2002; McCrudden and McCarthy, 2013).

This is usuallyovercome by conjugating the NPs with an anionic hydrophilic molecule such
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as poly PEG, to reduce their total positive charge, and therdiEmreasesonspecific
aggregation and improves transfection ability (McCrudden and McCarthy, 2013).

Another issudhat can arise during gene delivery is the intake of thevirahvector by the
immune cells in the bloodstream which identify it as foreign particles (Ogris and Wagner,
2002). Nonviral vectors are usually legsmunogeneic compared withral. Neverthegss, a
nonviral 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 oasponse
be diminished by eliminating unnecessary CpG sites from the compleredg 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 oliséructs
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 &iediular obstacle that could face NPs
when they approach the targeted cells is the transfection efficiency, which mostly occurs via
conjugatinga sutableligand to the NP. The binding of the lighto its specific receptor in the

cell membrane allows the transfection of the NP via recepaatiated endocytosis, a cellular
biological process whereby a specific molecule can enter or leave the cell with the assistance
of a specific receptor in the tehembrane. 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 signifi@ant uptake by the cells through endocytosis, compared with NPs larger than

50 nm, with an optimum size being 25 nm (Gaal, 2005).
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Thesecondcellularbarriertake placeduring theuptakeof the NP inside a cell, when the NP
ligand-receptor complex israpped 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; Péslartinezet al, 2011). In overcoming this limitation, NPs tend

to escape frorthe 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, leadinga@asein

in the osmotic pressure and causing endosomal swelling and disruption, which releases the
therapeutic gene in the cytoplasfRérezMartinezet al, 2011; McCrudden and McCarthy,
2013).

Finally, after endosomal escape, up to 99% of the DNA may bgeded 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 transportai®nontrolled by the nuclear pore complex (NPC),
which is permeable to moleculesth sizeless than 7&Da (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 adiwedy 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 (fMdaetinezet al, 2011). Working to
improve these methods may minimize the cytoplasd@gradation and induce better gene
expression in the nucleus. For instance, covalent anadovalent binding of the DNA or its

carrier to NLS peptides or proteins could improve the active importation of DNA to the

41



nucleus; but it is not clear whetherrmt these peptides wille separateftom 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 thn other notviral delivery systems, although research is ongoing on how to improve

it (PérezMartinezet al,, 2011).
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1.5. Aim and adbjectives

Prostate cancer is considered one of the leading causes of death among all cancer types.
Unfortunately, no sing 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 #eefagprostate
cancemwith 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 lackiaitdesielivery

system that is successfully able to deliver and transfect the therapeutic gene to the cancer site.
The aim of this study ithe synthesiof differentnovel nonviral gene delivery carriergith

specific tendency to target prostate cand¥e hypothesize that conjugating the cationic
dendrimer 3-diaminobutyric polypropylenimineavith different targeting ligandshat their
receptors are overexpressed in prostate cancer cells, may significantly ittt tiverapeutic

efficacyin vitro andin vivo. The objectives of this studyretherefore

1 To synthesis and charaterise lactoferrin and peptide bearing 3-diaminobutyric
polypropylenimine (DAB) dendrimeas targeted gene carriers for prostate cancer.

1 To evaluaten vitro thetargeting capbility andtherapeutic efficiency of the delivery
systemaftercondensingplasmidDNA previously known to cause cell apoptosisch
as tumour necrosis fact¢f N P,ldumour necrosis factaelated apoptosigducing
ligand (TRAIL) orinterleukin12 (IL-12).

1 To evaluate théherapeutic efficacyf the synthesized dendriplexiesvivo, following

intravenous administration to mice bearing prostate tmsio
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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. Ther#i®/,success of gene therapy depends on
finding a suitable gene carrier that is capable on efficiently condense the gene of interest and
safely deivers it to thetargeted cells, whicls by itselfa challenging problem due to the lack

of safe and effectw carriersNon-viral gene delivery carriers are one of the prominent vectors

in complexing DNA. They are superior over virgctorsbecause of the immunogenicity
obstacle that isisuallyassociated witlhusingviruses.In addition, norviral vectors havehe
capacity in packing large DNA moleculesvhereas the maximum packing capacity of
adenovirusa commonly used viral vector is 7.5 KBdne therapy net, 2017h addition, the

high control in the design of nenral vectorsis considered an advantalgeause ityieldsa
structure with wehldefinedpropertiegKim et al.,2007; Zhanget al, 2014).

Dendrimers in particular have gained special attention as effective gene carriers.
Diaminobuyric polypropylenimine DAB) is a promising example which has béeuand to be

very effective in gene transfefhe low generations of DAB dendrimer, especially the third
and second generati®were found to have effective gene transfection with low cytotoxicity
(Zinselmeyeet al, 2002;Schétzleinet al, 2005). The dicacy of DAB as gene carrielepends

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 polypropyleniminelendrimer generations. However, to avoid 4specific

binding in the circulation after intravenous administration, surface modification of DAB
dendrimer with specific targeting ligands such as proteins or peptidesptatically target
receptos that ae overexpessed o the cancer cells seems torhesteffective (Schatzleiet

al., 2005; Tairaet al, 2005). Lactoferrin, prostatgeacific membrane antigen (PSMAand

integrin receptors are fod to be extensively expressea prostate cancer cells tafdrent
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extents. Targeting these receptors using specific coupling ligands should theoietcatige

the targeting ability of the modified nanomedicine.

2.1.1. Prostate cancer targeting ligands

2.1.1.1. Lactoferrin

Lactoferrin (Lf) is an irorbinding, single chairglycoprotein 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 (Adlerovaet 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 increélserisk of bacterial
invasionas well as free radical generatjgrhichwas produceérom the conversion of ferrous

ion (FE*) to ferric ion(Fe**) in the body (Wally and Buchanan, 2007)

Lactoferrin isan iron transfer molecule that facilitatthe iron uptake by cells due to its
superior irorbinding capability to ferric iongFe**) over Tf (Huanget al.,2008). There are

three Lf isoforms: lactoferrity, | a ebt oafnedr rlianct b er on-byhbhact ober
binding ability (Adleroveet 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 lactafen 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 (Adlerow al., 2008). Second, Lf has been found to hawemerous
propeties such as antimicrobial, antioxidant and more importantly anticancer effects on its
own. Thereforethe iron transfer protein lactoferrin (Lf) is one of the possible ligand choices
that is expected to boost the targeting capability of DAB (Elfieti@i:, 2007; Weket al, 2012;

Ye et al, 2013).Based on these publications, lactoferrin has been chosen for use in this study

as atargetingligandfor prostate cancer
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2.1.1.2. Prostate specific membrane antigen

Prostate spéiic membrane antigen (PSMAg 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 (7B wassuccessfully usetb recognise the ferminus

of the protein in prdate tissue; hence its common name (Horoszeetiet, 1987; Kinoshita

et al, 2006). Alternative names for PSMA dxeacetylateealphalinked acidic dipeptidase
(NAALADase), folate hydrolase (FOLH1lyand glutamate carboxypeptidase (GCPII),
reflecting ts physiological function in the bodigs chemical structure can be divided into three
main partgFigure2-1): the external part consisting of 707 amino acids, the transmembrane
partmade of 24 amino aciand theinternal part consistingf 19 amino acids (Chang, 2004,
Kastenet al.,2013). The Nterminusof 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. Doman 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 grated from the extracellular domain of PSMA (Goodrean

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 intstine, where it facilitates folate uptake through the hydrolysis of dietary
folylpoly-g-glutamates and polyglutamylated folate. Additionally, GCRihctions as a
catalyst for the hydrolysis of ddcetytL-aspartyiL-glutamate (NAAG) which is a
neuropeptid thatbinds to N-methylD-aspartate and metabotropic glutamate receptors in the
brain, to NacetytL-aspartate (NAA) and to-glutamate. kglutamate is an even more potent
neurotransmitter than NAAG and its accumulation leadsexoitaoxicity, due to the

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

a7



stroke(Kinoshitaet al, 2006; Mesterst al, 2006). Although PSMA expression is correlated
with the progress of the clinical stages of prostate cancer its functtbe prostate remains

unclear (Goodmaat al, 2007; Yacet al, 2010).

Figure 2-1 General structure gbrostate specific membrane antigeivided into external,
transmembrane and internal pgedaptedrom 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 eargells without affecting normal
tissues I(iu et al.,1998;Chang, 2004). On the other hand, PSMA serurelleould be used

as a test in prostate candegnosis. The possibility of using PSMA as a diagnostic marker for
prostate cancer ags from two men properties: & high specificity for prostate tissues and its

high release in both the early and late stages of the disease (Chang, 2004etkas@01 3).

Various studies have used PSMA antibodieparts of thenas ligands fotargeting prostate
cells which can be applied for therapeutic and diagnostic applicatidbmong 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 immundoeagainst the targeted
cancer cells, although it could alsauseunwanted immune responses (Kuchenthal and
Maison, 2010)In 199Q the first PSMA targeted imaging agent has been approved by the US
FDA (ProstaScirft) (Ghosh and Heston, 2004)is commsed of a monoclonal antibody (mAb
7E11), whichfound to havéimited sensitivity and specificity because its binding epitope is in
the internal part of PSMASeconegeneration PSMA antibodies have also been developed with
the ability to bind to differergpitopes of the extracellular moiety of PSMA, thereby increasing
their specificity and sensitivity to PSMA (Boucheloudtal.,2010).

Prostate tissue caalsobe targetedypdesigning special inhibitors that have the affinity to bind
to PSMA. Kasten anldis research group used the PSMA inhibitor CTT54 as a targeting ligand
by conjugating it with PEGylated gold nanoparticles (CT-PEIGAUNPS). The targeted
formulation showed a highsignificant selectivity to target PSMpositive cells LNCaP
compared witlPG-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 indicatgnificant
competitive targeting of the designed nanopatrticle to LNCaP cells, even after blockialisthe ¢

with CTT54 (Kasteret al.,2013).

Alternatively, small peptidescan be usedo target PSMAas well They have less
immunogenicityin vivo than antibodies and they are relatively inexpensive. Aggastval

(2006) used a random phage library to idgrésome 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, WQPDTAHHWAREpt(de2 is a 12 amino

acid peptide that was found to targeSMA selectively(Aggarwal et al, 2006) We
hypothesise that conjugating this new peptide with the gene carrietADAE would improve

the targeting capability of the dendriplex, as well as the cellular uptake of the therapeutic gene

through receptemediated endocytosis.
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2.1.1.3. Integrins

Integrins are ansmembrane glycoprotein receptors that link the cytoskeletons of cells with the
extra cellular matrix (ECM). Each integrin r
bet a ( b)thasbimdnroncevalently to each other to form a unique sr@embrane
heterodimer with a specific ligand binding site. There are currently around 24 heterodimers
known to be generated from the binding of 18 diffeeestibunits and eiglit-subunityFigure

2-2) (Barczyketal., 201Q. Integrins can generally be divided into two main types: the RGD
binding integrins such as Uvb3,-RGDvbnding Uv b 6,

integrins such as collagen and laminin (Sutherktral., 2012).

Collagen receptors
(GFOGER)

siojpdasal
oy1oads - ajfooyna

RGD
receptors

Laminin receptors

Figure2-2 Integrirs receptors family (Adapted from Barczgk 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, vitronentircallagen (Liuet

al., 2008; Marelliet al, 2013). These adhesive molecules assist the connection between the
adjacent cells and surrounding ECM by creating tuiikeljunctions, maintained by integrins,
which facilitate the passage of ions and smailaoules between cells and which form and
break as needed (Bonkhoff, 1993; Susimal, 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 maintaihomeostasis in normal physiological processes such as wound
healing (Dunehoet al, 2006; Barczylet al2010).

Several integrins have been found to be strongly expressed in cancerous tissues, indicating that
they play a role in cancer progress. Integxpression affecthiegrowth and cell proliferation

in rudimentary tumours via various mechanisush agontrolling the expression of cell cycle
proteins binding with some components in the ECM to promote migration and invasion to
other organsandactivatingsome matrixdegrading proteases such as matrix metalloprotease
2 (MMP2), which tends tomodify surrounding tissuge to enrol them in angiogenesis
(Desgrosellier and Cheresh, 2010).

Several integrin receptors havednefound to be overexpressedgnostate cancerells, with a
differentiation in their expression as the cancer progressgsasnbszwhere it isextensively
expressed in PC3 but not LNCaReells, asanbs tends to adhere to vitronectin in the ECM
(Zhenget al, 1999), vhereas other oeptors were detected only in cantissues, not in normal
onessuch asanbe (Azareet al, 2007).Moreover,asbs andasb; werefound to have variable
roles in prostateancerasbswasfound to assighe attachment of normal cells to the basement
membrae explainng its low expression in prostate cancer celleereasasb: found to be
overexpressed in cancerous cells due to its involvement in cancer cells mifiPatigget al,

2001; Stevensoret al, 2007; Suyinet al, 2013).asb; is expressed in bbtnormal and
cancerous cells and has been found to have a role-& ¢80l adhesionStachurskeet al,
2012).Therefore, selecting a suitable peptidéarget overexpressed integrin receptwosid

be a good way to improve the active targeting capglafithe nanoparticles.

Two peptides have been selected to targetc€lS by targeting integrin receptors that are
overexpressed in prostate cancer. EET.5F is an RGD peptide designed by Kimura and

colleagues (2009) to target integrin receptors eéaressed in canceanbs anbs, aipbsz and

51



asbi. Mooreet al (2013) used this peptide as an imaging probe in brain tumour targeting. Its
targeting capability was examinéadl vivo and ex vivq and it was found to pick ugsbsin
particular. Our study usedhe active binding site of the EETI 2.5F peptide

(PRPRGDNPPLT) as a targeting ligand for prostate cancer

The second binding ligand, YESIKVAVS, synthesised by Steveessai (2007) to target
asbiandaebs, was selected to target PC due to the ovessgion of these peptides in prostate

cancer cells, as mentioned above.

2.12. Structural elucidation

2.12.1. Nuclear magnetic esonance

Nuclear magnetic resonance (NMR) isiaaportant technique for the structural identification

of organic compounds. Ehprincipleof NMR is based is on the magnetic properties of certain
nuclei that have an odd atomic number (the magnetic moment and angular nmoyoesipin)
(Lampmaret al, 2008; Watson, 2012).

Proton NMR tH-NMR) is the most commonlgnalysed isotag due to its sensitivity and the
diverse structural informain that can be obtained from iTwo-dimensional NMR
spectroscopy is a more advanced technique for interpreting chemical structures which has
become possible due to developments in NMR instrusném2D NMR spectrahe 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.
(Lampmaret al, 2008; Watson, 2012).

The nuclear ®@erhauser effect (NOE) is a technique used to determine- iaied
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 distancesUipVithén
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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 tégre 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 severeldes such as their shape and size, as well as the viscosity

of the solvent and the temperature at which the test is perforfied2DDOSY NMR
spectrum plots the reguldH-NMR chemical shift against the diffusion constant, which is
determined by introdueg the sample to a gradient of pulses of radio frequency, thus

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

2.12.2. Matrix assisted laser desorption/ionizationtime of flight

Matrix-assisted laser desorption/ionization (MALDE 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 YAbsorbing weak organic acid suchaas
cyanoe4-hydroxycinnamic acid or 2;8ihydraxy 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 lasédight 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 (Letxas, 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 masimmonion separator linked to MALD(Watson,

2012).
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MALDI -TOF has been found to be the mostatlemass spectroscopy technique for peptides,
proteins and dendrimers, as it yields an accurate mass determination for such compounds
(Lewis et al, 2000; Ptersonet 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 suchlasyane4-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).

2.13. DNA complexation study

DNA complexation or condensation is aetmod 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 interacimetween the amino group in the cationic
vector and the phospteamoieties 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 genetaterial 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 fnomspecificbinding with any
cationic molecules and enmatic degradation in the bloodstream (Ta&tal, 2005).

The efficiency of the prepared vector in condensing the required DNA can be assessed by
conducting an assay such as PicoGfemrd agarose gel retardation assatdgwsariet al,

2011;Lim et al, 2015).
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2.13.1.PicoGreerf assay

PicoGreefiis a reagent that fluoresces when coupled with a desttdeded DNA (dsDNA).
Among several fluorescent agents investigated, PicoGreas been found to be highly
sensitive in detecting and quantifying evemadl 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 dectivity of PicoGreefi minimises the probability of inaccuracy in
dsDNA quantification, since it has very low affinity with singieanded DNA and RNA,
which will thus lead to much less fluorescence (Sirged, 1997).

PicoGreefi assay was conducteid 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 Pico&vékiind to

couple withand the less fluorescence will be detected (Siagat, 1997). Thus, the intensity

of fluorescence induced by the PicoGréeeagent provides a measure of the level of DNA

complexation with the dendrimer.

2.1.32. Gel retardation assay

Gel retardatioror 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
eledric 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 clargass 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 thengelsigector 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 thewtaigt 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 (Westermezi 2005; Redgland 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 Hiédf, phagocytosis by immune cells and
intratunoural accumulagin. 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 nanopartickssddepn 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. Oretbther hand, large nanoparticles tend to move with the blood flow,
avoiding the vessel walls as they become heavier; theyéferetransport from the circulation

to the cancer site tends to be lower than that of smaller molecules, which tend toteralyg la

in the blood vessels and exhibit higher diffusion. The clinical outcomes of these two criteria
are contradictory, so that large particles have a bettelifedtiut slower diffusion than smaller
ones. Thus, nanoparticles should be of a size wisiaiot too large to prevent adequate
distribution nor too small for them to be cleared rapidly (€bgl, 2014). Tanget al (2014)
investigated the effects of size in nanomedicines used to treat caricére @ree sizes
examined20 nm 50 nm and 106m), they found 50 nm to be optimal, as nanopatrticles 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 {ggt#ttering technique that is used to study the
physical poperties 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 matiipfons 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 scatteddferent 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
thecontinuously 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 theaitye{diffusion

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

Another relevant physical property is the zetay{otential, 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 nanopatrticles
in a colloidal systemZeta potential affects several properties of the delivery system, such as
its longterm stability due to nanopartieteanoparticle interaction, and the cellular uptake
efficiency of the nanodrug formed due to nanopariel interaction. Thus, the zepatential

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 preveataggregation of the particles in the solution.
Several studiestatesthat to obtain good stability, the zeta potential should be ditigeer

than-30 mV orlowerthan 30 mV (Bhattacharjee, 2016), while athgropose a narrower range

of 25 mVOg O-25 mV (Durymanovet 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 hegfabalve G

mV) may lead to noispecific 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@adispersed in aqueous 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 piate, 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 potentiah 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 theta potential then reflects the potahtlifference 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 ajam light scattering due to the Doppler shift; the
electrical potential of particles at the shear plane (the zeta potential) is proportional to their
velocity (Tuckeret al, 2015;Bhattacharjee, 20)6The zeta potential can be then measured

via the Heny equation:

6 —— (1)
where iIis 6 iIs the zeta peadthesdvenadelectriticonsant,t h e

h is solvent viscosity anti(ka) is the Henry coefficient.

The sample should be suspended in a solvent with known refréctie 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, allomg velocity to be determined from the frequency shift

(Shimkoet al, 2012).
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Figure2-3 Zeta potentiabf charged particle@dapted from Shiko et al., 2012

The characteristics of the solvent where tlamoparticlesvere dissolvedhave significant
impact in the zeta potential of thesanoparticlesuch as the pH and ionic strengilhe zeta
potential will vary with pH since it directly affects the ionisation state of the particles
(Bhattacharjee, 2016%enerally, the degree of ionisation is linked with the difference between
the logarithmic acid dissociation constaritap of the dissolved particles and the pH of the
solution. In the case of the cationic dendrimer polypropylenimine (DAB), the terpmimery

amine groups haveqa 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 (Sttead,, 2011), thereby affecting the

zeta potential accordingly. The ionic strength of the dission 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 (AFMjs a technique used to measure stefructures 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 samplesf various types and textures, ranging from hard metallic nanopatrticles to soft
human cells. However, an AFM image is not an actual image formed from focusing light on
the surface of an objedhstead, it is created by physically touching the samplaseirith a

probe (Eaton and West, 2010). In nanomedicine, AFM is usually used to examine the shape
and size of nanoparticles (et al, 2000).

The principle of AFM is based on placing the sample on a moving stage, then gently scanning
over it using a shia 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 nagignific

system which records itaotion.

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 towo 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 isaflefor scanning most types of sample, while

TEM and SEM require th 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 100rmm because it would take too long for the probe to physically cover a larger

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

The objective of this chaptelis to investigate the impact of conjugating different ligands
(Lactoferrin,Peptide2and Peptide to diaminobutyricpolypropylenimine (DAB) dendrimer
on its physicochemical characteristissch asDNA condensation, size, zeta potentaid

morphology.

Thefirst part of the study ithe synthesis of lactoferdand pgtide- bearing DAB dendrimer.
Thereafterthe physical chracterisation of the synthesised dendriplexes will be investigated in
this chapterstarting from structure elucidation using different techniques (NMRMSZ and
MALDI-TOF) and examining the DNA condensation tendency of the dendriplexes using
fluorescere spectrophotometry and electrophoretic mobility assay. In addiiephysical
characteristicsuch as morphology, size and chaofjiehe nanoparticlewill be investigated

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

2.2.1.Materials

Table2-1 List of materialsused in chapter 2.

Materials

Supplier

Ampicillin

SigmaAldrich, UK

Dialysis tubing, benzoylated

SigmaAldrich, UK

Diaminobutyric plypropylenimine

hexadecaamindendrime(DAB-AM16)

SigmaAldrich, UK

5 , -dittNpbis(2-nitrobenzoic acid)

(El'l mands)

SigmaAldrich, UK

Ethidium bromide

SigmaAldrich, UK

Ethylenediaminetetraacetic acid (EDTA)

SigmaAldrich, UK

EndoFreePlasmid Giga Kit

Qiagen, UK

p C MV s p-galadtosidase

Life Technologies, UK

2-l mi not hi ol ane (7]

SigmaAldrich, UK

Isopropanol

SigmaAldrich, UK

|-Cysteine

SigmaAldrich, UK

Lactoferrin, bovine colostrum

SigmaAldrich, UK

Maleimide PEG3.5K succinimidyl

carboxymethyl ester

JenKem, USA

N-( -snaleimidobutyryloxy)succinimide

ester (GMBS)

Polypeptide Group, France

Methoxy PEG 2K succinimidyl

carboxymethyl ester

JenKem, USA
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Methanol

SigmaAldrich, UK

Passive lysis buffer

Promega, UK

Pepide2 (CQWPDTAHHWATLC)

Biomatik, Canada

Peptide4 CPRPRGDNPPLTCGGKKK)

Biomatik, Canada

PicoGreefi dsDNA reagent

Life Technologies, UK

Phosphate buffer saline

SigmaAldrich, UK

Snakeskifi Dialysis tubing, 3.5 K MWCO

ThermoFisher, UK

Snakeskifl Dialysis tubing, 7 K MWCO

ThermoFisher, UK

NaoHPOy

SigmaAldrich, UK

NaHPOQu

SigmaAldrich, UK
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2.2.2.Methods

2.2.2.1.Plasmid DNA synthesis and prification

The plasmid DNAs used in the experiments were prepared according to twirgll
procedurePlasmid encoding the gene of interest was grow icoli bacteria (25Ql) using

sterile conical flasksontaining50 ml Luria broth (EBroth) and 650 pl ampicillin solution.

The cultures were kept at 37 °C for 24 h with continuousisbak create suitablgrowth
conditions forthe bacteriaThe 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 performeigs Qiagefi endotoxinfree Giga

Pl asmid Kit according to the manufacturerds
P1 and P2 buffers to induce cell lysis as follows. The bacterial pellets were reconstituted using
125 ml of resuspension buffd?1 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*Mand C&*, which disrupt the cellular envelope
structure ad thus promote cell membrane lysis (Tsugata, 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 sul@R&),(

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, Td&¥suspension formed

was then neutralised using 188 of 3M potassium acetate at pH 5.5 (P3) before filtration
using the QIA filter provided.

The last stage of DNA synthesigs purification, which was achieved using the Qidtjen
endotoxinfree Giga Pla®id 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

64



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 lysat¢hga 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 caus#sionization of the cartridge resin cationic
groups, thus breaking tiedectrostatic 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 redidsed 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.

2.2.22. Conjugation of lactoferrin, Peptide2 and Peptide4to DAB dendrimer

Diaminobutyric plypropylenimine hexadecaamine (DA®BN16) dendrimerwas purchased
from SgmaAldrich and conjugated to LfPeptide2 and Peptide4using a novel method
adapted from Hermanson (2013). DABn16 was dissolved in 50 mM sodium phosphate and
0.15 Msodium chloride buffer at a concentration oldi§/ml (pH 7.4). In a separate container,
a stock solution ofN-( -maleimidobutyryloxy succinimideester (GMBS) was prepared by
dissolving 40 mg of GMBS in 1 ml of dimethgulfoxide (DMSO). [Fom the stock, specific
volumesof GMBS solutionequivalent to 2, 4, 6, 8, 10 and-i#d moles excess over the DAB
amount wee taken. Thedendrimer and GMBSolutions were then mixed together with
continuous stirring foone hour at room temperatuaad the final compounds were purified
using benzoylated dialysis tubing witholecular weight cubff (MWCO) of 2000at room
tempeatureusing500 ml of50 mM sodium phosphate and 0.15 M sodium chloride buffer as

the dialysis solutioand changed twice dugrialysis After 24-hour dialysis, the solution was
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freezed dried usin@hrisf® freeze dryefor 48 hours The powderformed wascollected and
characterisedsinghigh resolution mass spectrometry, MAL-DOF 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 mixingrttein of interest with

10-fold moles excessof2 mi n ot hi o Ireagerd)(Figuiie?-4). uactdferrin proteir{10

mg) was first dissolved irl ml of 50 mM sodium phosphate buffer with 0.15 M sodium
chloridke( pH 8) at a concentration of 10 mg/ ml. I
solution was prepared by dissolving 2 mg of the reagent in 1 ml distilled water to obtain a 14.5
mM concentration. Next, 76.58 of Tr aut 0s st o ctéferrimaotutionferact ed
one hour at 20C. The modified Lf was filtered using a Vivaspincentrifuge tube witta

MWCO of 5000Dafor 15minutes at 7500 rpm (6477.4 Q).

Recyclization
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Figure2-4 Protein modificatiomr eact i on st eps wminothiolahe)@catryd s r e a
free sulfhydryl group (Adapted from Hermanson, 2013)

Table2-2 sumnarizesthe peptides to be used as targeting ligands in this study. All the peptides
were synthesised iBiomatik and requstedto be modified with the amino acid cysteine in
their N-terminus(Biomatik, Canada). As cysteine amino alalds free sulfhydryl group and

has a high tendency to react with the nmalde group in the crostnker, there is no neetb
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modify the peptidestsr uct ur e u sdem.gEquivaleatuniolé satioroReptide2
(CWQPDTAHHWATL) andPeptide4A CPRPRGDNPPLTGGKKK) to DAB moleculeq1:1

mole ratio)was used in this reaction 29mg and 11.2 mg respectively).

The modified proteirfl0 mg) waghen immeditely used in the bioconjugation reaction with

DAB crosslinker at 20C for four hours with continuous mixing. DABf was filtered using

the Vivaspin tube in the same conditions as described above to remove any unreacted
dendrimer, followed by a desalting procedure usiSmpakeSkifi dialysistube witha MWCO
of3500Daus ng 1L distilled water as dialysis sol
of a dialysis period, to purify the complex and remove any buffer salts.

For DAB-Pep2 and DABPep4 formulation®.3 mg of Peptidezand 11.2 mg oPeptidedvere
dissolved m 1 ml of 50 mM sodium phosphate buffer with 0.15 M sodium chloride (pH 7.4)
and reacted with DAB crodmker at 20 C for four hours with continuous mixing.h&
purification and desalting steps were done together via dialysing these dendrimers against 1L
distilled water at 25 C changed twiwWE® dur i n
2000 Da or 3500Da respectively for DABPep2 and DABPep4 to remove any unreacted
peptide molecules and desalt the final product. The collected solution wasdéeedfied

using Chris? 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) andatrix assisted laser desorption/ionisatione of flight

(MALDI -TOF) mass spectroscopy (Axima CFR, Kratos, Shimadzu). NMR samples were
prepared by dissolving 12 mg of the dendrimer in 60@f deuterated water @@). MS
samples werprepared by dissolving 1 mg of the samplé:ihwateracetonitrile mixture, then
performing a series of dilutions and finally mixihgul of the sample stock witbpl ionisation

matrix (sinapinic acier dihydroxybenzoic acid). For high molecular weight samples such as

DAB-Lf and free Lf the matrix seleadewas sinapinic acid, whereas lower molecule weight
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samples such as MBAdendrimer, DABGMBS, DAB-Pep2and DAB-Pep4 were mixed with
dihydroxybenzoic acid.

The other peptides listad Table2-2 were eliminated fronthe study due to solubility issues
during the synthesisPeptidel has seven hydrophobic amino acids in its sequence affecting its
solubility in aqueous solutions. During the bioconjugation reaction with DAB, Peptidel was
dissolved firstin DMSO, then gilaally added to DABGMBS solution, however, the solution
became turbidnce Peptidel was added. Therefore, for the purpose of improving the peptide
solubility, Peptidelwas modified with basic amino acid moietGKKK) in its C-terminus

as suggested indo et al (2006) Table 2-2). The solubility of tle new peptide (named
Peptide3) vas partially improved in agueous solutions, but the same pratiléroccurred

when reacting DABGMBS with Peptide3.

Table2-2 List of the peptideproposed for use as targeting ligands

Sequence Targeting receptor/s Reference

Peptidel YESIKVAVS I nt egri n (Stevensortal,
2007).
Peptide2 CWQPDTAHHWATL PSMA (Wuet al.,2010;
Aggarwalet al.,
2006)
Peptide3 CYESIKVAVSGGKKK Modified form of (Katoet al.,2006)

peptidel

Peptide4 CPRPRGDNPPLTCGGKKK The active site of the  (Kimuraet al,
(RGD peptide) cyclic peptide EETI 2.5 2009; Mooreet al.,
F 2013)
Integrin targeting
(anbs anbs, aiwbs and
a5b1
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2.2.2.2.1. PEGylation oPeptide2 bearing DAB dendrimers

For the purpose of improving the physiochemical properties of the pdpmaieng DAB
dendrimers, different PEGylation patterns were used to modify -BPAR dendrinreand
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 ligétegtide2 in this study we originally

used the short crosslinkeN-( -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 DAPep2 andDAB-PEG3.5kPep2respectively using these
crosslinkers, another reaatiovas performed to PEGylate some of the amine groups on the
periphery of the dendrimer by reacting -endle excess of polyethylene glycol chain with a
molecular weight of 2000 g/mole (PEG2 kDa) over DABe content of each reactant in these
polymers is lsted inTable2-3.

First, the crosslinker used in conjugating DAB wiRbptide2was changed from GMBS to
NHS-PEG (3.5kjmaleimide as follows: 10 mg of DABmM16 was dissolved in 1 ml 50 mM
sodium phosphate buffer @r9.15 M NaCl (pH 7.4) and reacted with 20 mg of NPESG
(3.5rmaleimide (equivalent to one mole excess of DAB) for one hour at 20 °C. The reaction
was dialysed using 3500 MWCO SnakeSkinbes against 1000 ml of the buffer for 24 hours

at 25°C. Peptide29.3 mg) was then reacted with DABEG 3.5in a molar ratio 1:Tor four

hours at 20 °C. The final compound was purified through dialysis using 3500 MWCO
SnakeSkifi tubes against 1000 ml of water changed twice during 24 hours at 25 °C.

Another PEGylationeaction was performed using the above formulations, {PAB2 and
DAB-PEG3.5kPep2 as follows: 47 mg of NHPEG2kmethoxy (molecular weight 20(a)

was dissolved in 2 ml sodium phosphate buffer (pH, Tén added gradually ovBAB-Pep2

(20 mg)or DAB-PEG3.5kPep2(30 mg)formulations and left to react for 8 hours at ZD
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before being dialysed against one litre of distilled water using SnakKe@ikiysis tubing
(MWCO 7000) for 24 hours at 28C. The dialysis solution was changed twice during that
periad. 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 #-NMR (AV600).

Table2-3 Chemical compositions d?eptide2 bearing DAB dendrimer formulations

Estimated

Dendrimer Crosslinker PEGylation Peptide2 molecular

DAB-Peptide2 G3 DAB 2 moles excess 1 mole
(20 mq) GMBS NO excess 3250
(3.3 mg) (9.3 mg)
DAB-PEG3.5%- 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 molesexcess 4 molesexcess 1 mole
Peptide2 (20 mg) GMBS of PEG 2000 excess 9000
(3.3 mg) (47 mg) (9.3 mg

DAB-PEG2k- G3 DAB 1 mole excess 4 molesexcess 1 mole

PEG3.5- (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 DABPeptide4dendrimer
By comparing the PEGylation ratios used todify DAB-Pep2 the use of a-4nole excess of
PEG2000vasselected 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 DABPep4 to formDAB-PEG2kPep4as follows: DAB dendrimer was reacted
with the crosslinker GMBS, followed by the additionRéptide4(11.4 mg) in a similar way
to that mentioned in Section 2.2.2.2. Next, 47 mg of NHE&2kmethoxy was dissolved in 2
ml 50 mM sodium phospate buffer with 0.15 M sodium chloride (pH 7ah)d reacted with

DAB-Pep4 for8 hours at 20 °C. The final compournidAB-PEG2kPep4 was purified by
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dialysing the reaction against distilled water (1000 ml) for 24 hours at 25 °C using Sn&keSkin

dialysis tuling with MWCO of 7000Da.

2.2.2.3. Characterization ofDAB-Lf and DAB-Pep2dendriplexes

2.2.2.3.1. PicoGreefi assay

The ability of the DNA to compix with the Lfbearing DAB and eptides- bearing DAB was
assessed by PicoGréeassay. PicoGreé&reagenis a fluorescent stain of nucleic acid used

to quantitatively determine the amount of douttiended DNA. The degree of fluorescence
that occurs when it compleg with the dsDNA can be measured via fluorescanee
spectrophotometer, while unbound Pico&fe reagent displays less fluorescence.
Accordingly, when the DNA forms electrostatic interactions with the dendrimers, the
fluorescence of the PicoGréewill decrease, due to the low number of binding sites with the
DNA (Koppuet al.,2010; Aldawsaretal., 2011).

Following the protocol provided by the supplier, PicoGfesragent was diluted 200 times
using TrisEDTA buffer (pH 7.5). One ml of the dendrimBNA at various DAB: DNA ratios
(20:1, 10:1, 5:1, 2:1, 1:1, 0.5:1 and 0:1) was added to onetiné diluted PicoGreétreagent

at a constant DNA concentration of 10 &g/ ml
intensity of PicoGreéhnfluorescence was measured at various time frames using a Varian Cary
Eclipse Fluorescence spectrophotomé®alo Alto,California) ef: & 4 8 Oem B2 nM).o+
The results were displayed the percentage of DNA condensation as follow:

PO)@EéE QQEi OPHE & pnT (2)

Where Fo2 is the reduced fluorescence values
the sanple with the fluorescence of free DNA as follw

o0 0 'O TO O 3)
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F= fluorescence of the polym&NA complexes

Fo= fluorescence of the DNA alone

Fpe= fluorescence of PicoGreen

For the purpose of investigating the inflgenof the lactoferrin protein in the condensation
capacity of nanomedicine formulated (DAB), the same PicoGreen experiment was
conducted using lactoferrin protein only without conjugating it to DAB. Various Lf: DNA
weight rdios were used (20:1, 10:1:15%nd 2:1) using similar DNA concentration (dg/ml).

The sample was then mixed with 1 ml of PicoGfesplution and its fluorescence was

measured using fluorescence spectrophotometer with the same wavelength mentioned above.

2.2.2.3.2. Agarose gel retalation assay

The ability ofthe dendrimeconjugatsto complex with the DNAvasassessed by agarose gel
retardation assayDAB-Lf, DAB-PEG2kPep2 and DAB-PEG2kPep4 dendriplexes were

prepared at differentiendrimer:DNA weight ratios from 20 to 0.5 witla fixed DNA
concentration of 2Qug/ml.Af t er mi xi ng with the | oading bu
loaded on a 1X TriBorateEDTA (TBE) (89 mM Tris base, 89 mM boric acid, 2 mM Na2
EDTA, pH 8. 3) buffered 0.8% (w/Vv) agarose g
with 1x TBE as a runnipbuffer. The DNA size marker was HyperLadder |. The gel was run

at 50 V for one hour and then photographed under UV light.

2.2.2.33. Dendriplex size and zeta potential rmasurement

The size and zeta potential of the DAB DAB-Pep2and DAB-Pep4 dendrigxes 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 usingvernMa
Zetasizer Nan&S (Malvern, UK). The samples were prepared by mexing 50ng of the

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

The size and zeta potential of the PEGylated dendribkBsPEG2kPep2andDAB-PEG2k
Pep4were also measured following the same procedure mentioned above. Additionally, the
size and zeta potential DAB-PEG3.5kPep2andDAB-PE&k-PEG3.5k-Pep2polyplex were

also measured for the weight ratios 20:1, 10:1 and 5:1.

2.2.2.34. Atomic force microscopy

DAB-Lf dendriplex was analysed via atomic force microscopy (AFM) to review the size and
shape of the nanoparticles formed. DABdendrimer(250 pg)was complexed with DNA

e n ¢ o d-galaagosidasés0 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 agiry atroom temperature.

DAB-PEG2kPep2and DAB-PEG2kPep4dendriplexes were analysed as well via AFM as
foll ow: 1 mg of the dendri mer wgalactosidasmphb e x e d
dendrimerDNA ratio of 20:1 using glucose 5%blutionas solvent. fie solution was diluted

10 times using distilled water, then 5 ul of the dilute solution was placed on gumiaee and

left to airdry at 20 C.

The scanning mode used was PeakForce Tappimafle at room temperatutsing Bruker
ScanAsystAir probe Camarillo, Californig. 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 &f= 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 Peptide2to DAB dendrimer

Thesynthesioof DAB-Lf, DAB-Pep2, and DABPep4 was achieved in two steps; the first step
was linking thedendrimer with a heterobifunctional cregsker followed by conjugating the
ligand of interest to the interrdmte product formed (DABrossinker). DAB-Lf, DAB-Pep2

and DAB-Pep4 yielded around 50% and 60% of final product respectively. The synthesis was
verified by NMR and MALDITOF, each step being investigated separately to confirm its

Success.

Peptide bearing DAB dendrimer were thesubjected tcextra modification by introducing
PEG polymer in the periphery of the dendrimer to f&¥AB-PEG2kPep2and DAB-PEG2k
Pep4which yielded respectively around 64% and 75% of the final product. The successful

synthesis of the final step of the reaction was confirmedH4BMR and DOSY NMR.

2.3.1.1.DAB-GMBS

The conjugationbetween the DABAM16 and thecrosslinker GMBS was performed at
various multiples (2, 4, 6, 8, 10 and 12) of molar excesgadslinker over the amount of
DAB present. Each ratio was then analysedHNMR and based on the spectra produced,
DAB-GMBS ratios with six, four- and twofold mola excess were taken to the next step of

synthesis.

The optimum conjugate (formed with tviold molar excess of GMBS over DAB) was then
characterised vitH-NMR, COSY, HMBCand HSQCH-NMR of DAB-crosslinker (Figure

2-5, Figure2-10 andTable2-4) confirmed the coupling between DAB and GMBS as follows:

'H-NMR (D:0) : U {OHEH2ACN2CH>-N) at 1.48 pp@HCHe), U D
CH>-N) at the peak at -CHxCHACHpNHmatl. ) p mu( ©)AB {§ NDA

(N-CH»CHx>CH>-NH) at 2. 48 -GHiGHrCH-NDABRt(N.55 ppm (d
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(N-CH2-CH2-CH2-NH2) at 2.9 ppm (e). The peaks corresponding to the elioksr 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 ppfmaityd
amde proton at 8.15 ppm (k). The full characterisatdbDAB-GMBS based on 2IDIMR can

be seerin Table2-4. All NMR spectra were analysed using MestreifoMyIR software.

Table2-4 DAB-GMBS charactesgation using 2ENMR (COSY, HMBCand HSQC)

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

1.48 Co

2.55 49.9 C4, 7,10, etc.
1.64 23.7 C2, 3,5, 6, 89, etc.
2.48 () 50.41 Co, 10
2.98 (1) 50.99 Ciz, 14
2.21 21.79 Ca2, 14, Amide carbonyl
3.15 53 C12, 13 Maleimide carbony
6.23 128.2 Maleimide carbonyl
1.79 37.9 C2,3,5,6,8,9, etdC17
2.91 (t) 53.09 C2,3,5.6,8,9 etlC16
8.15 = -
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Figure2-5 NMR spectra of DAB (A) and DARrosslinker (B: *H-NMR, C: GNMR)

It can be observed that the DAB peaks in the B@EBS spectrumHKigure2-5, B) are shifted
compared with the peaks in tHel-NMR spectrum of DAB only Kigure 2-5, A). The
characteristic broad peak at 1.48 ppm is for the protons in thgi@Hjps (b)shielded between

the other CHgroups 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 Girbups (d) and tise on CHgroup (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 afies conjugation with GMBS.

The presence of the maleimide peaks at 5.85 and 6.23 ppm in theGIEES spectrum
indicates the successful conjugation between DAB and GMBS, although its integration is
relatively small, which can be explained by the very la@ifference in the numbers of protons
integrated for each peak in the spectrum, whereas-Edded peaks are highly intensive with
protons compared to the conjugatedsslinker peaks, that have two protons under each peak
at most. Amide proton peak whiappears 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 prospectivs@pirsplitting, which could be for

the same reason asittgiven 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 MestreAidi#R
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 integratio
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 completebtesépan 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)ydt dpm, which is known to represent

four protons, as this peak corresponds to the DAB core molecule, and peak (h) at 2.17 ppm,

77



corresponding to the middle GHroup in the GMBS molecule. The two peaks had almost
similar integrations (1 and 0.93 respectydFigure2-6). This is an indication that there are

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

h a
A |
N T
b S
[=r] —
T T T T T T T T T T T T T T T T T
G0 { 3.5 3.0 25 20 1.5 1.0 {.5

4.5 4,
f1 [ppm)
Figure2-6 Peaks integratiom the spectrunof DAB-GMBS molecule

The LGMS spectrum of DABGMBS shown inFigure 2-7 also confirmedsuccessful
conjugation DAB-crossinker was subjected to liquid chromatography us@f8 reverse

phase columsto ersure separation of DABrosslinker from unbounded DAB, then the sample

was characterised by mass spectroscopy to measure accurately the mass of the compound.
DAB-crossinker with two- andsix-fold molar excess of GMBS over DAB was analysed via
LC-MS. The émolar ratio showedonsiderableoupling between the DAB and the GMBS at
aroundfour to sevenrGMBS molecules per DAB moleculgigure 2-7, Table 25). On the

other hand, the sample with lower molar ratio excess of GMB®esth evidence of singti®-

double binding of GMBS to the dendrimer molecule.

Successful DABGMBS linkage was also characterised by MAEDDF (Figure 2-8). The

spectrum obtained showed four characteristic pealained indetaik in Table2-6. These

78



resultsdemonstrate that DA®as successfully conjugated wihe to twdGMBS crosslinker
and thus that the first step thie synthesis was successful. However, some of therdd m/z
were higher than the exged weight by one or two whictoald be due to the impact &iC

isotope @ the overall molecular weight.
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Figure2-7 Mass spectroscopy spectrumAB-GMBS usingtwo (A) and sixmolar excess
(B) of GMBS over DAB.

Table2-5 LC/MS spectra analysis for DABMBS at Figure 27

Molecular weight Compound Adduct
(Da)

A 18524 1 (1851.793 1)+ H  DAB dendrimer linked to N/A

- one GMBS group
A 1869.5 1 (1851.793 1)+ H+ DAB dendrimer linked to H2O

- 18 one GMBS group
1339.4 2 [1680.7 + (166 ) DAB dendrimer linked to N/A

- = 2676.8] six GMBS groups
1348.9 2 [1680.7 + (166 ) 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] sevenGMBS groups
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Figure2-8 MALDI -TOF spectrum of DABGMBS showing one to two GMBS molecules

linked to each dendrimer molecule.

Table2-6 MALDI -TOF spectrum analysif DAB-GMBS

Molecular weight Compound Adduct

(Da)

1687.78, 1 (1686.7% 1) +H DAB dendrimer +H N/A

2 1854.74 1 (182.793 1) + H  DAB dendrimer linked to N/A
one GMBS group

3 1871.97 1 (1851.97 1)+ 21  DAB dendrimer linked to  Sodium ion
- one GMBS group
4 2037.93 1 (2016.7% 1)+21  DAB dendrimer linked to  Sodium ion
- two GMBS groups
) 2059.03 1 (2016% 1) + 39 DAB dendrimer linked to Potassium ion
- two GMBS groups
2220.01 1 (21813 1) + 39 DAB dendrimer linked to Potassium ion
- threeGMBS groups
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2.3.12. DAB-Lactoferrin

Thefinal step in the synthesis BYAB-Lf wasverified by the!H-NMR spectrum(Figure2-9)

which shows all the peaks corresponding to the BNBBS conjugate including the
maleimide peaks. It is important to note here that the detection of high molecular weight protein
via NMR is a very compliated procedure. Th#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 sgagtreen (

2-9, A) (Kwan et al, 2011). However, there is still some evidencetlod successful
modification of the dendrimerFirstly, in DAB-Lf *H-NMR spectrum Figure 2-9, B), the

peaks caesponding to DABcrosslinker in the regionbetweenl.5 and 3.5 ppm remain at

high intensity even after the filtration methods that were used in the synthesis procedure, which
should insur¢he removal of any unreacted molecules from the final prodhas, these peaks
correspond to DARrosslinker conjugated with protein molecules, supporting the successful
coupling of DABLf. Some Lf moieties are detected in thé-NMR spectrumat 0.8 (1), 3.5

(m) and 8.5 (n).

MALDI -TOF mass spectroscopy was alsaduseconfirm the successful synthesis of DAB
Figure2-11-A shows the average molecular weight of DABat a peak of 84537 .&/z. This

is compared with lactoferrin alones @ standard sampl€&igure 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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Figure2-10 Conjugation reaction stefpg DAB-Lf
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Figure2-11 MALDI -TOF mass spectroscopy of the dendriplex DIXEA) and lactoferrin

alone (B) as standard sample.

2.3.13. Peptide2- bearing DAB dendrimer

The successful synthesis of the novel nanoparticle IPAB2 was @nfirmed by two different
analytical methods: NMR and MALBTOF. '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); simii@aks were detected in the DAB
Pep2 spectrum with some changes in intensity and location, as described in-Fallee2
detection of these peaks in the D&Rp2 spectrunmHgure 2-12) provides positive evidence

of the successfutonjugation bbetweenPeptide2and DAB, beside the significant peaks
corresponding to DABSMBS as described above (section 2.2.1). However, detecting the
covalent bond formed by the reaction of the sulfhydryl group in the peptide (SHhand t
maleimide group in DABGMBS is not applicable vitH-NMR as well as common 2D NMR
(COSY, HMBC, & HSQC).
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Therefore, in order to gain a better understanding ofitbehanism of coupling between the
peptide and th®©AB-GMBS molecule additional 2D-NMR experiments were conducted

They relyon detecting thespatial distance between two protons, instead of searching for
covalent bond evidence, which is not applicable to our compounds.

Peptide2and DAB-Pep2 were subjected to NOESY to reveal any thramgitedistance
between DABGMBS andPeptide2 The'H-NMR spectra ofPeptide2and DAB-Pep2 show

strong overlapping between the peaks, especially in the area between 1.5 ppih;3tbis

makes interpreting the spectra more complicated. Theréfeptide2alone vas 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 DABPep2 spectrum.

The DAB-Pep2 NOEY spectrum shows a clear correlation between some of the amino acids
in the peptide and the dendrimer protoRsg(re 2-13). The figure also revealedpace
correlations between the DAB dendrimer protons (b amahd)he beta and gamma protons in

the alanine and threonine amino acids respectively iPéptide2sequence. Such peaks are
indicative of the space correlation betwdtaptide2and DAB-GMBS, which is not in itself

proof of a covalent linkagéutinsteadconfirms 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
otherds spin resonances.

In addition,Peptide2 DAB-Pep2 andAB-PEG2kPep2were subjected to DOSY NMB
measure their distribution coefficient (DC) in a specific environment (96Qo0aid 10% RO)

at the same temperatur€igure 2-14). DAB-Pep2 had a lower DC (1.81 x 1m?s) than
Peptide2(2.55 x 10°m?/s), while PEGylated DABPep2 had the lowest value (1.25 x40

m?/s). This is to be expected, as molecules of higher molecular weight tend to have a lower

DC, indicating thaDAB-PEG2kPep2had a slower Brownian motion in the solution than
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DAB-Pep2, which inurn diffused more slowly than the peptide alone. More importantly,
DAB-PEG2kPep2and DABPep2DOSY spectraonfirmedthe purity of these compounds
each spectrurhas a single peakepresenting a single cmound diffused in the solutionhis

is a very inportant confirmatiorfor the successful conjugatioas well as the purity of the
solution.

MALDI -TOF analysis indicatetthe successful synthesis of DABp2 as well; it shows a peak
at 3131.07 m/z, which is believed to correspond to BRdp2. DABGMBS hasa molecular
weight between 1851 and 20D@ as determined earlier by MALBITOF (Figure2-8); adding

this to the weight oPeptide2 which is 1563a, would result in a compound with a molecular
weight around 3433 fn. However, the MALDITOF spectrum showed a weight of 3131.07
m/z (Figure2-15). This reduction in molecular weight could be due to some fragmentation in
one of the branches of the DAB dendrimer, as the stabflipplymers, including dendrimers,

can be diminished during MALBTOF analysis (Sublst al, 2005)

Table2-7 List of PeptideZXharacteristic peaks theH-NMR spectrunmof DAB-Peptide2

Location in the Significant peaks in DAB- Reference

sequence N to Peptide2
C terminal

Tryptophan (W) 1. Phenolic protons (6.95, 7.0 Gracaet al, 2008
7.2, 7.3 ppm). Wishartet d., 2018
2. NH proton in the indole grou
(7.7 and 7.8 ppm).

6&12 Thremine (T) 1. Protons correlated to GHat ~ Gowdaet al 2015;
1.05 and 1.15 ppm, doublet. Wishartet d., 2018
Alanine (A) 1. Protons correlated to GHat  Gowdaet al2015;
1.17 and 1.2 ppm, doublet. Wishartet d., 2018
8&9 Histidine (H)  1.Potons correlated to the Gowdaet al2015;
carbons in the imidazole ring i Wishartet d., 2018

6.29 and 7.15 ppm, doublet.

13 Leucine (L) 1. Protons correlated to the tv  Gowdaet al2015
CHs groups at 0.77 and 0.8 ppr Wishartet d., 2018
doublet.
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Figure2-14DOSY spectra oPeptidedA), DAB-PeptideZB) andDAB-PEG2kPeptideZC)
using 90% HO and 10% RO as solvent.

Table2-8 Diffusion coefficient ofPeptide2 DAB-Pep2 and DABPEG2kPep?2

Name Diffusion coefficient (n¥/s)

Peptide 2 2.55 x 100

DAB-Pep2 1.81 x 10
DAB-PEG2k-Pep?2 1.25 x 10'°
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Figure2-15MALDI -TOF spectrum of DABPeptide2

2.3.1.4. PEGylation of DABPeptide2dendrimer

2.3.1.4.1 DAB-PEG2k-Peptide2

The successful synthesis DAB-PEG2kPep2vas investigated primarilpy *H-NMR. The
successful conjugation of the NHSter in the PEG polymer with the DAB primary amine
groups was measured by detecting the PEG peaks fitNMR spetrum as follows: (600
MHz, D20) d: singlet methoxy protonCHs-O-PEG) at 3.29 ppm (@), triplet PEG protons at
3.65 ppm (b), singlet (PEG-CH2-CO) at 3.85 ppmKigure2-16). The NMR data are in line
with the PEGspectra at Jeorgf al (2008).

The number of PEG 2kDa molecules conjugated to each DAB molecule was estimated by
measuringhe integratiorof specific peaks on botRAB and PEG in théH-NMR spectrum
then comparinghemas follows: the core of the DAB malele (diaminobutane) has its protons
peak at 1.52 ppm, which is well known to represent four protons (Ztaalg 2014);starting
the spectrum integratiowith this peakwould help in the estimation of the number of PEG

molecules attached. The methoxyfon peaks had integration values ambuhree (2.96);
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therefore, theyare expected to be 4 x 3 = 12 protons covered under these peaks.

indication that four PEG molecules have successfully reacted with (BigBre2-16).
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o H Q
/ \ N S
L \’-KV\N “\CWQPDTAHHWATL
- O O
DAB-Am16 coupled with peptide2 via thioether linkage QE)Q&S;‘V
0 iLLu &
(0]
PH7.5 N /H\%O\/}\ _CHj
0] (0]
a 40 J\rf"‘r
o]
H3C' b
€ H
o]
/—>'N\’_ N (0]
no ) S
.‘ T\/\ﬁf “~CWQPDTAHHWATL
0 o) /f \
ﬁMJ \MU"
- ]
C a
Diaminobutane
JU m /4 core
|
4 p f H
R3S a 2
(=T -
| ' | ¥ | ' I J 1 ' I ¥ | ' I J 1 ' I
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
1 (ppm)

Figure2-16 The final syithesis stepf DAB-PEG2kPeptide2 dendrimemdits corresponding

H-NMR spectrun

2.3.1.4.2. DABPEG3.5Peptide?2

The successful conjugation of the NHSeesyoup in the NHSPEG3.5malemide with the

DAB amine group, followed by the conjugationRéptide2 was measured by detecting

PEG

andPeptide2peaks in théH-NMR spectrum as follows: (600 MHz,.D) d: singlet peak of
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CO-CH2-O-PEG protons at 3.98 ppm (a)iptet PEG protons at 3.74 ppm (b), triplet peak of
NH-CO-CH2-CHz-maleimide protons at 3.53 ppm (c), triplet peak of-88-CH,-CHo-
maleimide protons at 3.43 ppm (d) and doublet peaks of maleimide protons at 5.96 and 6.36
ppm (e) Figure 2-17). Peptide2peaks can be seen in tBRAB-PEG3.5kPep2 spectrum
between 0.6 and 1.2 ppm and from 6.7 to 7.75 ppm, which are similar to the peaksdiet

the DAB-Pep2 spectrunfgure 2-12 andTable2-7).

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), coesponding to the protons of the PEG molecule. The integration indicates that
peak (a) covers two protons (6CH2-O-PEG) and thus that only one PEG molecule was

linked to DAB as expected.
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Figure2-17 DAB-PEG3.5Peptide2H-NMR spectrum and structure
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2.3.1.4.3DAB-PEG2k-PEG3.5k-Peptide2

Another PEGylated DABPep2 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 confirmedNMR (Figure2-18) as follows: (600 MHz,

D20) d: singlet peak of methoxy protonSKis-O-PEG) at 3.27 ppm (a), singlet peak of CO
CH2-O-PEG protons at 3.98 ppm (Ijiplet PEG protons at 3.6 ppm (c), triplet peak of-NH
CO-CH2-CHz-maleimide protons at 3.40 ppm (e), triplet peak of Bi&FCH>-CH2-maleimide
protons at 3.30 ppm (d) and doublet peaks of maleimide protons at 5.96 apgré.&®.

It was estimated that ofREG 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
spectrumthe 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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Figure2-18 'H-NMR spectrum ofDAB-PEG2kPEG3.5kPeptide2

93



2.3.1.5.Peptide4 bearing DAB dendrimer

The successful synthesis of DAB2p4 was confirmed first B#4-NMR, which revealed some
peaks characteristic &eptidedsuch as threonine at 1.15 ppm (d) and leucine at @85(gd)
(Figure2-19, 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 compdrand confirmed with the one in Gowelaal (2015). The spectrum

also showed DABGMBS peaks, as demonstrated before. DAB-PEG2kPep4spectrum
showed some peaks correspondingPeptidedas well as the dendrimer peaks and some
significant peaks for PEG atecules as follows: (600 MHz,-D)d: singlet methoxy protons
(CH3-O-PEG) at 3.35 ppm (a), triplet PEG protons at 3.65 ppm (b), singlet(PE&2-CO)

at 3.90ppm (igure2-19,C). The spectra also show the aminia geaks: threoning protons

at 1.15 ppm as doublet, leuciderotons at 0.83 and 0.87 ppm as doublets and legpimdon

at 1.40 ppm as multiplet.
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Figure2-19 'H-NMR spectraof Peptide4A) and DAB-Peptide4(B)
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Figure2-20 *H-NMR spectra of DABPE@k-Peptide4

Table2-9 List of Peptide4haracteristic peaks in the-NMR spectrum of DABPeptide4and

DAB-PEG2kPeptide4

Name

Location in the

sequence N to
C terminal

Leucine (L)

T

16,17 & 18 Lysine (K)

Significant peaks in DAB-
PEG2k-Peptide4

1. Protons correlated to th
protons in the two sigma carbon
(CHs) at 0.83 and 0.90 ppn
doublet.

2. Protons correlated tothe
protons in gamma carbone (ClI
at 1.4 ppm, multiplet.

1. Protons correlated to th
protons in gamma carbone (gF
at 1.15 ppm, doublet.

1. Protons correlated to th
protons in sigma and gamme
carbones (Ch at 1.65 ppm,
doublet.
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2.3.2. Characterization of lactoferrin - and peptide bearing DAB dendriplexes

2.3.2.1. PicoGreeff assay

23.2.1.1. DABLf

DNA condensation tests were conducted on several-DiABanoparticles synthesised with
variousexcess molar conctations of GMBS over DAB (6, and 2). The DNA condensation

of the 6 and 4old excess of GMBS over DAB were able to condense 53.74%%18% of

the DNA respectively at their highest concentrations (EEABDNA 20:1), while the twe

molar excess of GMBS had a much better DNA condensation capability of around 78%, at
dendrimer: DNA weight ratis of 10:1 and highefF{gure2-21). DNA condensation occurred
instantly and was found to b&ablefor 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 condensatioititp. The data showed

that lactoferrin has a relatively weak ability in condensing DNA, where 35% of the DNA was
condensed at the highest ratio (2qQRigure2-22), whereas Lf: DNA ratio 5:1 condenses 7%

of the DNA. This result actually indicates that the DNA conjugation capability of RAB
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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Figure2-22 DNA condensation thactoferrinat various Lf: DNA weight ratios (n=4)

2.3.2.1.2.DAB-Peptide2and DAB-PEG2k-Peptide2

The DNA condensation capability of DABep2 andAB-PEG2kPep2wasexaminedusing
different weight ratios of the dendrimer over DNA. For DRBp2 dendriplex, the data
obtaned showed a high DNA condensation ability at all weight rati@snéned, with the
lowest condensation ability being recorded for the lowest {P&B2 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 tapafais 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 ratioSigure2-23, A).

For DAB-PEG2kPep2 on the other hand, the DWNcondensation ability at all weight ratios
examinedwas decreased compatavith DAB-pep2. The weight ratios 10:1 and 2@vére

found to condense more than 70% of the DNA whereas 5:1 ratio was able to complex around
65% of the DNA. The remaininpwer ratios failed to complex the DNAefficiently. The
condensation capability @AB-PEG2kPep2vas persistent, with no sign of any improvement

over time Figure2-23, B)
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Figure2-23 DNA condensation to DABPep2 A) andDAB-PEG2kPep2(B) dendriplexes at

various dendrimer: DNA weight ratios (n=4)
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2.3.2.1.3. DABPEG2k-Peptide4

The DNA condensation capability ¥ AB-PEG2kPep4dendrimerwasfound to be high for

the dendrimer DNA weight ratios 5:1 and aboyverhich condens 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 capabilityvas reducedsignificantly. DNA condensation was persistent with

some sign of improvement over time for the high ratibgure2-24).
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Figure 2-24 DNA condensatiorito DAB-PEG2kPeptide4dendriplex 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 dendrimérs DAB
DAB-PEG2kPep2and DAB-PEG2kPep4in 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. DABLf

DAB-Lf: DNA weight ratios of 20:1, 10:1 and 5:1 ret®d in complete DNA complexation by

the DAB-Lf, with partial condensation at 2:1 and minor DNA complexation at 1:1 and 0.5:1

(Figure 2-25). These results ari@ line with the findings of the PicoGre&rassaydetaiked

above.
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Figure2-25 Gel retardation assay of DABf dendriplexes at various dendrimer: DNA weight
ratios (20:1, 10:1, 5:1, 2:1, 1:1, 0.5dd DNA only as control
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2.3.2.2.2DAB-PEG2k-Peptide2

ThePPEGylated polymeDAB-PEG2kPep2was 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, preventingmt f
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 ofébeDiNA, 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
DAB-PEG-P2: DNA 2:1
DAB-PEG-P2 : DNA 1:1

Size (bp) Size (bp)

10K - ! -10K
3K- 3K
2K- e -2K
B s
1K- L 1K
=
o
' S
0.2K- -0.2K

Figure2-26 Gelretardation assay @fAB-PEG2kPeptidealendriplexes at various dendrimer:
DNA weight ratios (20:1, 10:1, 5:1, 2:1, 1@.5:1)and DNA only as control.
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2.3.2.2.3DAB-PEG2k-Peptide4

DAB-PEG2kPep4was found to condense théNB completely at the two higlveight 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 observetb have migrated into the gel, although no DNA band was detected. This could
be explained by the ability dAB-PEG2kPep4to condense the DNA at this ratio, but with
less efficacy than at the higher ratios, allowing the complex to migrate into the geirbno

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 smali& band was detected in the gel,
whereas at the lowest ratios of 1:1 and 0.5:1, the result waarnieas foDAB-PEG2kPep2

where migrated bands similar to those of free DNA indicated that the DNA had not been

complexed.

DAB-PEG-P4: DNA 5:1
DAB-PEG-P4: DNA 2:1
DAB-PEG-P4: DNA 1:1
DAB-PEG-P4: DNA 0.5:1
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Figure2-27 Gel retardation assay DIAB-PEG2kPeptidedlendriplexes at variouwkendrimer:
DNA weight ratios (20:1, 10:1, 5:1, 2:1, 1:1, 0.5ahyd DNA only as control.
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2.3.2.3. Size and zeta potential

The particle size and zeta potential of the lactofeamdPeptide2- bearing DAB dendriplex
were examined at various dendrimer: DM&ight ratios ranging from 0.5 to 20, while the

DNA concentration was kept constant at 50 pg/ml.

2.3.2.31. DAB-Lf

Lactoferrinbearing DAB dendriplex had an average size less than 205 nm at all weight ratios
used. The particle size was found to be smailli¢h higher dendrimerDNA weight ratios,
suggesting that higher ratiosldAB-Lf: DNA are more efficient in condensing DNA, resulting
in smaller complexed~(gure2-28-A). Thus, at a dendrimer: DNA ratio of 015the DABLf
particles were found to be the largest, with an average size of 2@83hm (polydispersity:
0.223), while at a 20:1 to 5:1 weight ratio the size was alntaistesvith an average of 66.37

° 0.96 nm (polydispersity: 0.216) and 65.270.75nm (polydispersity: 0.150) respectively.
Unconjugated DAB dendriplex (5:1) was found to&awn average particle size of 94.95 + 1.79
nm, showinghat the conjugation of DAB did nptevent the complexation of DNA, however,
it improves the condensati@apability of the modifiedmolecules giving smalledlendriplex

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 derldeimer:

DNA weight ratio 1:1, ath a negative potential at 0.5:Eigure2-28-B). Similarly, the zeta
potential of DABLf before its complexation with DNA was found to be positive as well (19.6
mV), which is expected atdlhstage because cationic dendrimers are highly charged molecules
at this environment (Glucose 586lution pH 6.5). Thus, the high charge on DAB assists its
complexation capability with the DNA molecules. However, the charge of-Diadndriplex

remains psitive and even higher thaimat ofthe dendrimer alonf®r some ratiosThis could
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be due to the formation of a nanoparticle from numerous DABolecules that act on

complexing one large DNA molecule resulting in forming nared particles with posie

potential. This is considered an advantage, because it facithategtakeof the dendriplex

via receptormediated endocytosis, which is expected to occur after the conjugation of the

dendrimer to its targeting ligands.
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2.3.2.3.2. DAB-Peptide2

Peptide2 bearing DAB dendriplex was found to have an averagd®ize than 250nm atall

weight ratios examined. The data skeola gradual increase in particle size with the decrease

in DAB-Pep2: DNA weight ratioKigure 2-29). No significant difference in the size was
detected among the weighttices from 20:1 to 1:1. The highest weight ratio of DRBp2

(20:1) resulted in the formation of the smallest particles, with a mean size of’5@.86 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 30mV. There was a significant reduction in the potential at the 1:1 weight ratio (27.99

1.57 mV) and a negative zepotential 0f7.82° 4.23 mV at the weight ratio 0.5:1.
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2.3.2.3.3. PEGylated DB-Peptide2

After the various PEGylated forms of DABep2 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 tieyRiEedforms of DAB-Pep2 DAB-
PEG2kPep2,DAB-PEG3.5kPep2and DAB-PEG2kPEG3.5kPep3 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 exceptionAB-PEG2kPEG3.5kPep2 which had a dendriplex

size of approximately 100m for the same weight ratioBigure2-30 andTable2-10).

On the other hand, the zeta potential of Reptide2PEGylatel dendriplexes (DABPEG2k
Pep2,DAB-PEG3.5kPep2andDAB-PEG2kPEG3.5kPep3 wassignificantlyreduced after
reacting different ratios of PEG polymer with DAB dendrimer Begtide2 Adding a 4mole

excess of PE@t a molecular weight of 2kD®AB-PEG2kPe?2) significantly reduced the

zeta potential of the dendriplex from 33.93 + 0.56 mZ3@®8 + 0.96 m\at a weight ratio of

20:1. Changing the crosslinker used to conjugate DAB Réptide2from GMBS to NHS
PEG3.5kmaleimide also resulted in a significartluction 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 polymddAB-PEG2kPEG3.5kPep2 also had a low
positive zeta potential of 5.24 + 0.21mhyt with a significant increase in particle size due to

the impact of PEG polymers and PEG crosslinker.
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Table 2-10 Size and zeta characterisation for thiferent PEGylatedorms of Peptide2

bearing DAB dendrimers

Polymer:
DNA DAB-Peptide2 DAB-PEG2k- DAB-PEG35- DAB-PEG2k-

weight Peptide2 Peptide2 PEG3.5k-Peptide2
ratio Size Zeta Size Zeta Size Zeta Size Zeta

(hm)  (mV) (nm) (mV) (hm)  (mV) (hm) (V)
OFIN 5087+ 3393+ 6486+ 2328+ 6464+ 387+ 9327+ 524%

0.67 0.56 1.7 0.96 0.24 0.084 0.16 0.21

10:1 59.99 3265+ 6584+ 2377+ 67.85* 529+ 1003+ 4.04%
+ 0.54 1.19 1.5 1.08 0.21 0.17 0.89 0.18

51 60.02+ 3423+ 7269+ 2284+ 7267+ 455+ 1268+ 0.93%
13 0.88 1.9 1.16 0.41 0.26 0.68 0.15

2.3.2.3.4DAB-PEG2k-Peptide4

Peptide4 bearing PEGylate®AB dendiplex was found to have an average size less than
120nm at all weight ratios examined. The data sbdagradual increase in particle size with
the decrease IDAB-PEG2kPep4 DNA weight ratio. No significant difference in the size was
detected betweeiné weight ratios 20:1 to 5:1ollowed by significant increase in the size at
the low ratios 2:1 and lowefFigure 2-31). The highest weight ratio dAB-PEG2kPep4
(20:1) resulted in the formation of the smalleatticles, with a mean size of 52.3%.27 nm
(polydispersity: 0.121).

DAB-PEG2kPep4 DNA weight ratios from 20:1 to 5:1 have almost a constant positive
potential of a value around 20V. Significant reduction in the potential was detected at the

weightratio 2:1 with a potential of (1.875.81 mV) and a negative zeta potential29.98°

12.48 mV and36.67° 12.16 mV for the weight ratios 1:1 and 0.5:1 respectively.

109



200 -

150 4
&
= =
-_———
S 100 T N
(O]
e \
O
& 504 -
0 1 4 1 4 1 4 1 4 1 4 1
05:1 11 2:1 51 10:1 20:1
Treatment ratios
40 -
E 20 - F———* *
c /
@© T
o 04
=
c
€ _20-
5 20
o -
o -/
- :
< -40 4
N
I 4 I 4 I 4 I 4 I 4 I
05:1 11 2:1 51 10:1 20:1

Treatment ratios

Figure2-31 Average siz€A) and zta potential (B) oDAB-PEG2kPeptideddendriplexes at

various dendrimer: DNA ratios (n=9)

110



2.3.24. Atomic force microscopy

2.3.2.4.1. DABLf

The images obtained by AFfthree per sample) were scanned at scanning sizésrmafand

3 mm. They showed thparticles 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 imageshhese findings are in line with the data collectedpbgton
corrdation spectroscopy, which showed a mean particle size of 62.48 fid.Ibhe 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 faoditptebe
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 @figpe=2-32).

By contrast, tb 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.

S S SO 25 0 N 148ispN
FS PR N ORI Y o0 -148.5 pN
S ik :

2 (Y Vg LI B A ALY

Peak Force Error 1.0 ym Peak Force Error 600.0 nm

Figure2-32 AFM force image of DABLf dendriplex (veightratio 5:1) (Images sizeA) 7
pm and B)3 pum).
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2.3.2.4.2DAB-PEG2k-Peptide2

The images obtained by AFthree per sample) were scanned at scanning sizeshoh Hdd

3 mm. TheAFM images of thdAB-PEG2kPep2dendriplex showed compose@nddiffused
spherical particles with no sign of aggregation. At a weight ratio of 20:1 the mean size of the
particles was 67.2% 14.73 nm, in line with the data obtained from photon correlation
spectroscopthatshowedhe size othe samelendriplex a64.86 + 1.7/hm. The change in size

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

B
sesi pN
-600.6 pN

Peak Force Error | Peak Force Error 600.0 nm
Figure 2-33 AFM force image ofDAB-PEG2kPeptide2dendriplex {eight ratio 20:1)
(Images sizeA) 10 um and B)3 pm).

analysis.
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2.3.2.4.3DAB-PEG2k-Pep4

The images obtained by AFthree per sample) were scanned at scanning sizeshoh Hdd

3 mm. AFM images showeg@articlesbeng diffused througtwith simple level of aggregates
formulated At a weight ratio of 20:1 the @an size of the particlegas 81.83 21.9nm, which

is significantly higher than the value obtainedpbyton correlation spectroscopy which gave

a mean sizefahis dendriplex52.38° 6.27 nm Thesignificantchange in size between the

AFM and DLScould be due to the particles aggregation as the spectroscopy may measure the

diameter of two adjacent particles and considas ibne.

154 mV

2.0 ym Peak Force Error 600.0 nm

Figure 2-34 AFM force image of DAB-PEG2kPeptide4 dendriplex Yveight ratio
20:1)(Images sizeA) 10 um and B)3 pum).

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 (Kimet al, 2007). Cationic dendrimers in particulareafound 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
treelike structure also means that dendrimers tendondense 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; Kiret al, 2007; McCrudden and McCarthy, 2013; Waeiaal., 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 degrdation 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 transitthroug

the cell wall (Dufest al, 2005).

In this study,diaminobutyric polypropyleniminbexadecaamine (DABmM16) was selected

as the gene carrier. Several publications demonstrate its efficiency in condensing DNA
molecules with relatively low toxicity and gerior transfection abilityZinselmeyeret al,
2002;Schatzleiret al, 2005). Furthermore, our research group conducted several prior studies
using the same dendrimer and findings were encouraging (Ketpgy 2010; Al Robaiaret

al., 2014; Limet 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 sufficiefdr 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 aoulation at the required site and promote its cellular uptake.

Conjugating dendrimers with a targeting ligand is a prominent method e¥iradnvector
modification. The irorbinding proteins transferrin and lactoferrin are potential targeting
ligands fa 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 ceglter The
conjugated DABTTf nanoparticle was complexed with various therapeutic genes and was found

to target cancer cells efficienthA Robaianet al,, 2014).

Lactoferrin, on the other hand, has been found to be expressed in several cancerous tissues
including prostate (VanSande and \Zamp, 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 probtgiertrophy. 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 afoice to targeprostate cancer cel(®\dlerovaet al,

2008).

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

have targted PSMA using antibodies, proteins or peptides. A studygigrwalet al (2006)
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detected a peptide sequence that selectively binds to PStlaibits its function. Thd 2-
aminoacid peptide which we refer to &eptide2in 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, incladmganbs, ainbs andasby,

which have beeffiound to be overexpressed in various cancer tissues inclphstate cancer
(Fornaroet al, 2001; Suyiret al, 2013). hey are reported to play major roles in cancer
angiogenesis, metastasis and cell proliferat{@esgrosellier and Cheresh, 201)he
synthetic RGDpeptideEETI-1l 2.5Fwas developed bigimura and colleagug2009) to target

these receptors. In thisudy,we used the active binding site of this peptide with the sequence
PRPRGDNPPLTas a targeting ligand for integrin receptors andrrief@ asPeptide4 For the
purpose of improving the chemical propertiePeptide4 it was modified with some amino
acids on its @erminal. Two glycine amino acids were added to act as spacers, followed by
three lysine amino acids as polar basic andomls to improve the water solubility of the
peptide; this method has been followed before to improve the solubility of various peptides and

proteins (Kataet al, 2007

Based on the above information, we hypothesised that the modulation of DAB witbrthe ir
binding protein lactoferrin, PSMA targeting peptide WQPDTAHHWATL, or integrin targeting
peptidePRPRGDNPPLTwould improve its targeting and transfection efficiency to prostate
cancer cells, thus improving the therapeutic efficiency of the dendripléxrbettro andin

VIVO.

Previous studies reported the use of lactoferrin with different types of cationic polymers to
target several tissues in the body (Elfingeal, 2007; Huangt al, 2008; Yeet al, 2013; Lim
et al, 2015). Using lactoferrin astargeting ligand is also of interest because of its anticancer

properties mentioned earlier in the introduction (Fuwital, 2004; Shimamurat al.,2004;
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Gibbonset al, 2011). On the other hand, teewere few articles mentionir@eptide2and
Peptidd as ligands to target PSMA and integrin respectively.aal (2010) usedPeptide2
to target PSMA after beingadified with some amino acids hereas Mooret al(2013) used

the RGD-peptideEETI-Il 2.5F as imaging probe to target brain tumours.

In our study, the conjugation of lactoferriRgptidezandPeptide4o DAB-Am16 was achieved

by a bioconjugation reaction using GMBS as a cfimd®r (Hermanson, 2013). GMBS is a
heterobifunctional crostnker with an NHS ester at one end and a maleimide grotipeat
other. Thus, a twatep 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 linkagedlofeed by the addition of the
targeting ligand (laoferrin, 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 cyst&ramno acid on their Nerminusas it holds free sulthydryl group.
The internal spacer <created b ybridGgaboBtBeeri tle a n
DAB and conjugated ligan®ased on the molar ratio between the reactants, the primary amine
groups in DAB were coupled with GMBS molecules, while the remaining priavames are
available to complex electrostatically with the therapeutic géhe.main advantage of this
method is that it prevents the polymerisation that usaaltyrs when using homobifunctional
crosslinkers. In addition, it offers great control ofetliesultant conjugate size by controlling

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

In contrast to this multi stepped method, letral.(2015) synthesised DARBf in a faster one
step reaction, using dimethyl suberimidate as a hdinattional crosdinker. 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 ngraoticles 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 andGMBS,

the detection of the peak at 6.23 ppm#tiNMR of DAB-GMBS indicates the successful
coupling between the dendrimer and the ctivdser, as well as the other GMBS corresponding
peaks at 2.21, 2.9&nd 3.15 ppm, since any additional unreacted GMBS mieleaull be
washed away after the 24 h dialysis, indicating with certainty that these peaks are for the
coupled crosdinker. Moreover, the appearance of the amide proton peak at 8.15 ppm is a clear
confirmation of the successful binding between the pynaanine and the NH8ster of the
crosslinker. This was confirmeds wellby 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 MAEDDF. 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 thimding of two GMBS molecules to DAB.

This was confirmed by MALDITOF 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 productdBs\B
linker) and the modified lactoferrin was assured primarily*#eNMR. *H-NMR is not very
efficient at analysing high molecular weight proteins, due to the poorly resolved broad peaks
generated by such samplesaking the interpretation the spectddta more complicated
(Kwan et al, 2011). Nevertheless, the distinctive integration of the EA@sslinker peaks
between 1.5 and 3.5 ppm supports the successful formation of the intended nanopatrticles, since

the final compound yielded was filtered by tadifferent methods, using a Vivaspin centrifuge

118



tubewith aMWCO of 5000 Da followed by a dialysis process with a tusgh a MWCO of
3500Da Thus, any unconjugated DA&osslinker would be washed awdyom the final
product. Therefore, the peaks de¢ectin the DABLf 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
proteirs (Raderet al, 2014). Sample analysis via MALHIOF 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 th&flxAB Lf MS spectra of
around1786.19 m/z, which is close to the weight bé tDAB-crosslinker (1851.79). Tis
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 riii¢ arspec
especially in such high molecular weight sample, whereas MALDI sensitivity decreases with
high molecular weight proteins (Trauget al, 2002). Additionally, samples of such high
molecular weight have a complex structure, which makes theirspresialysis by mass
spectroscopy very difficult (Trauget 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, thenjogation between BB-GMBS andPeptide2vasconfirmed

via IH-NMR, NOESY, DOSY and MALDITOF. For NMR data, severaharacteristic peaks

from thePeptide2sequence were detected with noticeable displacement of peaks to the more
shielded region in comparison with the peptigectrum, which could be ascribed to the impact

of the dendrimer proterich environment of the peptide protons. The maleimide peaks were
also found to be slightly deshielded in the DRBp2 spectrum compared with the DAB
GMBS spectrum; this could be duetteir 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 relatedthoétieer
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 betweeReptide2 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 dHeNMR due to this conjugation

are the maleimide protons which already exist in BBBIBS, as well as the cyshe protons,

which cannot be distinguished due to their location in the region between 2.9 and 4.6 ppm,
where they overlap with margther peaks related to DAB ai@ptide2 (Chenet al, 2013).
Therefore, given that degree of structural complexity, HMB@ HSQC cannot be used to
confirm the conjugation. Secondly, to acquire good 2D spectra, H & C NMR spectra should
first be obtained. However, thelIMR spectrum of DABPep2 was very weak and did not
show all expected peaks, due to the high carbon demnsitye compound; indeed, all 2D
experiments requiring -GIMR, 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 becausg 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 (Banerjgteal, 2004;Markowiczet al, 2012). 2D'H-H NOESY NMR

would be able to detect any througpace 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 postooupling 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. Howevervédence that the targeting liganegptide2 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, DABPep2. 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 (D®Y) was performed to measure the diffusion coefficient
(DC) and so to confirm the successful synthesis of ERdp2 andDAB-PEG2kPep2by
detecting any change in the Brownian motion Reptide2after conjugation with DAB
dendrimer and after PEGylation. Isa confirmed the purity of these dendrimers.

DOSY NMR spectra oPeptide2 DAB-Pep2 andAB-PEG2kPep2showed that the DC of
Peptide2was higher than DABPep2. The reduction in DC is evidence of enlargement of the
molecule, making it diffuse more slowlly any particular solvent due to its higher molecular
weight. As expected)AB-PEG2kPep2had the lowest DC, indicating the slowest Brownian
motion and the highest molecular weight. DOSY spectra of {P&B2 andDAB-PEG2kPep2

also revealed the existence ohe compound in each spectrum, providing important
confirmation of the purity of the modified dendrimers D&Bp2 andDAB-PEG2kPep2

MALDI -TOF data for DABPep2 showed a peak which is believed to correspond to-DAB
Pep2, although the m/z of 3131 which veddained 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 moshass spectroscopy techniques available would lead to some sort of
degradation (Montaudet al, 2006).

The literature reports previous uses of polyethylene glycol in the modification of dendrimers
(PEGylation) to improve their physicochemical propert®sG 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 periph@ramine 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 1o reduce their cytotoxicity (Lee and Larson, 2011).

The purpose of modifying DABep2 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 delrimers DAB-PEG2kPep2 DAB-PEG3.5kPep2andDAB-
PEG2kPEG3.5kPep2 were characterised Bi-NMR to confirm their successful synthesis.
DAB was conjugated with the targeting ligaRdptide2using either of two heterobifunctional
crosslinkers, GMBS and B&3.5 kDa, to form DABPep2 andDAB-PEG3.5kPep2
respectively. In addition, excess PEGylation was performed by reactingaedexcess of
PEG 2kDa over DAB to formDAB-PEG2kPepzand DAB-PEG2kPEG3.5kPep2.All of

these PEGylated dendrimers were syntteekigrincipally in order to determine the optimal
formula for PEGylating DABPep2. These PEGylated formulations were subjected to
preliminaryH-NMR screening to confirm their synthesis, followed by measurements of size
and zeta potential, then they undemvpreliminaryin vitro screening for DNA transfection
capability. Finally, one of the formulations was selected for further characterisation amd for
vitro andin vivo studies. The methods selected were then adopted for the synthesis of the
remaining pptide-bearing DAB dendrimers.

Hashemiet al (2015) and &&skoet 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 modificationtbé third generation DAB dendrimer as its cytotoxicity

is well known to be relatively low (Zinselmeyetral, 2002). This has also been demonstrated

as well before by our research grotfmppuet al, 2010;Aldawsariet al, 2011). The main
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aim of PEGylabn in the present study was to modify the physical characteristics of the
formulated DABPep2 dendriplex, whose zeta potential was shown to be relatively high
compared with values given in the literature; we assumed that conjugating”?BgdB with

PEG moleules would reduce this high potential and therefore its relative cytotoxicity.

The final formulation synthesised in this study viReptidedbearing DAB dendrimer with
PEG2kDa molecules reacted in the periphery of DBBB-PEG2kPep4. This polymer was
synthesised in three consecutive steps following the method used to synieBideEG2k
Pepas follows: DAB dendrimer was first reacted with the crosslinker, then with one mole
equivalent of the targeting ligafmkptidedand finally with a 4mole excess dPEG2KDa over
DAB. The successful synthesis of DABep4 followed bypAB-PEG2kPep4was assured by
preliminary 'H-NMR. The spectra of DABPep4 andDAB-PEG2kPep4demonstrate the
existence oPeptidedn these formulations by detecting tteeonine and leuige amino acid
peaks in the range of 0.5 to 1.5 ppm and by detecting the GBS and PEG peaks. Further

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

The ability of the formulations DARf, DAB-Pep2,DAB-PEG2kPep2and DAB-PEG2k
Pep4dendriplex in condensing DNA was measuogdPicoGreefi 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 fornbke standriplexes,
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 haviagds4fold excess
molar concentration of GMBS over DAB had weatndensation 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 twemolar excess of GMBS, the DABf 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 amcceptable extent, whereby DAB 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 theH2fpB dendrimer has
supeior DNA condensation capability over DABf. One possible explanation for this effect

is the considerable difference between the molecular weight of the targeting ligands used in
these formulationsPeptide2has a molar mass of 1565, while lactoferrin hasiolecular
weight of 82 kDa. However, PEGylating DABep2 with a 4nole excess of PEG2000 resulted

in a significantly reduced DNA condensation capabiitB-PEG2kPep2showed more than
65% of DNA condensation capability for the weight ratios 5:1 amy@bwhereas at lower
ratios it failed to condense the DNA properly. The reduction in the DNA condensation
capability of DAB-PEG2kPep2compared to DABPep2 is mainly related to the altered
physiochemical properties of the dendriplex, such as size anpatetdial, as will be clarified

below.

DAB-PEG2kPep4was 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 DABLf and DAB-PEGX-Pep2at condensing DNA at the same weight ratio.

In addition, comparing the DNA condensation capability of the two PEGylated formulations
DAB-PEG2kPepand DAB-PEG2kPep4shows that the latter is superior at polymer: DNA
weight ratios of 10:1 and 5:1, thi 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 deipdiexes such as the size, shapel potential have a direct
influence on its therapeutic efficacy. Various dendrimer: DNAgWeratios showed a strong
ability to condense the DNA, with the optimum ratio fiervivo experiments depending on
several factors such as cytotoxicity, size and charge of the dendriplex formed. In cancer tissues,
the vascular permeability of the tumouodd 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 diffse paracellularly, through the pores in the vessels (¥tan 1995; Azzi

et al, 2013). Thus, the particle size of the dendriplex contributes with its transvascular transport
to the tumour site (Yuaet al, 1995). The pore size of the blood vesselsbst cancer types

is between 200 and 2000 niBeftrandet al, 20149. In addition, increasing the size of the
nanoparticles improves the hdife and the circulation time of the dendriplex, thus increasing

its accumulation in the targeted tissue thiodlge effect of passive targeting (Tagtal.,

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 ¢fie nanomedicine as a polymer, liposome or gold nanoparticles.
There are no studies specifically addressing the influence of dendriplex size; however, some
articles discussdthe optimal size of nanoparticles in general (Durymaetcal, 2015). Tang

et al (2014) investigated the optimal size of nanomedicines to target cancer tissues and found
that 50nm 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 charactearigtat has a direct influence on the stability of
the nanomedicine and vivo cellular targeting. To obtain a stable nanoformulation, the zeta
potential should usually be lower th&®b mV or higher than 2&V (Durymanowet al, 2015).

This will prevent he aggregation of nanoparticles due to the Van der Waals interaction.
However, to avoichonspecifictissue bindingn vivo, it is believed that the zeta potential
should be lower than 30 n(hlonary and Zahir, 2013)

At DAB-Lf dendriplex weight ratio a20:1 the average particle size was@7 (polydispersity
0.284) and it increased as the DABratio 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 beable to reach the target site. The nanoparticles shape and size were also investigated
via AFM; spherical nangized particles were detected at the weight ratio 5:1, supporting the
data obtained by PCS. The size of DABis believed to be very suitablerffurtherin vitro

andin vivostudies, as discussed earlier. The zeta potential of-DiABund 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 thfe dendrimers to condense the DNA at this low ratio.
The DAB-Lf potential is considered to lie in an acceptable range, being positive, so assisting
its attraction to the cell membrane, but not high enough to cersgpecificbindingin vivo

based on thvalues discussed abowofiary and Zahir, 201Burymanovet al, 2015).

At weight ratios of 20:1 to 1:1, the size of the second formulation, PAB2, was between

50 and 70 nm, followed by a sharp elevation in size at a ratio of 0.5:1, indicatingureeda

this ratio to fully condense the DNA. The PEGylated formsPeptide2bearing DAB
dendrimersDAB-PEG2kPepand DAB-PEG3.5kPep2showed no significant alteration in
dendriplex size at high weight ratios of 20:1, 10:1 or 5:1, whereas the otheldtomUAB-

PEG2kPEG3.5kPep2, resulted in a significantllyigherdendriplex 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 DABPep2 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 nespecific binding duringn vivotreatment Therefore, the synthesis

of Peptide2bearing DAB dendrimer was modified to carry PEG molecules for the purpose of
reducing the zeta potential and thus 1specific binding and toxicity. The zeta potential of
these PEGylated formulations was significamtgluced compared with DABep2.DAB-
PEG2kPephad a potential around 20 mV, which is half the potential of B?&p2 and is in

line with the ranges discussed in the literature. The other PEG formulddiaBsPEG3.5k
Pep2andDAB-PEG2kPEG3.5kPep2 had zéa 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 caseAB-PEG2kPep2or DAB-PEG3.5kPep2

in contrast to the case @fAB-PEG2kPEG3.5kPep2 where the enlargement inzei 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 mialeseight, PEG 3.5kDa, which

has double the molecular weight of the gene carrier {DARBL6.

From the data obtained, we seledBAB-PEG2kPep2as the PEGylated form of DABep2

for further characterisation in both vitro andin vivo studies.DAB-PEG2kPg2 meets the
requirements for optimal size (Taagal, 2014) and has an acceptable positive potential which

is less than the potential of the positive controls DAB and 5. AFM images oDAB-
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PEG2kPep2at the weight ratio of 20:1 confirmed the formatof spherical nanopatrticles of

a size similar to that determined by DLS analysis.

Building on the overall findings of PEGylating DABep2, we decided to PEGylate an
integrintargeting formulation to carry amhole excess of PEG2KDBAB-PEG2kPep4. 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, wdocid 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 fuithgitro andin vivo studies. The positive

zeta potential of the top ratios (5:adaabove) is an indication of the efficient condensation of
the DNA, which is supported by the PicoGreeassay findings as well as the size
measurements. Conversely, at lower ratios the zeta potential vadteesonsiderably reduced

and became negativsuggesting 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 cejtwhich are usuallgeveloped

to examine the efficacy of these formulations befdmng anyanimal studies. These
experiments involve testing human or animal cells and tissues in a controlled enviranment (
vitro), defined as techniqaefor performing experimend or processs in a managed
environment that takes place outside the living organism @aali, 2015).

The history ofin vitro studies starts in the late nineteenth century, when several researchers
focused on developing methods for cell aisdue culture. In 131, the first cancer cell line
HeLa,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 humabody possible andumerouscell lines are currently available (Rodriguez
Herndndezt 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 pharmaa=ltical a
medical studies (Rawt 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 make#n vitro study a favourable technique is the ability to control the
physiochemical environmental features of thpegkment such as the pH, osmdalgrgas level

(O2 and CQ), temperature and humidity. Cells are usually placed in an environment that
simulates the pJsiological conditions from which they were isola{€deshney, 2006; Rawei

al., 2015).

Therapeuticallya complete exposure of the nanomedidsmensuredn in vitro experiments

which is not the case with mdstvivoexperiments, where 90% of the drwill 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 wextracted from, because the cells adapt to changes
that occur during culturing. Therefore, the results obtained fromtro experiments only
partially represent the actual response that would be seen after systemic administration of the

drug, in respeoof 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 newral vectors The principle of the assaig based on gantifying the

expression of the protein encoded by DIldAevidence forits successfuloverride ofthe

different cellular barriers. s usually performed to test the capability of the delivery system

in improving the uptake of the nucleic acids by thiés@nd nucleus. In order to determine the
efficiency of the transfecti on, -galattosidlaseon e c e s s
luciferase which can be quantified (Grethal, 1998; Griffith and Wolf, 2002).

b-galactosidase is an enzyrableto cleavelactose to galactose or glucose. In 1972, Miller
described a gquant it atgalactesidass actavity infcells; bagmdthee s ur i n g
abi | i-galactosidase fio break down the colourlesstmphenytb-D-galactopyranoside

(ONPG) toyield o-nitrophenol (ONP), which is yellow. The assay quantifies ttosgss using
spectrophotometryHijgure 31). Based a®ss My | t-gamaosigasgene is now

widely used as a reporter gene for testing gene expraasietis

The Miller assay was modified to be employed colorimetrically, measurirtgatiesfectiorof

D N A -galéctosidase gene) by the targeted cells. The weltef i r st treated wi
galactosidasencoding DNAcomplexed with the degned vector, then they underwéysis.

ONPG reagent wahen 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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a mo u n {galactdsidase transferred to the cells can be meadiietr,(1972; Griffith and

Wolf, 2002; Zhacet al, 2011).

HO,
HO,

HO,
HO,

g +
HO Y (0] beta-Galactosidase
E HO ! OH HO
OH NO, gH I
2
ot Galactose o-Nitrophenol
(colorless) (colorless) (yellow)

Figure3-1 Hydrolysis reaction of mitrophenytb-D-galactopyranoside (adapted from Miller,
1972).

3.1.2. Confocal microscopy

Confocal microscopyis an advanced imaging technique used in the analysis of biological
specimas up to ahickness of 100 umThe principal features afonfocal microscopyare
illustratedin Figure3-2. The samplés scanned pointybpoint 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 DAPWhen 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 eaof-focus light so that only a specific wavelength is detected.
The detetor is usually a photomultiplier tube (PMat iscapable of detecting emissions
ranging from 400 to 750 nmin(the UV, visible and nedR spectral regiongSemwogerere

and Weeks, 2005; Ray and Dey, 2011; Nwaneshaticl, 2012).
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Figure3-2 Confocalmicroscopy basic setup (adapted from Semwogerere and Weeks, 2005)

Several advantages makenfocal microscopysuperior to other imaging techniques. The
important feature of the microscope is consideodaktits high confocality, which is the ability

to analyse a thin and shayplefined section of the sample, betw&eh to 1.5 um thick. In
addition, the images displayé@dthe confocal microscopwre sharper and have bettentast
compared with fluorgcencamicroscopy. This is achieved by eliminating most of the light from
the specimen that is outside the focal pl&mnfocal microscopis also able to eliminate out
of-focus wavelengths (haze) within the sample, thus increasing its ability to eopiésnte of
focused wavelengths only (Semwogerere and Weeks, 2005; Ray and Dey, 2011).

There are some drawbacks to imaging specimensohfpcal microscopguch as théime-
consuming andhe limited resolution(about 200nm) by the diffraction of the lighsource,
which appears as a faint disk at the scanned spot (Semwogerere and Weeks, 2005; Ray and
Dey, 2011; Nwaneshiudet al., 2012).

3.1.3. Antiproliferation assay

Tetrazolium reduction ass#&ya colorimetric experiment developed by Mosmann in 1983 and
used to measure the vitro cytotoxic effect of a gene or drug by measuring the percentage of
cell viability (Mosmann, 1983; Pozzoliret al, 2003; Angius and Floris, 2015)-(3,5
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Dimethylthiazot2-yl)-2,5-diphenyltetrazolium bromide (MTT) is a yellowatersoluble salt
usually prepared as a solution with a conceiatnabetween 0.2 and 0.5 mg/mi.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 reduae yiellow MTT reagent to form a purple lipophilic
precipitate of formazan, which can be measured at an absorbance wavelength ofab®® nm
dissolution in DMSOThe reduction reaction occurs in the mitochondria of viable cells through
the cleavage of theetrazolium ring in the MTT by the coenzyme nicotinamide adenine
dinucleotide (NADH) Figure 3-3). Dead cells lose the ability wonvert MTT to formazan;
thus,the absorbancef the dissolved formazas proportioral to the percentage of viable cells

(Liu et al, 1997; Ris®t al, 2013).

B Q NADH NAD+ Q
| s AN ™
N N S
@AN \@—CHa @N +VCH3
CHs

MTT Formazan

Figure 3-3 Reduction reaction of -B,5dimethylthiazol2-yl)-2,5diphenyltetrazolium

bromide (MTT) to form the lipophilic compod 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 (Chattopadhyatyal, 2008). The main
criterion placing the flow cytometer among the most important apparatus is its capacity for
multiparameter analysis of each patrticle 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, 2002yder 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 celistracellular 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 distirernission wavelength that does not interfere with the other

fluorochromes, in orer 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 argeting capability iexpected to have major impact on ttendriplex
internalsation to the targeted cellshd@refore, investigatinthe internalisation mechanisif

the dendriplexwill provide confirmation of the successful synthesis of the dendrimexet

as confirming the hypothesis that conjugating the DNA carrier with this ligand would improve
the dendriplexuptake by the targeted cells. The iron binding protein lactoferrin is thought to
bind to the cells via its specific receptors LfR1 and LfR2 well as ta general transferrin
recepto(VanSande and V&amp, 1981). The mechanidip whichlactoferrin enters the cells

is thought to be receptanediated endocytosis (Tuccari and Barr28i.]). Similarly, PSMA

was reported previously to cause artalp for targeted nanoparticles througbceptor
mediated endocytosis (Goodmanal., 2007; Zhanget al, 2016).Xiang et al (2013) used
folate to targePSMA, the cellular uptakef thetargeted liposomesasfound to decreasey

40% after pretreating & cells with chlorpromazinea 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 NiG@Q8)s,
Endocytosis can be split into two main pathways. These are phagocytosis (macropinocytosis),
which usually accounts for the uptake of large molecwe200 nm)and pinocytosis, which

in turn has two main pathways: either clathmediated endocytasi(CME) or clathrin
independent endocytosis (CIE).

CME is the most common pinocytosis pathway, through whictergés cargoes are
internalized. his occurs through three main steps: clathrin pit formation, followed by early
and late endosome formation (Mahon and Boucrot, 2011). A clathrin adaptor such as
adaptor protein 2 (AR) complex facilitates the binding of clathrin protein in the membrane in
order to cluster the receptor and its correlating protein ligand to clatbaibed pits. The
GTPase dynamithengrip the coated pits and forms clathwipated vesicles, which facilitate

the entrance of the ligand and form an endosome (early veskeigs)g3-4) (Liu and Shapiro,

2003; Grant and Sato, 2006). Clathsrthen removed and recycled back to the cytoplasm to
start a new endocytosis cycle (McMahon and Boucrot, 2011).

Clathrinrindependent endocytosis @& alternative pathway to CMHEn CIE, the ellular
glycolipids haveatendency to mediate cell membrameddingandlead 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 endocytoisytosis and
transcytosis. Aong these, endocytosssthe 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).
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Figure3-4 Clathrinmediated 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 mechanismere examinedin vitro. For blocking CME,
phenylarsine oxide was selected. This is a membpan@eable proteiyrosine phosphatase
(PTPase) inhibitor which prevents vesicle formation and the internalisation of cell membrane
receptors, as well as pinocgts at the cell surface (Gerhatal, 2003). This criterion makes

it a wellFknown inhibitor of CME, which is the pathway believed to be linked to transferrin
and lactoferrin endocytosis (Dutta and Donaldson, 2012). Another recepthated
endocytosiblocker is filipin, which prohibits any caveoladependent endocytosis by binding

to cholesterol, which is a major component of caveolae, thereby preventing the caveolae from
functioning (Schnitzeet al, 1994).

A further mechanism of endocytosis is n@mnocytosis, which applies to the uptake of large
molecules by forming irregular vesicles o2 @m in diameter. The most common inhibitors

of this pathway are colchicine and cytochalasin D (Liu and Shapiro, 2003).
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Figure3-5 Common mechanisms of cellular uptake (adapted from Paetati 2012)
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3.1.6.0bjectives

In the previous chapter, we reported the successful synthesis of the nanocarriets, DAB
DAB-Pep2 DAB-PEG2kPep2andDAB-PEG2kPep4 In this chapter, we will examine their
ability to improve the cellular uptake of tiENA being carried. We will also investigate the
therapeutiefficiencyobtained fromusing these carriers for different therapedidA (TNFa,

TRAIL and IL-12) and compare thesesults with the effects obtained by using the unmodified
carrier DAB.

We hypothesised thahe conjugation with the targeting ligands lactoferrifgptide2and
Peptidedwould increasethe therapeuticfécacy of the DABLf, DAB-Pep2and DAB-Pep4
dendripkxes by improving the active targeting of the nanoparticles, thereby enhancing the
delivery of the therapeutibNA to prostate cancer cellBurthermorewe hypothesisedhat
conjugating PEG molecules with DABep2 and DABPep4 would result in improving ¢h
physical characteristics by reducing the overadta potential of the dendriplexes as
demonstrated in l@apter 2. The various aspects covered in this chapter include investigating
the transfection and cellular uptake of the dendriplexes, thenpeoiiierative effect and
finally the mechanism of uptake by the cells. Three different prostatic cancer cell lin8s (PC
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

Table3-1 List of materials used in chapter 3.

Materials

Supplier

Ammonium chloride

SigmaAldrich, UK

Ampicillin

SigmaAldrich, UK

Bovine serum albumin

SigmaAldrich, UK

Colchicine

SigmaAldrich, UK

Dimethyl sulfoxide (DMSO)

SigmaAldrich, UK

3-(4,5dimethylthiazoi2-yl)-2,5-diphenyt

tetrazolium bromide (MTT)

SigmaAldrich, UK

DU145 prostate cancer cell line

European Collection of Cell Cultures ,

Salisbury,UK

Ethylenediaminetetraatie acid (EDTA)

SigmaAldrich, UK

EndoFree Plasmid Giga Kit

Qiagen, UK

Filipin complex fromStreptomyces filipinesis

SigmaAldrich, UK

Fluorescein isothiocyanate isomer |

SigmaAldrich, UK

Foetal bovine serum

Biosera, UK

N-2-hydroxyethylpiperazind\-2-ethane

sulfonic acid(HEPES; 10 mM)

Life Technologies, UK

Isopropanol

SigmaAldrich, UK

L-glutamine

SigmaAldrich, UK

Label IT® Fluorescein Nucleic Acid

Labelling kit

Cambridge Biosciences, UK

LNCaP prostate cancer cell line

European Collection of CleCultures ,

Salisbury, UK
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Minimum Essential Medium Eagle (MEM)

SigmaAldrich, UK

Mouse TNF alpha ELISA kit

Invitrogen, UK

2-nitrophenyitb-D-galactopyranoside (ONPG

SigmaAldrich, UK

Passive lysis buffer

Promega, UK

PC3M-luc-C6 humarprostate cancer cell ling

Caliper LifeSciences, USA

Penicillin-streptomycin

SigmaAldrich, UK

PeptideCWQPDTAHHWATL)

Biomatik, Canada

Peptide4(CPRPRGDNPPLTCGGKKK)

Biomatik, Canada

Phenylarsine oxide

SigmaAldrich, UK

Phosphate buffered saliteblet

SigmaAldrich, UK

Pl as mi d galactosiddsen(gCMBspor

b-galactosidase)

Life Technologies, UK

Plasmid encoding TNE(pPORFS mT N F U

InvivoGen,USA

Plasmid encoding TRAILAORF mTRAIL)

InvivoGen,USA

Plasmid encoding H12 (pORF miIL-12)

InvivoGen,USA

Poly-L-lysine

SigmaAldrich, UK

Roswell Park Memorial Institute (RPMI)

SigmaAldrich, UK

SephadekX G-10

SigmaAldrich, UK

Sodum pyruvate

Life Technologies, UK

Trypsin

ThermoFisher, UK

Triton-X

SigmaAldrich, UK

®
Vectashield 4N§-diamidina2-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 huntastgte cancer cells extracted during
different stages of the disease and from different metastasized organs such as lymph node, bone

and brain.

3.2.2.1.1PC3

PC-3 is a human prostatic cancer cell line derived from a bone metastatic site-year6&i
Caucasian male. Due to the lack of androgen receptors in the cell membreheel¥bave

been found to be androgémsensitive, allowing them to survive even in andredeprived
media. In addition, P@G cells do not release PSA and do not express PSM#eir cell
membrane (Taeét al, 2011; Liuet al, 2012). However, PSA and PSMA mRNA were detected

in these cells (Takahaséi al, 1999).

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

differentiated tumours categzed as grade IV adenocarcinarfRussell and Kingsley, 2003).

3.2.2.12. DU145

DU145 is an epithelial prostatic cell line that is derived from a metastatic brain site in a 69
yearold Caucasian male (Stoee¢ al, 1978). DU145 cells have a low responsendrogen
hormones due to the lack of androgen receptors in their cell memBidémough DU145 cells
wereprovento carry DNA encoding PSA (Takahastial, 1999),theydo not produce PSA
and do not express PSMA their cell membrane (Takahastial, 1999; Ghostlet al, 2005).

The metastatic potential of DU 14®llshas been found to Hewer than PGC3 cells, thusjt

has less invasive capability.

3.2.2.13. LNCaP

LNCaP is a cancerous epithelial cell line of human prostatic adenocarcinomaeextrac a

metastatic lymph node of a H@arold Caucasian male (Russell and Kingsley, 2003).
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Numerous androgen receptors are expressed in the cell membrane, explaining the high
sensitivity of these cells to androgen hormones such as testosterone aindte#tysterone.
LNCaP cells also overexpress PSMA and secrete prostate specific antigen (PSA) (Horoszewicz
et al, 1983; Liuet al, 2004, Jiret al, 2014).

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

invasive when injected into nude mice, unlessngected with stromal cells (Tait al, 2011).

3.2.2.2. Cell culture

All the in vitro experiments were conducted usprgstate cancer cell lines (3 DU145 and
LNCaP) purchased frozen frottne European and American collections of cell cultures.

PG-3 and DU145 cells were grown in Minimum Essential Medium (MEM) as monolayers in
a T75 flask, while LNCaRells weregrown n 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) penicillistreptomycin, plus 1nM HEPES (5ml) and 1mM
sodium pyruvate (gl) for LNCaP cells only. Técell 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 thergeted cells by complexing the dendrimer with DNA

e n ¢ o dgalacgsidase enzyme.

PCG3, DU145 and LNCaP cells were seeded in 96 well plates at a concentration of 2000 cells
per well and incubated for A2 at 37 °C and 5% COThey were then treated wilbNA

e n ¢ o d-gatagjosidase complexed with the dendriplex of interest (RABDAB-Pep2,

PEGylated DABPep2, orDAB-PEG2kPep4 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 negatna

and DAB: DNA (5:1) was used & positive control since it resulted in optimubNA
expressionin previous study (Scéiezlein et al, 2005). The DNA concentration was kept
constant through the experiment at 10 pg/ml (1 pg/well). After treatmentcethe were
incubated for 72 h befotde analysis At the analysis dayhe 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 mirat 37 °Cto ensure complete celllysis The | ysed ced |l s we
galactosidase expression by addingb@f ONPG solution. The ONPG solutiowith the
concentration 1.33 mg/ mVas prepared fresh just before the analysiag2X assay buffer
(sodium dibasic phosphate 60nM; magnestioride 1mM;b-mercaptoethanol 50mM; pH

7.3) as solventPlates were then incubatéat two hours at 37 °Qorotectedirom light. The
absorbance was taken at 405 nm using a plate r€BtEmo Lab Systems, Multiscan Ascent,
UK) and the resultant absorlzas wereconverted to concentratisi s i n -galaetosiffase

standad 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 cellsising confocal microspy 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 introdutg the genetic materialn 6-well plates, two coverslips were added above each
otherin a star shape in each well before the plates were seeded w&hR{145 and LNCaP

cells. The cells were seeded directly on the coverslips at a concentratidrcells per well,

with a total volume of 3 ml/well, and incated for 24 h at 37 °CTheywere treated with
fluoresceinl a b e |lghlacibsidasencoding DNA that was complexed with DAB, DAB -

Pep2 oDAB-PEG2kPep2using theoptimaldendrimerDNA weightratio obtained from their
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transfection assays. @wol wells were also prepared: DAB: BN\at 5:1,asa positive control

for DAB-Lf, DAB-PEG: DNA 20:1as a positive control f@AB-PEG2kPep2 plasmid DNA

only and untreated cells as negative controls. The concentration of the DNAARI) was

kept constant during the experiment. Thetedaells were incubated for Bat 37 °C and 5%

CO 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 a€28Vells were

then washed twice witB ml PBS and incubated at room temperature with 3 ml 0.1% Txiton
solution for 5 min before adding 3 ml of 1%@v bovine serum albumin in PBS for 30 min at

37 °C to reduce the nespecific binding. One unit of Alexa FIUt847 dye was diluted with

200 ul d 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 (HardSef1500) was used asvisualizing fluorescent dye &tan the nucleus of

the cells, while the cell walls were stained with Alexa Figdi7 probe. DAPI is excited by the

405 nm laser line (emission bandwidth: 4481 nm), fluorescein is excited by the 543 nm
laser line (emission bandwidth: 5820 nm), and Alexa Flud647 is excited by the 633 nm
laser line (emission bandwidth: 6885 nm). The prepared samples were then visualized under
a Leica TCS SP5 confocal microscope.

3.2.2.4.2. Fluorescencactivated cell sorting (FACS)

PG3, DU145 and LNCafells were seeded at density of 16x10cells per well in éwell

plates and incubated for 72 hours before being treated withivéell of fluoresceinlabelled

DNA complexed with the dendrimer of interésither DAB-Lf in a dendrimerDNA weight

ratio of 5:1, DABPep2 2:1pr DAB-PEG2kPep220:1). Other wells were treated with DAB:
DNA or DAB-PEG: DNA as positive controls and DNA onlyaasegative control. The treated
plates were incubated for 24 h at &, protected from light. The wells were then washed three

times with3 ml PBS.Trypsin was the added(250 n per well)and the plates were incubated
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for 5 minutes at 37C followed by the addition d600m per wellof FACS buffer(PBS buffer
with 0.5% BSA and 2mM EDTA Samples were transferred to polystyrene relmitionmed
tubes and the fluorescence intensity was measured by FACSCHowocytometer (BD,
Franklin Lakes, NJ) to determine the amoungehe expressioimside the cellafter being
complexed with thelendriplex. Ten thousand cells were counted for each saagpbated
events. Standard solutions from BD CalibPatBeads (n-labelled beads, fluorescein
isothiocyanate (FITC) and phycoerythrin (PE) labelled beagse prepared to calibrate the
instrument before analysing the samples. DNA fluorescence emiss®rdetacted, as it

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

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

3.2.2.5. Cellular uptake mechanism

The cellular uptake mechanism ofAB-Lf dendriplex was investigated using different
inhibitors of the most common cellular uptake mechanisms (Hatat, 2009; Panget al.,

2012; Somangt al, 2015). P€3, DU145 and LNCaP cells were seeded-imedl plates (1x19

cells per well) and ingbated at 37C for 24 or 72 hours. Cells were pretreated with free

|l actoferrin (80 M), colchicaa@ dmd®dl /elmpo, /fLi)l,
orl0e g/ mL) 4hgspakby (40 €g/ mL)C. DABrLf: fludhescminr nut e s
labelled DNA dendriplex was then added to the wells at a weight ratio of 5:1 and incubated for

one hour at 37C. Thefluorescein labelledNA concentrations used in this experiment were
25andx g/ wel | for qualitative andoscqpyand flowt at i v e
cytometry respectivel\samplesvere prepared fdhe analysis bgonfocal imagin@ndFACS

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.Peptide2binding efficacy

This assay was conducted for thegmse of examininge efficacy ofPeptideZn binding to

the different prostate cancer celPeptide2was chosen for use in this study as a targeting

ligand toPSMA, whichis believed to be overexpressed in the LNCaP cell line bunhreC

3 andDU145ccells. Thereforeand in order to compare the uptake affinityPaptide2to the

positive and negative PSMéxpressing cellsPeptide2was conjugated with fluorescein
isothiocyanate (FITC). The labelling &feptide2with FITC was carriedusing the method

described byZhenget al (2014) withsomemodifications as follow:

Peptide210 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 Flig€lswhich is equivalent

to twomole excessof FITG ver Pep2 was added gr a@ep@e2l v (20
solution with continuous mixing. The reactitook placefor 8 hours at 4 °C in the davith

continuous mixingAmmonium chloride 13.3 mg,50 mM) wasthenadded and the reaction

was incupated for 2 hours at 4C in thedark. The formulated conjugalReptide2FITC was

separated from the excess unreacted Ay €ize exclusion chromatography using Seph&dex

G-10. Peptide2-FITC was collected first as it eluted faster from the column, winleacted

FITC was collected last. The collected solution was then desalted by dialysis against 1000 ml
distilled water for 48 hat 4 °C usinga benzylated dialysis tubingith MWCO 2000 Daasa

filter and the dialysis solution was changed every 12hcohgigation reaction was confirmed

using MALDI-TOF to detect the molecular weight of PdpZ C.

PGC-3, DU145 and LNCaP cells were seeded-imedl plates (16 x 10cell/well) and incubated

for 72 hours before being treated with different concentratio”r$T@-Pep 2 (10 e€g, 50
100 €g per well), with untreated wells actin
15 min, followed by triplicate washes of PBS (3 ml each). Cells were then suspended by adding

250 pl trypsin for 5 min followed b$00 pl of FACS buffePBS buffer with 0.5% BSA and
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2mM EDTA). Samples were transferred to rothmttomed polystyrene tubes and the
fluorescence intensity was measured immediately using a FACSCiowocytometer (BD,

Franklin Lakes, NJ).

3.2.2.7. Enzymdinked immunosorbent assay

This assay was conducted to examine the efficiency of the modified denBABePEG2k
Pep2i n carrying the therapeutic DNA encoding

DNA to transfect inside the nucleus to produ

PC-3, DU145 and LNCaP cells were seeded in-ave# plate at density of 35 x $@ellsper

well and incubated for 48 hours before being treated DB-PEG2kPep2dendriplex
complexed with DNA encoding TNFU at a ratio
in a volume ofl ml per well. The cell mediunvas then collected after 12, 24, 42, 96, 120,

144 and 168 hours of treatment and froze®@PC until analysis. The concentration of mouse
TNFU protein produced wlnked maumaesorbert &it (ELESA)h g an
following the instructions provided (Invitrogen by Thermoheis UK). The absorlmee was

taken at 450 nm usingate readerKlexStation3 multimode microplate reader, Molecular
Devices, California, USAand the resultant absorbanaeneerted to concentration using

MTNFU standard curve.

3.2.2.8. Tetrazolium redution assay (MTT)

The antiproliferative activity of the synthesised dendrimers (BBAB DAB-Pep2,DAB-
PEG2kPep2andDAB-PEG2kPepd compl exed wi th plasmid DNA
or IL-12 was assessed using a standard MTT assay.

PGC-3, DU145 and LNCalkells were seeded in quintuplicate at a density of 2000 cells/well in
96-well plates and incubated at 3Z 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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rangng from 200 to 0.05rg/ml, using naked DNA as a negative control, while DAB: DNA
5:1 ratio served as a positive control. The cytotoxicity of the prepared nanocarriellaB
DAB only was also examined by the same method, treating the seeded cell8(atto 0.25
ng/ml, which is equivalent to the amount of DABused in the antproliferation assay.

For DAB-PEG2kPep2dendrimer, PE and DU145 cells were used in this assay as PSMA
negative cells and LNCaP PSMa#ositive cells respectively. Cells wetreated withDAB-
PEG2kPep2 DNA weight ratio of 20:1 using various DNA concentrations ranging from 100
to 0.06ng/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 cytotoxicitpAB-PEG2kPep2 and
DAB-PEG only were also examined by treating the cells with 2000 toIn2 of the polymer,
which is equivalent to the amount used in the-prdliferation assay.

The plates were incubated for 72 h at 37 °C and 5% @@n 50 pl of 3% MTT solution
was added to the mediuand incubatedt 37 °Cprotected fromlight for four hours. The
medium was then replaced with 200 yul of DMSO per well to dissolve the precipitated
formazan. The absorbance of the dendriplex was measured at 570ngraysdate reader
(Thermo Labsystems, Multiscan Ascent) and the growth inhibitory concentration for 50% of
the cells (1Go) was measured. A dosesponse curve was plotted between the percentage of
the live cells and the logarithm of the DNA concentratisad to obtain the Kgvalues.

3.2.29. Statistical analysis

All experimental results were expressed as méaandard error of mean (S.E.M). Statistical
significance was detected using emay ANOVA test followed by Tukey test for multiple
comparisorusing Minital) and OriginPr8l 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 effitacy of
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 lines3P0U145 and_NCaP) were examined and

treated with different weight ratios.

3.3.1.1. DABLf

Lactoferrinbearing DAB dendrimer was found to improve gene transfection compared with
unconjugated DAB in the all cell lines test@tie results showed that the increaséeweight

ratio of the dendrimewas not rel at e d-galaatosidade gene transfecians e
(Figure3-6).

The PG3 and DU145 cell lines were found to have improved gene transfedtemusing
DAB-Lf compared with unconjugated DAB, hyfactor of 2.7 and 2.4 respectively.-BCells
showed aemarkable gene expressiahDAB-Lf: DNA weight ratios of 10:1 and 5:1, with
concentrations 8.31x 3 0.48U/ml and 10.510°3 + 0.43 U/ml respectivelycompared with
5.17x10° + 0.46 U/ml for unonjugated 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 4.62%3®.40U/ml. DU145

cells uneéerwent optimum transfection at the weight ratios 10:1 and 5:1, with a concentration
of 2.2210°+ 0.23U/ml and 1.99 103 + 0.18U/ml.

LNCaP cell line showed significant elevation in gene transfection after treatment with DAB
Lf at a weight ratio 20:1 dp (2.324x10° + 0.20U/ml), whereas the remaining ratios showed

no improvement in gene transfection compared it unconjugated DAR1.54x10° +

0.14U/ml).
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3.3.1.2. DABPeptide2

Peptide2bearing DAB dadrimer complexed with DNA encodirfiggalactosidase resulted in
variablegene expressiaendency based mainly on the weight ratio usegufe3-7). For the

PG-3 cell line, the three DABPep2: DNA weight ratios 10, 5:1 and 2:1 showed a significant

i ncr e agslactosidase éxpression 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 2-feld improvement over unmodified DAB, resulting in
b-galactosidase concentration of 9.63 ¥ 1®.19U/ml and 6.32 x 18+ 0.19U/ml for DAB-

Pep2 and DAB respectively. On the other hand, the DU145 cell line showed a significant
increase in the transfeon efficacy of DABPep2 at the 2:1 weight ratio, up to-fodd over
DAB, wigdlactosiasédconcentration of 5.89 £10.48 U/ml. The other ratios failed

to sltow any significant improvement in gene expressiming similar to that obtained fro
unmodified DAB. For LNCaP cellsthe three weight ratios 10:1, 5:1 and 2eSuled in
signi f i c an-galactosidaseedression compéred with unmodified DAB, windle
lower ratios resulted in logeneexpression.

Although 2:1ratio was not theptimal weight ratio for the PG and LNCaP cell lines, it was

the only one showing significaakpressionvith DU145cells Therefore, this weight ratio was

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

After DAB-Pep2 had been PEGylated with a fownle excess of NHRPEG2000methoxy, a
transfection assay was performed to examine the capability oiwisliendrimer ilmproving

the g@e expression ilPSMA-positive cells. For the cell lines R@ and DU145, the new
dendrimer showed no improvement in transfecting the DNA at any of the ratios examined
compared wh the positive controls DABPEG DNA (20:1) and DAB: DNA (5:1), which
resultel in superiorDNA transfection efficacy. On the othleand, the PSMAoositive cell line
(LNCaP) showed a significant (2f@ld) improvement in DNA transfection at the weight ratio

of 20:1(2.78 ° 0.113 103 U/ml) compared wh the positive control DABPEG20:1 0.99°

0.103 10° U/ml). Significant 2fold and 1.48fold improvements ingene expressionver
DAB-PEG were also recorded at weight ratios of 10:1 and 5:1 respectively, with transfection
values of 1.98 0.123 10°U/ml and 1.47° 0.093 103 U/ml. The other control, DAB 5:1,

also resulted in lower transfection values compared with the three top weight rddias of
PEG2kPep2i n L NCaP c el -gatactosidakeoconcentgtiom of b2D.0% 103

U/ml.
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3.3.1.4. DABPEG3.5Peptide2

Using the long crosslinker NHBEG3.5kmalimide to conjugate DAB dendrimer Wwithe
targeting ligandPeptideZresulted in no clear pattern of the transfection efficacy oDihB-
PEGS3.5kPep2dendriplex. For the PG cell line, the weight ratio 20:1 gave a significant
improvement in dendriplex transfection tva value of 16.2 0.243 10°U/ml compared with

the positive control DAB (12.7 0.283 103 U/ml). In contrast, DU14%ells showed almost

no transfection at the same ratio and there was no improvement in transfection as a result of
the inclusion ofPeptide2in the dendriplx. PSMA-positive cells (LNCaP) showed no
significant improvement in the transfection@AB-PEG3.5kPep2dendriplex compared with

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

The DAB-PEG2kPEG3.5kPep2polymer showed no improvement in the transfection of the
complexed DNA in any of the cell lines examinetluding the PSMApositive LNCaP ced
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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3.3.1.6. DAB-PEG2k-Peptide4

Peptidedbearing DABPEG was first examined by transfection assay to estimate the
improvement in theyene expression after usitigs new dendrimeas anindicationfor the
succeshul targetng tointegrin receptors in prostate cancetls. The new dendrimer showed

no improvement in transfecting the DNA in any of the cell lines and at any of the ratios
examined, compared withe positive controls DABPEG DNA (20:1) and DAB: DNA §:1),
indicating the failure oPeptide4to improve the cellular uptake of this dendriplex. Another
control used in thisssay was DABPEG: DNA (10:1). A that specific ratioPAB-PEG2k
Pep4showedsignificantly enhancedtransfectionresults than DABPEG n both PC3 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 obtainhigheruptake and transfection compared withtied generation DABAM16.
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3.3.2. Cellular uptake

3.3.2.1. Confocal microscopy

Confocal microscopyasused to qualitatively investigate the cellular uptake of the plasmid
DNA, labelled with the fluorescent dye (fluorescdina b e | | e d D Ngalactesidase)d i n g f
by the targeted callaftertheir complexation with DABLf, DAB-Pep2and the PEGylated

form of DAB-Pep2 DAB-PEG2kPep3.

3.3.2.1.1. DABLf

The DAB-Lf: DNA weight ratio selecteddfr this study was 5:1 agas the optimal ratiin the
transfection assay, especially for-8@nd DU 145 cells. Fluorescdimbelled DNA was found

to be diffused in the cell cytoplasm of B@&nd DU145 cells after treatment, with less diffusion
for LNCaP ell line (Figure3-12). PG3 cells showed the most abundant DNA uptake. Cells
treated with unconjugated DAB complex altowedDNA uptakeinside the cells, but with
less intensity compared with those treated \Wi&kB-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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DNA DAB DAB-Lf
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Figure3-12 Confocal microscopy images for the cellular uptake of #soeinlabelled DNA

at a concentration of 2 -LE DAB @f umeinglexed, aftemp | e x €
incubation for 24 hours with R@, DU145 and LNCaP cells. Blue: nuclei stained with DAPI
(excitation: 405 nm laser line, bandwidth: 44%1 nm), greenfluoresceinlabelled DNA

(excitation: 543 nm laser line, bandwidth: 5680 nm), red: Alexa Flué647 probe

(excitation: 633 nm laser line, bandwidth: 6580 nm)(Bar size 10 pum
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3.3.2.1.2. DABPeptide2

DAB-Pep2 at dendrimerDNA weight ratio of 2:1 wa selected for this experiment as it was
the optimal ratio in the transfection study. Forthk cell lines treated, green fluorescence
corresponding to the fluorescdebelled DNA was distributed inside the cytoplasm and
aroundthe membranes of cellsghhavebeen treated with DABPep2 and DAB dendriplexes.

A stronger fluorescein intensity was seen in the cells treated with-B® dendriplex
compared with the positive control, DAB: DNA 5:1. In contrast, cells treated with naked DNA

showed no sign ofatlular uptake in either cell lind={gure3-13).
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DAB-Fep?

DNA DAB

Untreated

Figure3-13 Confocal microscopy images for the cellular uptake of fluorededielled DNA
ataconcentraton& . 5 e€g/ wel | , c-®Pepide2®ABoduncempeked, 2fteB
incubation for 24 hours with R@ and DU145cells Blue: nuclei stained with DAPI
(excitation: 405 nm laser line, bandwidth: 44%1 nm), green: fluorescelabelled DNA
(excitation: 543 m laser line, bandwidth: 55620 nm), red: Alexa Flué647 probe
(excitation: 633 nm laser line, bandwidth: 6580 nm)(Bar size 10 pum
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3.3.2.1.3DAB-PEG2k-Peptide2

DAB-PEG2kPep2dendriplex at the weight ratio 20:1 was selectedrforitro experiments

as it showed optimal transfection in the PSiddsitive control cells (LNCaP). The PEcell

line was used in this experiment as a model for PSidgative cells. The cells were treated

with DAB-PEG2kPep2 DNA (20:1) and with DABPEG: DNA at the same ratas 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 ABHPEG2kPep2

and DABPep2, with more intense fluorescence in the cells treaittdDmB-PEG2kPep2
suggesting thaPeptidezhad improved the cellular uptake of the dendriplex. In theSRE€ll

line, the green fluorescence was found to be distributed inside the cytoplasm of the cells treated

with DAB-PEG2kPep2and DAB-PEG.
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DAB-PEG DAB-PEG2k-Pep2

DNA

Untreated

Figure3-14 Confocal microscopymages for the cellular uptake of fluoresctabelled DNA
, [DAS-RPA2lcPrpidd? DAB-PEG or
uncomplexed DNA, after incubation for 24urs with PC3, DU145 and LNCaleells Blue:

nuclei stained with DAPI (excitation: 405 nm laser line, bandwidth-485 nm), green:
fluoresceinlabelled DNA (excitation: 543 nm laser line, bandwidth: B20 nm), red: Alexa

at a concentration of.25 ¢ g/ wel |

Fluorf647 probgexcitation: 63 nm laseline, bandwidth: 6590 nm) Barsize 10um).
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3.3.2.2. Fluorescencactivated cell sorting (FACS)

Flow cytometry is a quantitative assay used to examine the cellular uptake of DNA by
measuring its fluorescence emission in different prostateecaell lines. The three cell lines
PG3, DU145 and LNCaP resulted in significant high fluorescence intensitywialip
treatment with the DAB.f, DAB-Pep2and DAB-PEG2kPep2dendriplexes compared with
unmodified DAB dendriplex.

3.3.2.2.1. DABLf

PC-3 cdls showed theilghest cellular uptake of the DABf dendriplex with a mean of 9004.3

° 241.1a.u, which is twice as high as the fluorescence emission of the unconjugated DAB
dendriplex. Similarly, DU145 and LNCaP cetbsulted insignificant fluorescete emissions

after treatment with DAR_f dendriplexcompared with the DAB dendriplexwith rates of 1.6

and 1.5 times higher in fluescence intensity respectivellyigure 3-15 and Figure 3-16).
Lactoferrinbearing DAB dendriplexada fluorescence mean of 522251 a.u.and 5538

532 a.u.compared with the unconjugated DAB, with 326377 a.u.and 3671 120a.u.for

the DU145 and LNCaP celhes respectively. ktomplexedNA did notresult in anycellular
uptake for all cell lines examined, indicating the failure of the DNA to be takeaslls without

the assistance of a carrier.
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Figure 3-15 Flow cytometry histograms shawg fluorescence emission intensity as a
guantitative measurement of the cellular uptake of fluoredabwiled DNA complexed with
DAB-Lf and DAB in A) PCG3, B) DU145 and C) LNCaprostate cancer cell lines.
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Figure 3-16 Fluorescence emission intensity as a quantitative measurement of the cellular
uptake of fluorescetabelled DNA complexed with various carriers in various prostate cancer
cell lines (PG3 , DU145 and LNCaP) ( n#$&tcellularuptakk.O 0. 05
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3.3.2.2.2. DABPeptide2

In the case of the DAPep2 formulation, PG and DU145 cell lines showed significant
increase in the uptake of fluorescéatelled DNA compared with unmodified DABFiQure
3-18). In PG3 cells, DABPep2 treatment resulted in a 1fodd increase in DNA uptake
compared with unmodified DAB, with talt mean fluorescence of 1501614 a.u. and 9776
° 454 a.u. respectively. For DU145 cells, DABep2dendriplex hada 2.51-fold increase in
uptake, with a florescence intensity of 12484299 a.u. compared with 4909 135a.u. for
DAB: DNA. On the other handhere was naignificantincreasen the fluorescence intensity

between DABPep2 and DAB dendriplex@&s LNCaP cells

DAB-Pep2 DAB DNA Untreated

DAB-PEP2 DNA-Tube_001 DAB DNA-Tube 001 DNA-Tube_001 Untreated-Tube_001
2.5%

1.3%

PC-3

1 il o 10"
FITC-A FITC-A FITC-A FITC-A
DAB-PEP2-DNA-Tube_001 DAB-DNA-Tube 001 DNA-Tube_001 Untreated-Tube 001

DU145

FITC-A FITC-A FiTra FITC-A

LNCaP DAB-Tube_003 LNCaP DNA-Tube 001 LhCaP Untreated-Tube_001

LNCaP DAB-Pep2-Tube 001

45.6%

LNCaP

10°
FITC-A

20 102 a
~10%0 10 10

a7 12z

“ FITC-A

-3

il
-wf010* 0’ 0* 0°

0
FITC-A

Figure 3-17 Flow cytometry histograms showing fluorescence emission intensity as a

810

guantitative measurement of the cellular uptake of fluoredabwlled DNA complexed with
DAB-Peptidezand DABin A) PG3, 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 fluoresceiabelled DNA complexed with DABeptde2 DAB, or uncomplexed in

PG3 (A), DU145 (B) and LNCaP (C) cell lindsn =3 ) . * : P Chiglfesta@liilarv e r s u s
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3.3.2.2.3DAB-PEG2k-Peptide2

In the PSMApositive LNCaP cell lineDAB-PEG2kPep2dendriplex showed a significant
improvement m cellular uptake, with a meaftuorescence intensity 05045 ° 242 a.u.
compared with 3695 237 a.u. for the same dendriplex withdeptide2DAB-PEG). DNA
only failed to show angellularuptake, with a mean fluorescence value of 14513.9 a.u.
PSMA-negative cell lines, PG and DU145responded to the treatment differently PG3
cells, the uptake ofluoresceinlabelled DNA complexed withDAB-PEG2kPep2 was
significantly lower than that of the DABEG dendriplex, the respective fluorescencesityg
values bein@030° 282 a.u. and4608° 266 a.u., whereas DU14%®lIs treated withDAB-
PEG2kPep2showed a significant improvement flonorescence intensitys467° 703 a.u.)

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

There was no ghificant differerce in thepercentage of cells successfully takinghydDAB-
PEG2kPep2 and DABPEG dendriplexes, yet, the intensity of the uptake was significantly

differentas demonstrateabove.
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Figure 3-19 Flow cytametry histograms showing fluorescence emission intensity as a
guantitative measurement of the cellular uptake of fluoredabwiled DNA complexed with
DAB-PEG2kPeptide2or DAB-PEG in PC3, DU145 and LNCalprostate cancer cell lines

The P2 gating arednsw the percentage of cells that took up each specific treatment in a total
of 10000 events.
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Figure 3-20 Fluorescence emissidntensity as a quantitative measurement of the cellular
uptake of fluorescedabelled DNA complexed witiDAB-PEG2kPeptide2 DAB-PEG, or
uncomplexed in PG ( A) , Dul45 (B) and L NCa P highd3t)
cellular uptake.
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3.3.3. Mechanism of cellular uptake

3.3.3.1. DABLf

DAB-Lf dendriplex was préreated with dferent cellular uptake inhibitors to investigate and
confirm the mechanism of dendriplex uptake by the cells. For the three cell lines examined,
pretreating the cells with pol-lysine resulted in almost complete blocking of the uptake of
DAB-Lf dendridex, while 80nM of free lactoferrin resulted in approximately 60% inhibition
of the uptake of DABLf dendriplex compared with the positive control (DABdendriplex).
Pretreating the cells with different doses mienylarsine oxide (Ph.O) resulted aellular
uptake reductionf around60% and80% for the PE3 cell line In DU145 cellsthelow dose

of Ph.O(10 uM) did not cause and uptake reduction whereas the higher 2bgd| leaded

to 30% reduction in DAB_f dendriplex cellular uptake. Similarlpre-treating PG3 cells with

5 and10 pg/milof filipin (Fil) showedsimilar percentage of cellular uptake reduction (7.0%)
In DU145 cells, the low dose of Fil did not cause any reduction in the cellular uptakel@hile
pg/ml Fil caused 90% reduction indhldendriplex uptakeOn the other hand, colchicine pre
treatment showed no sign of affecting the uptake of the dendriglguré3-21).

In the PC3 and DU145 cell lines, 48g/ml of the cationic polymer poll-lysine resulted in
complete suppression of dendriplex uptake, with a mean fluorescence intensity 6f 283.6
a.u. and 93.66 6.43 a.u. respectively. These valwesrenot significantly differenfrom the
negative control sampldsintreated cells)in LNCaP cells,61.9% reduction in uptake was
recordedafter pretreating the cells with PLLwith a mean fluorescence of 473.d9.1a.u.
Pretreatmenwith free lactoferrirresulted in more thanf®ld decreasé the uptake of DAB

Lf dendriplex compared witthe positive control, with a fluorescence intensity820 ° 20.2
a.u. for PG3 cell line, and more than 2f6ld reductioncompared witlthe positive control

showingmeanvalues of 2120° 44.3au. and 4970 ° 39.5 a.u. for DU145 and LNCaP cells
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respetively. The result ofPh.O pretreatment (10 M) was 51.8% inhibition of dendriplex
uptake, with a fluorescenagensity of 7660 ° 22.6a.u., amounting to a twimld lower uptake
by PG3 cells The same dosef Ph.Odid not lead to such inhibitionn DU145 and LNCaP
cells, it caused 1.2and 1.3fold reductionin the uptake with fluorescence ingity values of
4585° 169a.u. and 9740 ° 29.6 a.u. respectively. Imeasing the dose of Ph.O to 20l gcases
a significantreductionin the cellular uptakeof the dendriplex byp to 4.7fold and 1.7#old
following treatment with DABLf dendriplexin PG3 and DU145 cell lines respectively.
Similarly, pretreating the cells with fg/ml Filipin produced a raghly 3.2, 1.3 and 1.4fold
reductiors in uptake by PE3 (597.0° 13.4a.u.), DU145 (4334 636 a.u.), and LNCaeéells
(9100 ° 104 a.u.). Higher dose of Fil (10giml) causeda significant improvement in DNA
uptake inlibition with 3.4-fold and 9fold reduction in DNA uptake foPC-3 and DU145 cell

lines andluoregence intensity values of 108266.7 a.u. and 380.736.9a.u. respectively.
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Figure3-21 Flow cytometry quantification of the cellular uptake of fluoresdabelled DNA
complexed to DABLf dendrimerin PG-3 (A), DU145(B) and LNCaRC) prostate cancer cell
linesafter pretreating them with different uptake inhibitors: free lactoferrin (Lf), phenylarsine
oxide (Ph.O), filipin (Fil), colchicine (Col) and pely-lysine (PLL) (n = 3), *: p< 0.05
compaed with DAB-Lf dendriplex without prereatment.
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Figure3-22 Flow cytometry quantification of the cellular uptake of fluoresdabelled DNA
complexed to DABLf dendrimer inPG-3 (A)and DU145B) cellsafter pretreating them wh
phenylarsine oxide (Ph.O) 20My) and filipin (Fil) 10 pg/ml) (n = 3), *: p< 0.05 compared
with DAB-Lf dendriplex without preéreatment.

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 microsopy imaging of A) PE3, B) DU145 and C) LNCaRells,

showing thecellular uptake of fluoresceihabel ed DNA (2.5 eg/iwell ) ¢
Lf, after pretreatment with various cellular uptake inhibitors: pbhysine (PLL),
phenylarsine oxide (Ph.O)/ipin (Fil), colchicine (Col) and free lactoferrin (Lf) (B). Blue:

nuclei stained with DAPI (excitation: 365 nm, emission bandwidthi 435 nm), green:
fluoresceinlabeled DNA (excitation: 470 nm, emission bandwidth:i%sB5 nm), red: Alexa

Fluor®647 proles (excitation: 633 nm laser line, bandwidth: 850 0 nm) ( Bar : 10 =
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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 t8ecBICline,

after treatment with DABLf dendriplex pretreated with poly-lysine and colchicine, the
confocal images shad a similar diffusion of the DNA around the cell membrane in
comparison with the positive control. The other blockers sedm cause eme degree fo
uptake inhibitionas 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 sigaptéke inhibition Figure3-23,

A).

In DU145 and LNCaRells pretreating the cells with PLL, phenylarsine oxide, filipin and
free lactoferrin resulted in a decrease in fluorestzbeled DNA uptake as indicatiofor
uptake inhibition in comparison with the positive control. By contitagtie waso sign of
uptake inhibitionin cells pretreated with colchicineas the fluorescence detected was almost
similar to the positive controF{gure3-23, B and C).

It is important to note that due to the short incubation period (one hour), the fluorescence in
the cell lines Figure3-23), was quite minimal and accumulated in the cell memés but not

inside the cytoplasm.
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3.3.3.2.DAB-PEG2k-Peptide2

DAB-PEG2kPep2dendriplex cellular uptake inhibition by several inhibitors of different
apoptosis pathways was quantitatively measured by flow cytonetemnyestigate and confirm

the mechaism of the dendriplex uptake by the cells.

For the three cell lines examined, pretreating the cells with PLL resulted in more than 80%
blockage o DAB-PEG2kPep2dendriplex uptake in thEeSMA-negativecell lines PGC3 and
DU145, whereas it caused only 45986ckage of the uptake in tieSMA-positivecell line
LNCaP. Pretreating cells with 2.5 pM &feptide2resulted in around 50% decrease in the
uptake of Pep2 targeted dendriplex in all cell lines examined, with no significant difference
amongthem. Pretreatg PSMA-negativecell lines PC3 and DU145 witlphenylarsine oxide
(Ph.O) 20 pMcaused around 83% and 28% blockage in the dendriplex uptake respectively.
On the other hand, Ph.O caused no reduction in deexltijpitake after treating PSMpositive

cell line LNCaP. Filipin(10 pg caused significant reduction in the cellultake ofDAB-
PEG2kPep2dendriplexwith varied extentamong cell lines. There wa®% inhibition of
uptake in PE3 cellsand 36.4% in LNCakells while inhibition in DU145cells was 84%.
Finally, pretreating cells with colchicine resulted in around 60% reduction in the uptake of
PG3 and DU145cells while it was 37% decrease in dendriplex uptake in LNCedlls

compared with the positive contr@AB-PEG2kPep2dendriplex without preeatment).

In PG3 and DU145 cell lines, all of the blockers examined caused significant and varied
reductions in the uptake of the dendrip@RB-PEG2kPep2 In PG3 cells PLL and Ph.O
caused almost completgtakeinhibition, with mean fluorescence imsties of 346.6 + 14.5

a.u. and 347.6 = 28.8 a.u. respectivdlge other three inhibitors us¢Beptide2 filipin and
colchicing reduced fluorescence intensity by-1.7.8 and 2.5fold respectively, with values

of 1177 = 39.4, 114& 85.7and 8160 = 93.2 a.u. respectively, compared with theipee

control value of 204% 209a.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 22Z%au.

and 507.3 + 47.8 a.u. respectivédPeptide2and colchicine pretreatment resulted respectively
in 3- and 3.5fold reductions in cellular uptake of the dempdik, with mean values of 1029
415 a.u and 8810 £ 123 a.u. Finally, pretreating D145 with Ph.O caused a #@d
reduction in upake, with a mean value of 222%0.3 a.u., compared with 3090 + 381. for

the unblocked samples.

For thePSMA-positive cell line LNCaP, all of the blockers used resulted in a 40% to 50%
reduction in dedriplex uptake, except for Ph.O, which had no blockage effbete wa.16

and 1.8fold reductions irthe dendriplexuptakeafter pretreating 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, redtlvediptake by 1.57and
1.58fold with mean fluorescence intensigf 1154 + 17.6 a.u. and 1148 + 459 a.u.

respectively, compared with815+ 854 a.u for unblocked samples.
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Figure 3-24 Flow cytometry quantification of the cellular uptake of fluoresdabelled DNA
complexed tdAB-PEG2kPeptideadlendrimer in prostate cell lines BJA), DU145 (B) and
LNCaP (C) after pretreatmentthiuptake inhibitors: #ePeptidedPep2), phenylarsine oxide
(Ph.O), filipin (Fil), colchicine (Col) and poli-lysine (PLL) (n = 3), *: p< 0.05 compared
with untreatedAB-PEG2kPep2dendriplex.

184



3.3.4.Peptide2binding affinity assay

The successfutonjugationbetweenFITC andPeptide2was confirmed using MALDTTOF
(Figure3-25). The peak at m/z 1921.08 (z=1) capends to the compound FITREp2with
molar mass 1970 he differencebetween the actual amtte¢ed molar mass of FITPep2
could be dugo theloss of COOH group in leucine amino ac{d6 m/2, which is a common
fragmentation pattern in amino acids and peptides during MAdn2lysis (Gogichaewt al.,

2007).

%Int. 295 mV[sum= 35655 mV] Profiles 1-121 Unsmoothed
1921.08
100
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10 1787.21 182513 4g5g47 1988.96 5051 79 2082.88 2148

1750 1800 1850 1900 1950 2000 2050 2100
m/z

Figure3-25 MALDI -TOF spectrum oPeptide2FITC

All of the cell lines treated with different concentrationdeptideZzshowed different extents
of cellular uptake, with higher fluorescence than untreated cells. HoweveSWa-positive
LNCaPcells showed significant uptake of FITRep2 compared witRSMA-negativePC-3
and DU145 cells at all concentrations examined, with a mean $leemee intensity of 4808 +
545a.u.for LNCaPcells, compared with 1912 90.3 a.u. and 1074 + 41.5 a.ur R®G3 and
DU145cellsrespectively athe saméITC-Pep2 concentration (100 pg/mBlthoughPSMA-
negativecell lines shoved some cellular uptake d¥ITC-Pep2 the uptakewas significantly

lower than thene obtainedh LNCaP cells.
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This assay also invegated the proportion of the cellular population that FH€p2bindsto.

Almost half of the LNCaP cells were successfully bound to HPEp2 after 15 minutes

incubation, whereas theellular populationpercent reduced t83.9% and 29.4% for the

PSMA-negaive PG3 DuU145 cells respectively
PC-3 DU145 LNCaP
PC-3 unt-Tube_003 DU145 unt-Tube_003 LNCAP unt-Tube_003
o
()]
3
@ &
L 3
s ©
c
-
1 1 |l|||ll|‘ T T TTTII
FITC-A FITC-A Froa b
PC-3 100 ug-Tube_001 DU145 100 ug-Tube_002 LNCAP 100 ug-Tube_001
% BE 47.7%
s o
= EE
) T
°.' 2 :é P1 Pz
O 7
=
[N,
* IO2 \Ua 10 ‘"1'[‘5
FITC-A
Figure3-27).

These results provide strong evidence for the successful uptBketide2y the LNCaP cells

(

compared with P€ and DU145 cells, which showed some uptakenbtito the same extent

as the PSMApositive cells Figure3-26).

186



6000 -

)

= 5000 A

4000 A

1

3000 A

2000 A

1000 -

HH

*

. | B ~ i

100 50 10 untreated

Fluorescence Intensity (a.u
*

FITC-Peptide2 concentration (ng/ml)

Figure3-26 Cellular uptake intensity d?eptidedabelled with FITC inPG-3 (black), DU145
(grey)and LNCaPWhite) cel | I ines (n=3) *: PO 0.05 comp
of the highest binding at the same concentration.

187



PC-3

PC-3 unt-Tube_003

DU145

DU145 unt-Tube_003

LNCaP

LNCAP unt-Tube_003

5.4%
o
(]
©
o S
3
s O
c
o
1 1 T TTT |‘|I|D T
FITC-A FITC-A FITC-A
PC-3100 ug-Tube_001 DU145 100 ug-Tube_002 LNCAP 100 ug-Tube_001
fq“) w 47.7%
° g
jrar] 3
) Ze
" P Pz
a 8
d 2
= "
e
+ L
10? 10* 10 10
FITC-A
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3.3.5. Enzymelinked immunosorbent assay

All the three cell lines examined successfulypduced t he cytokbune of
with various amount®llowing treatment with DABPEG2kPep2 dendrimer complexed with

DNA encodingm T N FAfter 12 hours otreatingcells t he assay d@adnect ed
in any of the cell linesPG-3 cellssuccessfullyproduced sommT N Fdytokine after 24 hours

of treatment whereas the amounts produced by LNCaP and DU145 cells were still

undetectable.

In the PSMApositive LNCaP cell line, the cytokine began to be detectable after two days of
incubation andhe quantity produced gradually increased until, after seven days of incubation,
there was a mean TNFU concentration of 162.
detectable amount of TNFU was measurmeassed after
until Day 7, but at a meatoncentration of 598+ 5.78 pg/ml, less than half of the LNCaP
value.Figure3-28(A) shows that P@ cel | s started to transfect
cell lines, as notedoamve, and that the concentration wasisiderably highethan 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 decreasinghty half

this value aDay 7.
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3.3.6. Tetrazolium reduction assay (MTT)

3.3.6.1. DABLf

Lactoferrinbearing DAB dendriplex significantly increased time vitro antiproliferation
effect of the ther ape ulR)iinPCPaNADULLD Nelisth,PG3T RA | L,
cells, there was a 1.96ld increase in the anfiroliferative effect in DABLf dendriplex
compared with the unconjugated DAB, with and@f 9.97° 1.38 ng/ml and 19.5° 3.43

ng/ml for DNA encoding TNE respectively Figure3-29). For DNA encothg TRAIL, there

was a 3.6old increase in the anproliferation effect of DABLf upon DAB dendriplexes, at

15.6° 3.61nmg/ml and 55.74° 22.3 ng/ml respectively. The highest increase in the ratio
between DABLf and unmodified DAB dendriplexes in the BCcell line was for DNA
encoding 1:12, with an IGo of 10.8° 2.71ng/ml and 63.3 37.8ng/ml for DAB-Lf and DAB
dendriplexes respectively, recording a 58 increase in therapeutic effect.

In the DU 145 cellsthe treatment of DAR. f : TNFU r e sfald strenger anth a1 3
proliferation effect of the DAB.f to DAB dendriplexes, with an I§g of 4.34° 0.681ng/ml

and 57.38 95.4ng/ml respectively. The DNA encoding TRAIL showed a-faldl increase

in its antiproliferation activity after being complexed with DAB compared with DAB with

an 1Gso of 3.03° 0.69 ng/ml and 17.13 3.77 mg/ml respectively for DABLf and DAB
dendriplexes. For the DNA endad IL-12, 1.6fold increase in the anfiroliferation between

DAB-Lf and DABwas detectedith 3.79° 0.97ng/ml for DAB-Lf and 5.92 0.95ng/ml for
unmodified DAB. LNCaP cell line data are still under analyBigyre3-30).

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 die 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 formanay havedisappeazgd during
medium removal.

Cytotoxicity tests were also performed on the DBRBand DAB nanecarriers without
complexing the therapeutic DNA to determine whether the source of thpralifration
effect was either the DNA or simply the toxicity of the designed +zamoer. In all of the cell
lines examined, the modified dendrimer DABand DAB wee found to have 100% survival
rate and higher 165 values compared with their dendriplexes, indicating that any therapeutic
effect detected in DARf. 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 theralifiération effect of

the therapeutic gene. Thus, conjugation DAEhdrimer with Lf initiatel a prominent gene

carier to target prostate cancer.
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Figure3-29 Anti-proliferative effect of DABLf: DNA, DAB:DNA, DNA, DAB -Lf and DAB
in PG3 cell line at differentoncentratns (0.050 200ng/ml), using various therapeutic DNA
encoding A) TNF, B) TRAIL, C) IE12. (Darkgrey. DAB-Lf: DNA, grey. DAB: DNA, black
DAB-Lf only, striped white DAB only, white: DNA only) (n = 15)
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Figure3-30 Anti-proliferative effect of DABLf: DNA, DAB:DNA, DNA, DAB -Lf and DAB
in DU145 cell line at differentoncentrations (0.0 200ng/ml), using various therapeutic
DNA encoding A) TNF, B) TRAIL, C) IL12. (Darkgrey. DAB-Lf: DNA, grey. DAB: DNA,
black: DAB-Lf only, striped white: DAB onlywhite: DNA only)(n = 15).

194



120

100 I
t I f ; -
80
S i I
z
= 60
Qo
g
=
T 404
@]
20
0 Ll L] | | L Ll L] L L —
005 013 033 08 205 512 128 32 80 200
DNA concentration (pg/ml)
120

Cell viability (%)

B "JIIIT i 1ot
THNNENENN ke

0.05 013 033 082 205 512 128 32 80 200

DNA concentration (ug/ml)

100

C "}%%
J‘[ﬂwﬁu

T
005 013 033 082 205 512 128 32 80 200

Cell viability (%)

DNA concentration (ng/ml)

Figure3-31. Anti-proliferativeeffect of DAB-Lf: DNA, DAB: DNA, DNA, DAB -Lf and DAB
in LNCaP cell line at different concentratiof@05 to 200ug/ml), using various therapeutic
DNA encoding A) TNF, B) TRAIL, C) IE12. (Dark grey. DAB-Lf: DNA, grey. DAB: DNA,
black: DAB-Lf only, striped white: DAB onlywhite: DNA only)(n = 15).

195



Table3-2 Anti-proliferative activity of DABLf and DAB complexed with various therapeutic
DNA ( TNFU, TIR ArdIlthe oytotoxic kffect of the dendrimers onPOU145

and LNCaP prostate cancer cell lines.

IC so(pg/ml)
DAB-Lf:
o oo | e oo | ow

TNFa 9.97+1.38 19.5+8.82 > 50 > 50
SOl TRAIL 15.6 +3.61 55.7+22.4 > 50 > 50 n.d.
IL-12 10.8+2.71 63.3+37.8 > 50 > 50 n.d.
TNFa 434 +0.68 57.4+9.51 > 50 > 50 n.d.
BISNEICE  TRAIL 3.03+0.69 17.1+3.77 > 50 > 50 n.d.
IL-12  3.79+0.97 5.92+0.95 > 50 > 50 n.d.
TNFa 31.8+71.5 40.8%2.64 > 50 > 50 n.d.
LNCaP SRyz7N|K 9.85+5.79 28.2+46.6 > 50 > 50 n.d.
IL-12 7.04+ 2.68 - > 50 > 50 n.d.

1 n.d. not determined
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3.3.6.2. DABPeptide2

A preliminaryscreening for theytotoxicity of DAB-Pep2dendrimemwasexaminedn DU145
cell ling, to test the safety of thieendrimer The antiproliferative effect of DABep2 only and
of DAB-Pep2 complexed with DNA encoding TRvas examined. Ae data shoedthatthe
uncomplexedAB-Pep2 dendrimewas 100% toxic at a concentration of isg¢ml, whereas
when it was complexed with DNA encoding TAIE32ng/ml), the toxicityof the formulation
decreased at the same concentraffeigure 3-32). As theformulation is toxic, we cannot
estimate the improvement in the antiproliferative effect of aMiRd any therapeutic effect
would be due to the toxicity of the formulation, rather than to the improvement in dediver

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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Figure3-32 Anti-proliferative effect of DABPeptide2 DNA (dark grey), and DABPeptide2
(white) in DU145 cell line at different concentrations (200 to 0.05 pug/ml), using therapeutic
DNA encodi(md5.TNF U
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3.3.63. DAB-PEG2k-Peptide2

The antiproliferative effect oDAB-PEG2kPep2dendriplex was examined in tHRSMA-
negative cell lines PG3 and DU145 and in th®SMA-positive cell line LNCaP after

complexing it with DNA enceandicinggytoindssU or TRAI

Treating PC3 cells withDAB-PEG2kPep2 DNA encodingT NFU dendri pl ex res
ICs0 of 36.04 + 1.52 pg/ml, whereas the untargeted dendriplex-PABG: TNFU had a
effective antiproliferative effect, with a lower I§ of 25.4 + 6.93 ughl. However,
uncomplexed polymers were found to have almost the same cytotoxic effect as the
dendriplexes. Thus, the therapeutic effecDdfA encodingT NFU i s uncertain al
determined. This issue did not arise with the other therafg@hi'g enmdingTRAIL, as lower

ICs0 values were recorded: thesiGralues ofDAB-PEG2kPep2and 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-proliferaive effect of DAB-PEG2kPeptide2 DNA, DAB-PEG: DNA,
DAB-PEG2kPeptide2only, and DNA in PC3 cellsat different concentrations (0.026 100
png/ml), using varioushterapeutic DNAs encoding A) TNF aBj TRAIL. (Dark grey. DAB-
PEG2kPep2 DNA, grey. DAB-PEG: DNA,black DAB-PEG2kPep2only andwhite: DNA
only) (n = 15)
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TreatingDU145 cells with DAB-PEG2kPep2 DNA encodingT NFU dendri pl ex r e
an 1Gs of 10.58 + 10.37 pg/ml whereas the untargddddB-PEG dendrimer complexed with

DNA encodingT NF U s h eowetud of 6.7® + 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 dendriplax the DNA
conentrations from 6.4 pg/ml and lowés due to theimpact of the DNAused In both

examined DNA, notiargeted dendriplex (DABPEG: DNA) showed superior anti
proliferativeeffect compared with the targeted formulatibB-PEG2kPep2 DNA) in both

DNAencodhn g TNF U a(Table 33RAylire3-34).
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Figure 3-34 Anti-proliferative effect ofDAB-PEG2kPeptide2 DNA, DAB-PEG: DNA,
DAB-PEG2kPeptide2only, and DNA in DU14% cellsat different concentrations (0.026
100 pg/ml), using varioushterapeutic DNAs encoding A) TNF ai) TRAIL. (Dark grey:.
DAB-PEG2kPep2 DNA, grey. DAB-PEG: DNA,black: DAB-PEG2kPep2only andwhite:
DNA only) (n = 15).
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Treating the positiveontrolLNCaPcellswith DAB-PEG2kPep2dendrimer complexed with

DNA encodingT NFU dendr i pl e xsoof 47utl2i6@& jgg/mi, whereas thel C
untargeted dendriplex DABEG: TNFU had a ssivguedffld.08:2508 y hi ¢
png/ml. DAB-PEG2kPep2dendrimer alone was not toxic at the same concentratreating

LNCaP cells withDNA encoding TRAILcomplexed withDAB-PEG2kPep2resulted inan

improvment in the anfproliferation compared with netargeted dendriplexHowever, at

higher DNA concentration®AB-PEG2kPep2 DNA encodingTRAIL dendriplexrecorded

a significantly stronger antiproliferative effect than the rangeted dendriplex and the

dendrimer onlyFigure3-35) at concentrations from 100 to 6.4 pg/ml.
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Figure 3-35 Anti-proliferative effect of DABPEG2kPeptide2 DNA, DAB-PEG: DNA,
DAB-PEG2kPeptidednly and DNA in LNCaP cellat different concentrations (0.086100
pag/ml), using various therapeutic DNAs encod®)gTNF andB) TRAIL. (Dark grey. DAB-
PEG2kPep2 DNA, grey. DAB-PEG: DNA,black: DAB-PEG2kPep2only andwhite: DNA
only) (n = 15)
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Table3-3 Anti-proliferative activity ofDAB-PEG2kPep2and DABPEG complexed with

various therapeutic DNA ( TNFUDABEGRKPERL) and

dendrimer on P&, DU145 and LNCaP prostate cancer cell lines.

ICs0(pg/ml)
DAB-PEG2k- DAB- DAB-PEG2k-
oo | secon | “own | ow

TNFa 6.905 + 1.36 n.d. >12
HO S 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 476 +2.66 14.03 +25.96 > 30 n.d.
cNCar TRAIL 1.42 +0.854 1.48+0.929 >30 n.d.

M 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 effi@nt 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 promiapetitiver
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, reducingxtaateof 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 wasaminobutyric polypropylenimine hexadecaamine (DABI16),

modified with three alternative targeting ligands: lactoferr®fSMA-binding peptide
(Peptide?, and integrirbinding peptide Peptided. We successfully synthesised DAB,
DAB-Pep2 DAB-PEG2kPe® andDAB-PEG2kPep4as novehontviral 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
demonstratéhe improvement in targeting of these dendrimers after modification.

Examining the efficacy of these carri@mnsvitro will result in various benefitiiunderstanding

the extent of prostate candargeting and the level of gene transfection improverhefuare

moving forward tain 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 probalbitjgne 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 havipusly been found to improve the uptake

of DNA by the cells (Duféesgt al, 2005); however, its transfection efficacy is still lower than

that obtained by using viral carriers (Thoneasl, 2003).

After successful internalization, dendriplexes tendtister inside the cytoplasm, as they will

be trapped in an endosome where they are exposed to a mildly acidic (pH 6), -eichyme
environment with low calcium concentration. Most ligands usually dissociate at that stage and
the DNA carried is expected be hydrolysed as well (Mellman and Yarden, 2013; Blagico

al., 2015). Using the cationic demaier polypropylenimine@AB) as gene carrier in this study

has a very important impact in overcoming this endosomal degradation. Most of the amine
groups in thedendrimer 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 dendriplpsoton sponge effect) (Pérdtartinezet al, 2011,
McCrudden and McCarthy, 2013)Jowever, even after the successful endosomal escape, the
surviving DNA molecules are subjected to hydrolysis by the cytoplasroieases 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 nucilaambrane lyses, allowing the genetic
materials to fuse inside the newly generated nucleus, which is the process most commonly
expected to occur with cancer cglérezMartinezet al, 2011;McCrudden and McCarthy,

2013).

Using lactoferrinPeptide2and Peptide4as targeting ligands in the synthesis of the novel gene
carriers DABLf, DAB-PEG2kPep2and DAB-PEG2kPep4is expected to have a positive

impact in ameliorating then vitro efficacy of the delivered gene of interest. The positive
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impact shouldinvolve improvement in cellular uptake as well as transfection efficiency.
Cellular uptake is expected to occur through recemiediated endocytosis that arises due to

the use of the tgeting ligands lactoferrinPeptide2and Peptide4 whose receptors ar
overexpressed invarious prostate cancer cells. Furthermordhe enhancement in the
transfection capability of the formulated dendriplex is an indicatioa safccessful cellular
uptake, followed by efficient endosomal escape of the dendriplex andy fthalleffective
passagef the plasmid inside the nucledsansfection 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 mentionedeabefore expregsy 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 DABLf, thein vitro treatment with DABLf dendriplexes resulted in
increased DNA transfection compared with unconjugated Dvdl examined celines. The
DAB-Lf: DNA weight ratio which resulted in optimum uptake were both 10:1 and 5:1 for the
cell lines PG3 and DU145 while it was 20:1 for L®&P cells. However, the dendriplex with a
weight ratio of 5:1 was chosen for furtharvitro andin 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 tthe fact that both ratios were completely able to condense 80% of the
DNA as being fined in PicoGreBrassay. Therefore, the lower ratio was selected for the
upcoming experiments to overcome any possible toxicity that could arise in the future from
using hgher 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 (2pblshed an article disissing the

improvement in the akorubicin therapeutic effect after conjugating it with lactoferrin to treat
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metastatic prostate cancer. Thesb.Gf doxorubicin was decreased fotold after conjugating

it with Lf in DU145 cell line. This article demonstrated the efficacy of Lf as a targeting ligand
to prostate cancagells which suppostthe original hypothesis of our study. Similarly, DAB

Lf: DNA dendriplex at the weight ratio of 2:1 was examined with diffecamicercell 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 prosteteer
cells, especially PE3 cells In a comparison between ousudts with previous study obtained

by the group, the iron binding protein transferrin was used as ligand conjugabAB to
target prostate cancéhl Robaianet al, 2014) DNA transfection showed 1f8Id higher in
transfection efficacy compared withAB dendriplex in PC3 cells which is much less than the
data obtained in this study with an improvement in the transfebtiédh7-fold for the same

cell linecompared with the unconjugated DAB dendriplex.

Cellular uptake experiments demonstddtee capathity of DAB -Lf in increasinghe cellular
uptake of the DNA qalitatively and quantitatively using confocal microscopy and flow
cytometry. The data obtained demonstrated the superiority of CTABimproving the uptake

of the condensed DNA over untarget®AB in PG3 and DU 14%ell lineswith minimum
effect on LNCaP cellsThese 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 doublempared with unmodified liposomes in hepatocellular
carcinoma. Thdindings arealsocompatible with the results obtained by Lim and colleagues
(2015) demonstrating the ability dhctoferrin to improve the targeting capability of the
dendriplex to diffeent cancer cell lines (A431, B&6L0 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 thevitro results show.
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Investigating the cellular ugke mechanism of DARf dendriplex is an important manifesting
step to provéhat conjugating the targeting ligand lactoferrin is the reason for the improvement
in the cellular uptake of this dendripléxough detecting the main uptake pathway. It should
also shed light othe 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
effectcould be due tothe competitive tendency between the free Lf and BABendriplex
towards LfRs, supporting the original hypothesis that Lf conjugatoitd improveheuptake

of the therapeutic DNA complexed with it. This result is in line with previous gatidns
examining the effect of free Lf on the uptake of modified nanomedicines in various cancer cell
lines (Huanget al, 2009 Chenet al, 2010; Limet al, 2015. Building over these previous
studies, 80nM of free Lf was selected in this studyhich is lower than the highest
concentration used iBhenstudy.

Phenylarsine oxide and filipin are common inhibitorslathrinr mediated endocytosi€ME)
andclathrin- independent endocytosi€IE) respectively. Wo different doses were seledt

for each tocker (10and 20 M for Ph.O) and (&nd 10 jg/ml for Fil). The lowdosesf Ph.O

and Fil were used before to blothesepathways in normal cell line@Huanget al, 2008.
Thereforethereduction in the cellular uptalabtainedfrom usingtheselow dosesmight not

be sufficient to induceslear blockage effecin case of cancecells because most of the
receptors become overexpressed in canebs forup to 206fold, which is the case with
transferrin receptors (TfRsYherefore, Ph.O and Fil doses bkalween increased up to the
doubk based on previous studies udingse doses with cancer cell linésafiovet al, 2004,
Yumotoet al, 2006;Chenet al, 2010). It has been found thdcking these pathways resulted

in a significant decrease in the ak¢ of DABLf dendriplex in allthe examined cell lines.

Clathrinr mediated endocytosis the pathway responsible for the uptake of most protein
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ligands (Grant and Sat8006). Therefore, it was expected that some reduction in the uptake
of Lf-bearing DABdendriplex would be detected after the blocking of this pathway. Previous
study by Jiang and colleagues (2011) demonstrated that Lf internalized colorectal cancer cells
via clathrinr mediated endocytosi€aveolae dependent endocytosis pathway blockage b
filipin resulted as well in significant reduction in the DABdendriplex uptake indicating the
diversity in the cellular uptake of the dendriplex designed.

All cell lines examined showed almost compldtimckagein the cellularuptake after
pretreatmat with poly-L-lysine as an inhibitor of ionic uptakEhe presencm exces®f lysine

in this polymer (zeta potential 50 mV) makescédlular upakesuperior to that of other types

of cationic polymer due to the electrostatic interaction between PLtdihmiembranes (Chen

et al, 2010). As DABLf dendriplex is cationi@s well geta potential 20 m) poly-L-lysine
pretreatment coultlindersthe DAB-Lf dendriplex fromapproaching the cell membrane due

to the charge repulsive force between PLL and BEABlendriplex.This finding highlighs the
possible contribution of the positive charges on DIXRIendriplex in its uptake by prostate
cancer cells.

Several published studies have examined the mechanisms of lactoferrin uptake in various
normal and canceroull lines (Huanget al, 2009; Cheret al, 2010; Jiangt al, 2011; Lim

et al, 2015; Somaret al,, 2015). However, no previous work has discussed lactoferrin uptake
mechanismsn prostate cancer cells. Jiang and colleagues (2011) examined thentliffere
endocytosis pathways for lactoferqpmotein 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 approxatyag-fold reduction in uptake
which could be due to the size of DAB dendriplex as its lower than 100 nm.

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

(apoptosis)y aiding the cancerous cells to exprdss tytokines 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 cytokinesT(N F TRAIL and IL-12) were selected in this study for their well
known effect in inducing apoptosis (Choptaal, 2004; Alcawsariet al, 2011).

Lactoferrinbearing DABdendriplex encoding therapeutic DNAvas found to increase tire

vitro anti-proliferative agivity of the dendriplex in the three cell lines tested; significantly
lower 1Cso values were recorded compared with unmodified DAB. From a comparison of the
ICs0 values of DNA complexed by DABf and DABdendriplexes, we can deduce that these
findings arecorrelated with the improvement in DNA transfection provided by the modified
carrier DAB-Lf. More importantly, the cytotoxicity data of DABf and DAB dendriplex
demonstratehat the therapeutic effect obtaineddae tothe successful delivery of the
therapeutic genes, dbe dendrimershowed minimum cytotoxic effect. A previous study by

the same group also found-béaring DABdendriplexencoding TN to improve the anti
proliferationactivity in different @ancer cell lines (A431, B1610and T9&5) compared with
unmodified DABdendriplex(Lim et al., 2015).

A recent study byShankaranarayanan and colleagues (2016) investigated the efficacy of
lactoferin in improving the targeting capability of the drug doxorubicin after conjugating it
with lactoferrin. Use of this formulation in prostate cancells was found to lead @fold
reduction in the amproliferative efficacy of Lf doxorubicincomparedvith freedoxorubicin

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 céisdata are in line with the data obtained in
our laloratory, as we recorded r@duction in the 16 value by up to 13old 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 ¢aseligrogresses (Wrigktt
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al., 1995; Silvert al, 1997; Kinoshitat al, 2006). This makes PSMA a possibléstantial
element in targeting prostate cancePeptide2 with the amino acid sequence
WQPDTAHHWATL was first identified by Aggarwadt al. (20®%) as a targeting ligand for
the extracellular domain of PSMAhe use oPeptide2as a targeting ligand for PSMA vitro

is expected to caus®me improvement ithe targeting capability of the dendriplex

The optimum transfection efficacy of the DAR[®2 dendriplex was found to be at the weight
ratios 5:1 and 2:1 in the P&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 fuirthétro andin
vivostudies, resultingin1l.3and 1.8f ol d i mp r @alactoselase expressioh forPC

3 and DU14%xellsrespectivelycompared with unmodified DAB. There is peevious report

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

The LNCaPcell 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 adhee#ist but withweak attachma to the
surface of tissue culture plates amtendcencyto grow in aggregates. This would negatively
affect the accuracy of the transfection and-pntiiferation assays in particular, as these were
performed in this study using 9@ell plates, which reulted 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 pely-lysine before seeding the cells, following the procedure described
in Liberio et al(2014). 96well plates were preoated with 50 pl per well of PLL solution at a
concentration of 6.4 pg/ml diluted in distilled water. The plates were incubated overr8ght at
°C, then washed once with 200 ul 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 DABPep2 dendriplexes amAB-PEG2kPep4on LNCaP cells dy.
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The qualitative images obtained with 2:1 DARp2 dendriplex demonstrdtsignificant
improvement in DNA uptake in the P& and DU145 cell lines. This was supported
guantitatively by flow cytometry, which showed up to afakl increasen dendriplexuptake
in DU145. This therapeutic effect could be due to the improvement in theywosismf the

modified DAB-Pep2.

The PG3 and DU145 cell lines are well known in the literature t&®B&1A-negative(Ghosh

et al, 2005), questioning the source of sushmaprovement in transfection and cellular uptake
after treating them with DABPep2 dendriplex. There are two possible explanations. Firstly,
some papers have noted some-spacificity in the targeting tendency Béptide2nonomer
(WQPDTAHHWATL) toward PMA compared with its dimer and trimer (Kist al, 2013;
Puet 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 thé>&pxB
dendriplex, witha mean of 35 mV. Because this study meadhiesmprovement in targeting
tendency of the DABPep2 dendriplex by comparing it with the Aangeted dendriplex DAB
(5:1) as a positive control and because DAB (8dndriplexhas a lower zeta potential (25
mV), some improvement in uptake and transfection with BRp2 dendriplex is to be
expected in all cell lines, even tRS&SMA-negative one, making the comparison inapplicable
in these tests, since the higher potential will result in better uptake regastitee 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 androglpendent cell lines, yet some andregen
independent metastatic cetidéis such as R8 and DU14%ells have not been described yet to
express PSMA in thegell membraneNumerous researchers have used these cells as models
of PSMA-negativeand their experiments have yielded reasonable data showing the inability

of their PSMA targeted formulations to bind significantly to these cells (Chetra., 1999;

213



Ghoshet al, 2005), whereas other studies have pnae existence of PSMA mRNA and
protein forms in these cells by using stimulants such as growth factors and est@diel €t

al., 2005). Another study actually elucidates the existence of PSMA in these cells but with low
expression in comparison with LNCaP cells (Regihal, 2009). PSMA expression has also

been detected in metastasised tumours in bone, indicatiexittence of PSMA in these cells
originally (Wrightet al, 1995; Silveret al, 1997). Therefore, the reduction in the expression

of PSMAINPG3 and DU145 may be caused by changes
disappearance of hormones, whertiee metastasised form of the tumours still conRBEA,

as mentioned in several studies (Wrighal, 1995; Silveet al, 1997; Kinoshitat al., 2006).

It has been demonstrated previously that a high zeta potential is associated with high
cytotoxiaty of nanoparticles (Shaet al, 2015). Therefore, the therapeutic effect of the BAB
Pep2 dendriplex is believed to be associated with some level of toxicity. A preliminary
cytotoxicity experiment was conducted to examine the safety of using®epR2 dedrimer

and its dendriplex in high doses in the PSMégative DU145 cell line. The dendrimer was
found to be cytotoxievenat low concentrations, which would block any therapeutic effect to

be obtained from the therapeutic DNA (TNFU).

At that stage of theesearch, it was important to investigate the effica®3epttide2as targeting
ligand to PSMAespecially aftethe significant improvement in DABep2 uptake theSMA-
negativePG-3 and DU145 cell linesTherefore,binding affinity assayof Peptide2to al
prostate cancer cell linesas performedising flow cytometry as thquantitative method.
There was a significant difference in the binding affinity of FF€p2 between LNCalPC
3 and DU145 cells, wheretBeptide2vas shown to have superiorityin binding to LNCaP
cells by more than twiold over PC3 cells and 4.4old over DU145cells This finding
demonstratethe binding favorability oPeptide2zo PSMA-positive cell line PSMA-negative

cells also showed some level of uptake Raptide2 which coud be due to its chemical
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composition as basic peptidehichmightfacilitate its direct penetratian the cell membrane
regardless of the existenceRMA inits cell membranéMadaniet al, 2011) Puet al(2016)

had highlighted the possibi®n-spedficity of WQPDTAHHWATL as a monomeric peptide
compared with its trimeric versioklowever, the finding in his assay demonstrate significant

bindingof this peptide to PSM#Aositive cells.

For the purpose of reducing the cytotoxic effect of DR&2 dendmer and improving the
physical and chemical properties of its dendriplkeatjousPEG molecules were conjugated

with DAB-Pep2. Several studies have conjugated PEG molecules with dendrimers to obtain
improved formulations with lower cytotoxicity, especyaliith the highest generations of
dendrimers (Hashenet al, 2015).

The measurement of the physical characteristics of these dendriplexes is reported in Chapter 2.
Generally, PEGylating DABPep2 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 DARp?2 is believed to reduce the cytotoxicity of
this polymer. However, this is not the only factor resti be monitored in gee carriers; the
optimal factor in judging the effectiveness of any gene carrigs ability in efficiently carry

the DNA of interest inside the cells, thiemprove its endosomal escagued releasef the DNA

inside the nucleus. For this purpose, atl REGylated polymers targeted wiRbptideAPEG
DA-Pep2 DAB-PEG3.5kPep2andDAB-PE&k-PEG3.5k-Pep3 were first screenefr their
transfection abilityBased on the results obtained, one of the formulations was selected for

furtherin vitro investigatian.

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-PEG2kPep2showed significant improvement in the tragdfon 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 astage 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, comparin@&®-PEG2kPep2and
DAB-PEG transfection resultsould spedfically elucidate any impact of Peptide2 on

transfection.

In light of the findings reported in Chaptero and the transfection resulBAB-PEG2kPep2
was selected as the optimal modified polymer for targeting PSMA in this study. Fontes
assaysvere conducted with this polymer at 20:1 as the optimal weight ratio obtained from the

transfection results.

The transfection efficacy dDAB-PEG2kPep2dendriplex was also examined by enzyme

linked immunosorbent assay. The successful transfection®frplaed DNA encodi ng
as therapeutic DNA was assessed by ELISA for the three cell lines, which expressed variable
amounts of mT NFcblsweyfoumdkto pragluce éPnilich higher concentration

of TNFU t h a relllngsewhite tha wale fortLMQaP cells was almost double that

of DU145cells The results of this assagalacwsidasei n | i
transfection assay, that ®C cel |l s tended to produce signi
galactosidase than did the atleell 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 setabisd fo

study represents a different metastatic region of prostate cancer, with differences in their
receptos expression, invasive aggressiveness and growth rate® &&lls are rapidly
proliferating and fast growing (they duplicaite vitro after 33 h) vith a strong invasive

tendency compared with DU145 and LNGa#s 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 tomore production of the protein ended by this DNA(Tai et al, 2011;

Cunningham and You, 2015).

Although the standard ONPG transfection assay confirmed the successful transfection of

pl asmi d egnacloadcitnogs i fil a s e a n egalattdsidasepenzgndey which o n o
converts the colourts ONPG to the yellove-nitrophenol, it remains an indirect way of
measuring transfection. On the other hand, ELISA method was usirettly assess the
production of the cytokine of interest through its direct binding to the antibody, giving an
accurate val uati on of the amount produdepddn Furt h
estimatingthe 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 vanicuisationperiods

after treatmentOverall, 48 to 72 hours ofdatment seerndeal for theDAB-PEG2kPep2

dendripl ex taytokme.oduce TNFU

Qualitative and quantitative studies of the cellular uptake abilities of the dendriplex formed by
complexing FITCGlabelled DNA withDAB-PEG2kPep2were conducted usingNCaPcells

as PSMApositive cels and PG3 and DU145 cdlls as PSMAegative cell linesBoth assays
revealed a binding favourability @AB-PEG2kPep2to LNCaP cells over the other cells.
This was supped by Peptide2binding affinity studies. P@ cells were found to respond
significantly to the untargeted DABEG overDAB-PEG2kPep2at the same weight ratio
(20:1). This may be a demonstration of the ability of EeB-PEG2kPep2dendriplex to
activelytarget PSMApositive cells but not PSMAegative ones. However, DU14BlIsdid

not follow the same pattern, showing a superiority for the uptakbAB-PEG2kPep2

dendriplex despite being PSMAegative.

Although cellular uptake experiments would show greference of the nanoparticle to bind
to aspecific cell linethis may not be exactly reflected by the transfection results. Cellular

uptake experiments reflect only the firstvitro stage, which is the extent of uptake of the
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targeted dendriplex by specific cell line, whereas the extent of transfection in each cell line
depends partly on cellular uptake as well asotherfactors such as lysosomal escape and
metabolic activity, which will vary among cell lines (Singtal, 2012; Cunningham andov,

2015). This variation complicates any comparison between prostate cancer cell lines. For
example, in the case of tiBAB-PEG2kPep2dendriplex, LNCaP cella/ereprovento have

superior binding affinity to the dendriplex compared with-®Cells, yet the cytokine
concentration produced after TNFU Brasnsfect

because they are more strongly proliferating than LN&dIB(Cunningham and You, 2015).

Establishing the cellular uptake mechanisnbéB-PEG2kPep2dendiplex is an important

step towards confirming that conjugatifegptid€ would result in an improvement in the
cellular uptakein PSMA-positive cells. PSMA has been reported to undergo uptake via
receptormediated endocytosis through clathmediated endoytosis (Goodmaet al., 2007).

In addition, this assay would highlight the potential and multiple possible uptake mechanisms
of the PEGylated dendriplexes beside the PSétlocytosispathway. Blocking different
cellular endocytosis pathways in the cellsfdre treating them wittDAB-PEG2kPep2
dendriplex, followed by quantitatively measuring the extent of dendriplex uptake, would

provide insight into the uptake pathways.

FreePeptide2vas wsed in this study as a blocki@r the receptor®SMA. It was useearlier

by Aggarwalet 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 meansbaiding affinity study. It was
found that pretreating the cells witeptideZresulted in around 50% reduction in the uptake
of DAB-PEG2kPep2n both PSMApositiveandPSMA-negativecell lines. This finding does

not support the original hypothesis thptide2would show some superiority in blocking

218



LNCaP compared with the other cell lines; there are a number of possible reasons for this

effect.

Aggarwalet al (2006) examined the inhibitory effect®éptide2on the enzymatic activity of
PSMA by incubéing different concentrations &eptide2vith PSMA for 30 minutes, followed

by the addition ofN-acetytaspartylglutamate and incubation for 15 minutes. When the
tendency of thePeptide2to inhibit the formation ofglutamate carboxypeptidase Was
guantfied, it was found to have an $gof 23 puM, which is much higher than the concentration
used in our study (2.5 pM). A concentration of 2.5 uM had a limited inhibitory effect in the
Aggarwal study, but we were unable to test higher concentrations begausad limited
access t®eptide2 Therefore, one explanation for the insignificance of the differences detected
between the cells lines after pretreatment Wiptideas that we may not have approached a

sufficient concentration to show a differencehe blocking effect.

Nevertheless, thSMA-negativecells PG3 and DU145 showed around 50% blockage in
uptake, similar to the seilt for the positive cell lineNCaP. Thus, this low concentration had

a significant inhibitory effect in all cell lines exameid. One possible explanation is that
Peptide2s a basic peptide with an overall zeta potential around 7 mV. Its hydrophilic, basic
nature may have facilitatets penetration ithe cell membrane, limiting the likelihood of the
dendriplex being taken upa alternative mechanisms. It is unknown, however, how this may
have disrupted the uptake DIAB-PEG2kPep2in the current state. One possible way to
improve the investigation of whether this dendriplex was taken up by PSMA would be to
pretreat the cellsith a specific antibody known to block PSMAich as?SMA mAbs J591,

J415 and J533 (IgGHAntibodies developed hyu et al (1998)

Phenylarsine oxide is a common blockeclaithrin- mediated endocytosidt has been found
that blocking this pathway rel¢ésiin a significant decrease in the uptak®8B-PEG2kPep2

dendriplex in PSMAnegativePG-3 and DU145 cells, but not PSMA-positiveLNCaP cells.
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This pathways believed to be theneresponsible for the uptake of ligands binding to PSMA
or protein bnding receptors generally (Goodmetral, 2007; Zhangt al, 2016); therefore, it
was expected that some reduction in the uptakeptide2bearing DAB dendriplex would be
detected after the blocking of this pathway by Ph.O in LNCaP cells, with les$ effPC3

and DU145cells However, the data from this assay showed a minimal inhibitory effect of
Ph.O inLNCaPcells There is no obvious explanation for this result, which contradicts earlier

findings in this study

LNCaP cells are well known to reggent a good model of adenocarcinoma, wherea3 &
DU145cellsresemble more aggressive forms of prostate cancer such as small cell carcinoma
(Dozmorovet al., 2009; Taket al, 2011;Cunningham and You, 2015Thus, subjecting these
cellsto similar onditions when studying the mechanism of cellular uptake would be expected
to result in a smaller effect being detected in LNCaP c8tisne studies subjectétSMA-
positive LNCaP and C4 cells to different conditions when investigatiig mechanism of
cdlular uptake of nanoparticles: either a longer incubation period of up to one hour (agesh
al., 2016) or significantly higher concentrations of the blockers used €Wal, 2014)
compared with the conditionsedn our study. Nagesét al. (2016) sythesised nanoparticles

to treatprostate cancdpy targeting PSMA using antibodies; blocking tathrin- mediated
endocytosigpathway using chlorpromazine for one hour led to a 30% reduction in uptake only

in PSMA-positivecells (C42).

Pretreating cedl 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 caveoiadiated endocytosompared

with the other pathways in thcell line. he uptake in P@ and LNCaRellswas blocked by
around half compared with DU14%lls giving an indication of the major role of caveclae

mediated endocytosis in the uptakdd#B-PEG2kPep2dendriplex
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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
O 100 DAB;PEG2kRep2 with an average size of 65 nm, was foundbéotaken up
significantly through meropinocytosis. Colchicine mechanism of action based on inhibiting
cellular microtubule polymerisatiomhich affects the cells mitosis and migration abilities. The
author demonstradethat colchicine has significant irditory role in high generation of
PAMAM dendrimers conjugates even if their sizéess thart00 nm (Mohammadpowt al,

2017) similary 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 tHeAB-PEG2kPep2dendriplex, due to the nature of this cell line,

as mentioned earlier. Wet al (2014) used the same blockers as this study at significantly
higher doses, yet the optimal blockage obtained was 60% at bestaiBets the question of
whether studying the effect of the designed dendriplex by comparing LEKllaRs positive
control with PG3 and DU145 cell lines as negative controls would result in comparable data,
not mentioning the differences in proliferaticate between these cell lingSunningham &

You, 2015). One way to overcome this issue is by transfecting PSMA to a cell line known to
be PSMAnegative thus, Cheret al (2016) examined the PSMA targeting tendency of their
nanomedicine using the PSM#egaive PG-3 cell line and transfected it to express PSMA
then compared the data between PSiésitive (PC3PIP) andPSMA- negative cells (PG3

Flu). The results obtained should be comparable because only one criterion is variable between
the cells (PSMA exmssion). In Cherstudy (2016), PSMAargeted nanmgex encoding
pTRAIL significantly improved the arproliferation effect in PC3IP compared with PC3

Flu.

The antiproliferation of DAB-PEG2kPep2dendriplexusing a therapeutic gefeTNFU and

TRAIL) wasconductedo investigatehetherapeutic effeadf thecomplexedNA.
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In MTT experiments DAB-PEG2kPep2 dendrimer complexed with pORFAT NFU and
pORFIMTRAIL showed significant improvement in the antiproliferative effect of the targeted
dendriplex compad 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: DNAratio used in these MTT experiments was 2DAB-PEG2kPep2was found

to have relatively low cytotoxicity at high doses compared with the cytotoxic effect o 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 weakpatiferative effect compared with the modified
dendrimers used previously by the group, such as-DAB1d DAB-Tf (Al Robaianet al,

2014; Limet al, 2015). This could be due to the failure of this formulation to successfully
transfect the DNA of interest froduce 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 mTNFU after 48
variatonn t he amount of mTNFU formed, based main
line, as demonstrated above. Nevertheless, the prodytddne wadound to have limited
anti-proliferativeeffect at low dosessan indication for the weak apoptosiseetwhich could

be due to the low concentration of the cytokine, makdAB-PEG2kPep2 dendriplex
successfully transfect the DNA of interest but not in a manner comparable witH. DRI

DAB dendriplexes. In order to confirm this hypothesis, an ELISAwsgould need to be

performedon DABLf and DAB dendri plexes encoding TNEF

The third targeting ligand selected for this study Waptide4(PRPRGDNPPLT)the active
binding site of the cyclipeptide EETII 2.5F, which has beerxamined before and found to
bind efficiently with favourability to the integrin receptoasibs, anbs, ainbs andasb (Kimura

et al, 2009; Mooreet al, 2013). Compared with normal prostate tissyeestate cancer

222



showed a considerably increased presasfcegome of these integrin heterodimers, such as
anbs, aipbs, andasbs, as reported in various pap€fhenget al, 1999; Fornaret al, 2001;
Suyinet al, 2013). Therefore, we hypothesised that using the active site ofIEEBF as
targeting ligand would improve the cellular uptake of the dendriplaB-PEG2kPep4by

prostate cancer celis vitro.

A DNA transfection assay was perfor med, but
galactosidase expression compared with the positive controtPEB (20:1) at any of the

ratios examined, so this formulation may regwome modificatiosto 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 sSffRPRGDNPPLTf the cyclic peptide EETII

2.5F instead of the fiypeptide, which may have reduced the targeting capability of the peptide.
Alternatively, the ratio oPeptidedused may have been saptimal, so increasing the ratio of
Peptidedmight increase its exposure to integrin receptors in the cell membrasantimoving

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 theldgical response ofarious
prostate cancetells to the novefiene carrier DABLf, they are insufficient to gain a full
understanding of the therapeutic efficacy and associated toxicity of systemic administration of
DAB-Lf dendriplexesin vitro assays cannot reproduce the tumour microenvironment and the
cellular irteractions that the drug would encounter afteevenous administratigfittmannet

al., 2013).

An intravenoushadministered nanomedicine is expected to face obstacles to its efficacy during
its circulation in the bloodstream, before reaching the targe 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 gtadation 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 thieloodstream and accumulate at the target site.

However, according to the natuwéthe gene carrier usedifferentkind of impedimentsnay

arise As nanoparticles enter the bloodstredimey come into contact with a complex mixture

of substrates such gdasma 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 theicharge, size and compositionhdy are generally found to be
deleteriougo the nanoparticle®ither by causing themon-specificbinding to different cell

types or by facilitating their elimination by the reticuloendothelial system after their
opsonisation, thus reducing the likelihood of the nanomedicine reaching thé saege
(SantandeOrtegaet 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
moleculegDuféset al, 2005).This high zeta potential tends to diminish after the condensation

of the DNA molecules, leaving the dendriplexésh a slightpositive 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 timspecificbinding of these dendriplexes with

any anionic molecules in the bloodstream, including different proteina@mthrgeted 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 IV administration
can lead to a partial or complete coataighe 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 stabiity 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 theta potential of the dendriplex would interact with the

in vivoenvironment. It has been suggested that the zeta potential should preferably not exceed
25 to 30 mV (Durymanoet al, 2015; Bhattacharjee, 2016). The only way to attain a better
understandig of the impact of these systemic interactions is to performivo 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 @& dktracellular matrix (ECM) generated

by cancer tissues; the ECM is generally composed of proteins such as collagen and laminin,
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glycoproteins and polysaccharides, connected togatiehas been found to be responsible
for various biochemical propertie$ tumours (Luet 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
vivo studies are esstial in order to better understand the extent of these effects and their

overall impact.

This chapter reports an investigation of ithh@ivotherapeutic efficacy and toxicity of the gene
carrier lactoferrifbearing DAB dendrimer, before and after compig it with different
therapeutic DNA molecules, by measuring the tumoricidal activity of these dendriplexes when
injectad intravenouslyinto nude mice carryingubcutaneouxenograft prostatetumous.
Tumour growth ree, tumour regression, animalgeight 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 agftgtoxi

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 tumasigenerated are
believed toprovide thefundamental knowledge about human tunsoum xenograft models,
human prostate canceells are implanted into animals (usually mice) subcutaneously or
orthotopically. Orthatpic cancer models have been foundegsbperior to subcutaneous ones
because they reflect the prostate microenvironment, with a strong tendency to generate
metastatic tumowst However, establishing ortlogtic models is associated with some

difficulties such as the inability to follow up the@mour growth except by using MRI.
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Additionally, the creation of orthopic 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 (Richmondda8u, 2008; Paves al, 2013).

The disceoery of nude micdBALB/c) in 1980 made tumour xenografting possiatethese
animals lack a thymushuslack of thymusdependent immune function because of their
inability to produce Hymphocytesto generate mimmune response to extraneous tissues or
cells Nevertheless, BALB/c nude micsill have functioning Bymphocytesand NK cells

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

Several benefits are associated with the use of human tumograétmoodels. 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 implantah, 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 provda be a good method of predicting the therapeutic
and cytotoxic effects of varus anticancer drugs, there is a strong debate as to its efficacy in
representing an accurate tumour model. The main reason for this is that sivdtumours

are generated by injecting cancer cell lines that have first been subcultured for a Igng 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 exprelssnengenes, leading to
changes in the pattern of interaction with the environment and treatment response (Morton and

Houghton, 2007Yeeet al, 2015 Reaet al, 2016).

During in vivo studies and for the purpose of estimating the therapeutic effecsyof

intravenouslyinjected 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.Bioluminescencemaging

Bioluminescence i phenomenon which occurs naturally in species inclu@hgtinus
pyralis, a beetle which emits visible light from a substrate containing luciferase, a light
producing enzyme. This process is exploitethimluminescencémaging (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, sidwasdst, its ease

of use and its various 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 errgisang from interanimal variation $atoet al, 2004;

Closeet al,, 201).

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 thei@xidh
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 oxidiseém form oxyluciferin, abioluminescent
substance. This technique iof vivo imaging, using a reporter enzyme to track biological
processes in a living organism, is possible in mammals because mammalian tissues do not
natually undergo any bioluminescenaEactions, which eliminates any background noise and

improves image resolution.

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

thebody. Generatingpioluminescences depending on several factors includitige 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).uciferase expressiaa correlated with the number of reporter

cels carrying the luciferase gene

The quality of d&a 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 \Wwhith is detected

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

The imaging equipment is basically composed of a4t chamber in which the animal is
placed, a high quantum efficiency charged couple device (CCD)admpt 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 superimposdéaiasohe location of the bioluminescence

is mappedFkigure4-1). The time required to obtain such images varies from a few seconds to
several minutes, depending on signal strength. Various software packages wsad ke

display the images acquired (Clcsteal,, 2010).

There are several applications for BLI, mainly depending on the aim iof the study. Using
luciferasetagged cell lines or tissues is a common method of tracking the study target to
measure th 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 (€lase2010).
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Figure4-1 Bioluminescent imagingstrumentation (adaptédtbm Behroozet al., 2013)

231




4.2 Materials and methods

4.2.1 Materials

Table4-1 List of materials used in chapter 4.

Materials Supplier

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

Phosphate buffered salitablet SigmaAldrich, UK
MEM Invitrogen, UK
Foetal Bovine Serum (FBS) Invitrogen,UK
L-Glutamine Invitrogen, UK
Penicillin-Streptomycin Invitrogen, UK
Trypsin Invitrogen, UK

Ampicillin SigmaAldrich, UK

The European Collection of Cell Culture

PC-3cells
(Salisbury, UK)
Luciferase Assay Reagent Promega, UK.
Passive Lysis Buffef5x) Promega, UK.
The European Collection of Cell Culture
DU145cells

(Salisbury, UK)
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4.2.2. Methods

4.2.2.1. Cell culture

Prostate cancer cell lines (Pand DU145) were purchased frozen from European and
American collections of cell cultures. Theymeecultured and passaged several tilmefore
beingusal 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
glutamineand 0.5% (v/v) penicillirstreptomycin. The cell culture flasks were kept in the

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

4.2.2.2. Laboratory animals

The animals selected for the vivo experiments were immunocompromised BALB/alen
mice. They were randomly separated into groups of five and kept at 19 to 23 °Clamat 12
light-dark cycle. The animals were fed classic mice diet and waterinTieo experiments
were approved by the local ethics committee and carried out witlroaity 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 &6ells per flank. Once the tumours become
palpable and vastarized 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 follovegdring DAB

dendri mer complexed with DNA thetargeting dendgmef NF U,
(DAB-Lf) alone; and naked DNA 50 g o f DNA) . Treat ment was r e
until five doses had been given, ending on Day 10. The mice were weighed daily after tumour

development am measurement for anyeatment toxicity. Tumour diameters wereal
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measured daily using calliper measurements to obtain the tumour volume using the following

equation:

Volume=Pfx /| 6. 4)

4.2.2.4 Bioluminescencemaging

Tumour regression was observed by bioluminescence imaging using an IVIS Spectrum
(Calliper Life Sciences, Hopkinton, MA). Mice with PEM-luc-C6 tumours were treated with
DAB-Lf: DNA encoding TNFU as described above.
with D-luciferin in a dose of 150 mg/kg, ten minutes before imaging. The animals were
anaedtetized with isoflurane inhalation on th& 89, 5", 72" 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 pssaldar overlay onb a grey scale image.

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

significant.
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4.3.ResUts

4.3.1.Therapeutic efficacy

4.3.1.1. PG3 xenograft tumours

Intravenous administration of lactofertoearing DAB dendrimer complexed with DNA
encodingT NF U, T R AR resuledin timour regression within 24 h of trat fnjection

in PG3 tumours Figure4-2, A). Mice injected with DABL f : DNA encoding TNF
immediateand continuous regression in tuancsize until the ninth day, when the tumours
stopped regressing and showed some signs of slow growtlx fdays. After the final dose

70% of tumours continued to shrink while the remaining were not responding to the treatment
until they have been @fiinated from the study.he remainingumours continued in regression

until the end of the studyAt the end of the treatmerntp% oftumours showed significant
regression and the remainiB§% had slower grown rate compared with the control group.

There wasno weight loss in theanimalstreated with DABL f : DNA encoding

demonstrating the good tolerability of the treatment.

A different response pattemmas observed in the group treated with DNA encoding TRAIL
complexed with DABLf. Generally, the respae to treatment was lower than in the DAB
TNFU gr oup; immediaelytespondedo tise treatmenaind started regressing
while the others maintained their original size for a week. After the fifth dose, some of the
tumours showdslow growthwhile others maintained thesize untilDay 14 whenone of the
animalswas removedirom the study for approaching talowed tumour size. The remaining
tumours vere going through slow tumour growth or tumour regression. 40% déitheurs

were completsl eradicatedatthe end of the trial.

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

by regressing, whiléhe remaining showed reduction in tumour growttbompared with the
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controlgroup treated with DNA ogl Two weeks after starting the therapyo of the animals
had been sacrificed because of enlarged tumethse the remaininginimals in the group
maintained a slow rate of tumour growth until the end of the treatment, whilenouse
showed complete geession in the tumours. Thus, 60% of the treatment group survived until

the end of the experiment.

For DU145 xenograft tumourshe intravenous administration of lactoferbearing DAB
dendrimer complexed with DNA encoding N F U, T R A-ILA resulted inl tmour
regression within 24 h of the $irinjection Figure4-3, A). The DAB-Lf: DNA encoding TN
treatment group showed immediate tumour regression after the first dose, foligwed
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 ¢rgafrhe 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 bec#usetamours

reaching maximunallowedsizeby the Home Officebutnot because of weight loss.

Animals treated with DAB.f: 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 untilfoaey 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 DABF: IL-12, some of the tumours started éspond 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. ByDay 22, three animals had been ga&d due to tumour enlargement and

236



at the end of the treatment 20% of the tumours had completely disappeared, while 20% had

slow growth compared with the DN@nly control group.

The average survival rate was significantly improved in all EABDNA dendriplexes, by
around 14 days in animals carrying 8Gumours 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_f complexed with nontherapeutic DNA.

By contrast, P€3 and DU14% umour s treated with DNAoronly (
with DAB-Lf dendrimer only showedontinueggrowth of the tumours in a similar manner to
the untreated group. These animals were sacrificed after significant tumour growth, i.e. when

the diameter rezned 10 mm.

The treated animals showed no sign of toxioitignificant weight losduring the treatment
period, indicating that the treatments were all well tolerated by the anifngusg4-2, B and
Figure 4-3, B). All the sacrifice of animalsduring the study wa due to thie tumour

enlargement reaching the maximum allowed size.

At the end of the experiment, 70% of QGumours treated with DABf complexing DNA

encodng TNFU had completely disappeared, whi | ¢
response to the treatment (Figure 4.2 C). Similarly, 40% of mice treated witlLDARAIL

underwent complete disappearance of their tumours, while 20% showed partial resploase t
treatment. Finally, 20% of mice treated with DAR 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 id¥Adand in the

untreated group.
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Half of the DU145 tumours treated with DABf compl exing DNA encod
completely disappeared by the end of treatment, while 20% showed some signs of tumour
regressionKigure4-3, C). 20% of tumours had ompletely disappeared in animals treated with
DAB-Lf: DNA encoding TRAIL and 112 with significant tumour regression in 30% and 10%

of the tumours respectively
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Figure 4-2 (A) Tumour growth studies iPG-3 xenograft tumour model after intravenous

injection of lactoferrikb e ar i n g

DAB dendri mer complexed wit

TRAIL (red), IL-12 (blue), or DABLf only (brown), uncomplexed DNA encoding™J ( pal e
green), TRAIL (orangepnd IL-12 (cyan (DNA dose 50 pg/ml), and an untreated group

(black). Tumour size was measured usiagaliper.(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 studiGreen: complete eradication, Yellow: tumour regression, and Red:

tumour growth compared with the original si¢B). Time to disease progression where animals

were removed from the studwyice their tumour reached 10 mm diameter.
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Figure4-3 (A) Tumour growth studies in DU145 xenograft tumour model after intravenous
injection of lactoferriko e ar i ng DAB dendri mer compl exed wit
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green),TRAIL (orange) and IE12 (cyan)(pale blue) (DNA dose 50 pg/ml), and an untreated

group (black).Tumour size was measured usmgaliper.(B) Percentage change in animal

body weight during treatment period (colourdeoas A). (C) Overall tumour response to
treatments at the end of the stuy@reen: complete eradication, Yellow: tumour regression,

and Red: tumour growth compared with the original sid@®).Time to disease progression

where animals were removed frone tstudy 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 lactoferrdmearing DAB dendriplex complexed with DNA encoglin
TNFU, T R A2 lfromothie firkt ltreatent injection Eigure 4-4). No sign of tumour
regression was detected in either the animals treated with uncomplexed DNA or the untreated

group, with proportional growtaf their tumours.
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Figure 4-4 Bioluminescence imaging of the tumours after treatment with lactofieedning
DAB dendriplex complexed wi-TNF), DRMA (cgxnDi-odi ng
TRAIL) and IL-12 (@Ix DL-IL12) in a PC3M-Luc-C6 tumour model.
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