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ABSTRACT

DEVELOPMENT OF A siRNA DELIVERY SYSTEM FOR THE
TREATMENT OF OSTEOPOROSIS

Sezlev Bilecen, Deniz
Ph.D., Department of Biotechnology
Supervisor: Prof. Dr. Vasif Hasirci
Co-Supervisor: Prof. Dr. Hasan Uludag
May 2018, 118 pages

Osteoporosis, the most common disease of bone, is a skeletal disorder
associated with low bone mass, increase in bone fragility and in susceptibility to
fractures. The high bone resorption rate is shown to be due to increased number and
activity of the osteoclasts. Receptor Activator of Nuclear Factor kappa B (RANK)/
Receptor Activator of Nuclear Factor kappa B Ligand (RANKL) system plays a
crucial role in osteoclast differentiation and bone remodeling. RANKL participates in
differentiation and activation of osteoclasts by binding to its receptor RANK
expressed on osteoclast progenitors and mature osteoclasts. The currently used drugs
for osteoporosis, such as use of bisphosphonates, Denosumab and teriparatide, have
low bioavailability, long-term safety concerns and cause gastric problems. This led to
the need for delivering the drugs in carrier systems to increase their bioavailability
and decrease their side effects. In recent years, however, the increased understanding
of molecular background of bone pathology, the use of RNA interference (RNAI)
gained interest in developing new treatment strategies for the disease. Small
interfering RNA (siRNA) is a double stranded RNA (dsRNA) molecule which is

used in this context to inhibit the translation of abnormal gene expression in cells.



In this study, we developed a potentially intravenously injectable siRNA-
delivery system that can target osteoclasts in bone tissue for the treatment of
osteoporosis. Polyethyleneimine (PEI), a polycationic molecule, was used as a
complex with RANK siRNA which was then loaded into poly(lactic acid-co-glycolic
acid) (PLGA) nanocapsules. The loaded nanocapsules were coated with a genetically
engineered osteoconductive polypeptide, Elastin like recombinamer (ELR) designed
to attach especially to bone minerals, to specifically target the drug loaded
nanocapsules to the bone tissue. The carrier system constructed was studied by
Scanning Electron Microscopy (SEM), (Transmission Electron Microscopy) TEM
and X-Ray Photoelectron Spectroscopy (XPS) to show the ELR coat on the capsules.
Different nitrogen to phosphate ratios (N/P) (presenting PEI and SsiRNA,
respectively) for the PEI:RANK siRNA complexes were studied to determine the
least toxic and most effective complex which would lead to satisfactory RANK
MRNA inhibition. As a result of that study, the N/P ratio of 20 was chosen to
construct the complex to be loaded in the PLGA nanocapsules. The encapsulation
efficiency of the PEI:RANK siRNA complex (N/P 20) into PLGA nanocapsules
were 48% and its release kinetics followed the Higuchi kinetics for 15 days. The
PEI:RANK siRNA loaded PLGA nanocapsules significantly inhibited RANK
mMRNA (53 %) in an osteoclast precursor cell line. The differentiation of the
precursors into mature osteoclasts was also suppressed by the delivery system.
Treatment of differentiating osteoclasts with the PEI:RANK siRNA loaded PLGA
nanocapsules inhibited their osteoclastic activity. In conclusion, the delivery system
designed has the potential to serve as an alternative treatment method for use in the
treatment of osteoporosis.

Keywords: Osteoporosis, targeted delivery system, siRNA, Receptor Activator
of Nuclear Factor kappa B (RANK), poly(lactic acid-co-glycolic acid) (PLGA).
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0z

KEMIK ERIMESI TEDAVISI iCIN BIR siRNA SALIM SISTEMIi
GELISTIRILMESI

Sezlev Bilecen, Deniz
Doktora., Biyoteknoloji Bolimdi
Tez yoneticisi: Prof. Dr. Vasif Hasirci
Ortak tez yoneticisi: Prof. Dr. Hasan Uludag
Mayis 2018, 118 sayfa

En sik goriilen kemik hastaligi olan kemik erimesi (osteoporoz), diisiik kemik kiitlesi
ile karakterize edilen, kemik kirllganliginin ve kirilmalara karsi duyarliligin
artmasindan kaynaklanan bir iskelet sistemi hastaligidir. Hastalikta goriilen yiiksek
kemik yikiminin sebebinin osteoklastlarin sayisal ve islevsel olarak artmasindan
kaynakli oldugu bilinmektedir. Osteoklast farklilasmasi ve kemik yenilenmesinde
reseptor aktivator nikleer faktor kappa B (RANK)/reseptor aktivatdr nikleer faktor
kappa B ligandi (RANKL) sistemi ¢ok oOnemli bir rol oynamaktadir. RANKL,
osteoklast Onciilerinin ve osteoklastlarin hiicre zarlar1 {lizerinde bulunan RANK
reseptoriine baglanarak, bu Onciilerin osteoklasta farklilasmasinda ve farklilagmis
olan osteoklastlarin islevlerinin artmasinda gorev almaktadir. Glinlimiizde kullanilan
bisfosfonatlar, Denasumab ve teriparatit gibi tedavi yontemlerinin disik
biyoyararlanimligi, yol actig1 mide problemleri ve uzun siireli kullanimlarda ortaya
cikan gilivenilirlilik sorunlarinin olmasi, bu ilaglarin salim sistemleri igerisinde
uygulanmas1 gerekliligini dogurmustur. Son yillarda yapilan arastirmalar sonucunda
kemik patolojisinin molekiiler altyapisinin ¢ok daha iyi anlasilmasiyla, yeni tedavi
yontemlerinin gelistirilmesinde, RNA interferans (RNAi1) yaklasiminin kullanimi
onem kazanmistir. Kucuk interferans RNA (SiRNA) cift zincirli bir RNA molekiili

olup, hucre igerisinde gen ifadesini baskilamak i¢in kullanilmaktadir.
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Bu c¢alismada, kemik erimesi tedavisi i¢in kullanilmak tiizere, kemik dokusuna
hedeflenmis ve intravendz olarak enjekte edilebilecek bir siRNA salim sistemi
gelistirilmistir. Polietilenimin (PEI) (polikatyonik molekil) ve RANK siRNA
kullanilarak ~ olusturuan  kompleksler  poli(laktik  asit-ko-glikolik  asit)
nanokapsiillerinin igerisine yiiklenmistir. Kemik hedeflemesinin yapilabilmesi igin,
olusturulan kapsuller, osteokonduktif bir sekans olan, elastin benzeri rekombinamer
(ELR) ile kaplanmigtir. Kapsiiller iizerindeki ELR kaplamasi, Taramali Elektron
Mikroskopu (SEM), Gegirimli Elektron Mikroskopu (TEM) ve X-Isin1 Fotoelektron
Spektroskopisi (XPS) yontemleri kullanilanarak gosterilmistir. Ayrica, diisiik
toksisite ve en yliksek etkiyi gdsteren nitrojen fosfat oranina (N/P orani; sirasiyla PEI
ve SiRNA) sahip olan PE:RANK siRNA kompleksi belirlenmistir. Bu ¢alismanin
sonucuna gore, N/P 20 oranina sahip olan PE:RANK siRNA kompleksleri PLGA
nanokapsiillerinin igerisine yiiklenmistir ve enkapsiilasyon verimliligi % 48 olarak
hesaplanmistir. Bu komplekslerin kapsiillerden salim kinetigi ise 15 gilin boyunca
calisilmis ve Higuchi salim kinetigine uydugu gosterilmistir. Bu kapstiller osteoklast
oncli hiicrelerine uygulanmis ve RANK mRNA seviyelerinin istatistiksel olarak
anlamli bir sekilde azaldig1 gosterilmistir (53%). Ek olarak, uygulanan salim sistemi
sayesinde osteoklast Onciilerinin osteoklasta farklilasmast da baskilanmistir.
Osteoklast onciilerinin farklilasmalar1 sirasinda PE:RANK siRNA yiikli PLGA
nanokapsiilleri ile muamele edilmesi osteoklastik aktivitenin de azalmasina yol
acmistir. Sonug olarak, olusturulan salim sistemi kemik erimesi tedavisinde

kullanilacak alternatif bir tedavi yontemi olma potansiyeli tasimaktadir.

Anahtar Kelimeler: Osteoporoz, hedeflenmis salim sistemi, siRNA, reseptor
aktivator ntikleer faktor kappa B (RANK), poli(laktik asit-ko-glikolik asit) (PLGA).
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CHAPTER 1

INTRODUCTION

Bone is an organ which is responsible for support and protection of other organs,
production of blood cells, storage of minerals and regulation of hormones. Disorders
of bone, therefore, cause serious complications and even mortality. Although bone
diseases, such as bone cancer, osteoarthritis and osteoporosis, are very important
health problems, their effective treatments remain a challenge (Cheng et al., 2017).
Osteoporosis affects approximately 200 million people worldwide. It is estimated
that in 2050 osteoporotic hip fractures will exceed 21 million (Pisani et al., 2016). In
this context, therefore, prevention and treatment of the disease gains significant
importance. The researchers studying a treatment strategy for the disease have
recently started to focus on the use of RNAI as a therapeutic agent and biomaterials
as the carriers. The present work is an example of the development of such a delivery

system to be used in the treatment of osteoporosis.

1.1 Structure and Physiology of Bone

1.1.1 Structure of Bone

Bone is a type of connective tissue which structurally supports and protects the
organs of the body. It produces blood cells through bone marrow and store minerals
such as calcium phosphate (Florencio-Silva et al., 2015). Calcified bone consists of
organic matrix (mainly type | collagen) and minerals (hydroxyapatite). The organic
matrix also contains osteocalcin, osteopontin and proteoglycans (Morinobu et al.,
2003; Lamoureux et al., 2007; Blair et al., 2011).



Crystalline hydroxyapatite (HAp) is made up of calcium and phosphate in its
composition [Ca10(PO4)s(OH)2]. Calcium and phosphate is recovered from
nutritional sources and deposited on collagen fibrils as HAp which together gives
structural integrity to bone (Kini and Nandeesh, 2012).

Bone is mainly composed of two parts; the cortical (compact) bone and trabecular
(spongy) bone (Figure 1). The outer dense shell is the cortical bone and it surrounds
the bone marrow. It also provides sites for attachment of tendons and muscles.
Within the cortical bone, there is the trabecular bone. The periosteum is the fibrous
connective tissue that surrounds the cortical bone. It contains blood vessels, nerves
and osteoblast precursor cells in its inner layer. The endosteum is the membranous
structure surrounding the inner part of the cortical bone and the spongy bone. It
contains the blood vessel canals which are called Volkmann’s canals. The
fundamental unit of cortical bone is the osteon. Each osteon is composed of layers
(lamellae) which surround the Haversian canals that contain blood capillaries and

nerves (Buckwalter et al., 1995).
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Figure 1: Structure of bone. (Bone Anatomy, Encyclopedia Britannica)



1.1.2 Physiology of Bone

Bone is a dynamic tissue which is remodeled throughout life by the coupled activities
of bone forming cells, the osteoblast lineage cells, and bone resorbing cells, the

osteoclast lineage cells.

1.1.2.1 Osteoblasts

Osteoblasts are involved in the formation of bone. They are mononucleated and
found on the bone surfaces (Kini and Nandeesh, 2012). Osteoblasts differentiate
from mesenchymal stem cells of the bone marrow stroma (osteoprogenitor cells)
(Ducy et al., 1997). Mature osteoblasts secrete collagen and chondroitin sulfate, and
therefore, the osteoids are formed. They also possess alkaline phosphatase (ALP)
activity to hydrolyze the pyrophosphate and increase the concentration of phosphates
used in the calcification process (Hessle et al., 2002). After active bone formation,
some osteoblasts differentiate into osteocytes and become embedded in the bone
matrix and others appear on quiescent bone surfaces and called the bone lining cells
(Nakamura H., 2007).

1.1.2.2 Osteoclasts

Osteoclasts originate from hematopoietic stem cells (HSC) and go through a series of
differentiation stages to become multinucleated, non-dividing and bone resorbing
cells (Soysa et al., 2012). Precursors of osteoclasts are found in the bone marrow and
circulating blood (Buckwalter et al., 1995; Takahashi et al., 2014)

The differentiation of osteoclast precursors to mature osteoclasts requires their
interaction with osteoblasts to activate different pathways in the precursors. Some of

these pathways are summarized in Figure 2.
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Figure 2: Schematic presentation of intracellular signals for osteoclastic
differentiation. RANKL: Receptor Activator of Nuclear Factor Kappa B Ligand;
RANK: Receptor Activator of Nuclear Factor Kappa B; TRAF6: Tumor Necrosis
Factor Receptor 6; NF-kB: Nuclear Factor Kappa B; MAPK: Mitogen Activated
Protein Kinase; NFATc1: Nuclear Factor of Activated T cell; M-CSF: Macrophage

Colony Stimulating Factor; c-Fms: Colony Stimulating Factor Receptor.

Osteoblasts synthesize and secrete Macrophage Colony Stimulating Factor (M-CSF)
(Takahashi et al., 2014). The binding of M-CSF to its receptor (c-Fms) on osteoclast
precursors is important in the survival and proliferation of the precursors
(Takayanagi H., 2005).



The most important cytokine that is synthesized on osteoblasts for osteoclastic
differentiation is the receptor activator of nuclear factor x B ligand (RANKL). The
interaction of RANKL with its only receptor RANK on osteoclast precursor cells is
required in the activation of osteoclastogenesis, bone resorption and survival of
mature osteoclasts (Boyle et al., 2003). M-CSF also induces the expression of RANK
on osteoclast precursor cells to increase the response of RANKL/RANK signaling

pathway during osteoclast differentiation (Teti and Rucci, 2010).

The binding of RANKL to RANK causes recruitment of Tumor Necrosis Factor
Receptor (TNFR) associated factor 6 (TRAF6) which activates Nuclear Factor
Kappa B (NFkB) and Mitogen Activated Protein Kinase (MAP kinase) pathways and
other transcription factors such as c-Fos (Kim and Kim, 2014). The increased activity
of NF«B results in the enhancement of Nuclear Factor of Activated T cell (NFATc1)
expression which is the major transcription factor of osteoclastogenesis. It controls
the expression of osteoclast specific genes such as Tartrate Resistant Acid
Phosphatase (TRAP), Cathepsin K and Calcitonin receptor (Kim and Kim, 2016).

The RANK/RANKL pathway is regulated by Osteoprotegrin (OPG) which is also
secreted by osteoblasts. OPG serves as a decoy receptor. It binds to RANKL, and
therefore, prevents the binding of RANKL to RANK which suppresses the
differentiation process (Feng X., 2005).

1.1.2.2.1 Receptor Activator of Nuclear Factor k B (RANK)

Osteoclasts, the bone resorbing cells, are multinucleated giant cells formed by
cytoplasmic fusion of their mononuclear precursors from the hematopoietic origin
(Udagawa et al., 1990). The differentiation of osteoclasts from their precursors is
called osteoclastogenesis. It requires two very important cytokines that are
synthesized and secreted from the osteoblasts, namely receptor activator of nuclear
factor k B ligand (RANKL) and macrophage colony stimulating factor (M-CSF)
(Boyce and Xing, 2007).



The differentiation of osteoclasts requires the regulation of signaling pathways
(discussed in section 1.1.2.2) which are mainly activated by the interaction of
RANKL and its receptor RANK (Figure 3).

Osteoclast precursor Osteoblast

RANK . . Interaction of RANKL with RANK

RANKL Fusion of Preosteoclasts

Interaction of RANKL with RANK .

Activation of Osteoclasts .

Active Osteoclast

Figure 3: RANK mediated osteoclast differentiation and function. RANK: Receptor
activator of nuclear factor k-B; RANKL: Receptor activator of nuclear factor x-B

Ligand.

RANK is a member of tumor necrosis factor (TNF) receptor superfamily
(Wada T. et al., 2006). It is a receptor which is expressed on osteoclast precursors
and mature osteoclasts (Nakagawa et al., 1998; Feng X., 2005; Dougall W. C., 2012).
The interaction of RANKL with its receptor RANK induces the expression of
osteoclast specific genes such as TRAP, Calcitonin and Cathepsin K, and thus

osteoclastic differentiation and activation (Boyle et al., 2003).

In this study, we chose RANK as the molecular target of the treatment. The
number and activity of mature osteoclasts would be suppressed by the use of RNAI
pathway through the use of small interfering RNA (siRNA) targeting RANK.



This suppression would lead a decrease in the differentiation of osteoclast
precursors to mature osteoclasts which would eventually lead to reduced bone

resorption.

1.1.3 Bone Remodeling

Bone remodeling is the process of continuous replacement of old, microdamaged
bone with new bone. It is important in the maintenance of the bone strength and
calcium homeostasis (Lerner U. H., 2006). The cortical bone has a slower turnover
rate than the trabecular bone (Hadjidakis and Androulakis, 2006) thus metabolic
bone diseases such as osteoporosis is mainly observed in trabecular bone (Li et al.,
2017).

Bone remodeling is performed by the coupled activities of osteoclasts and osteoblasts
arranged within temporary structures called “basic multicellular units” (BMUs) over
a period of several weeks (Raggatt and Partridge, 2010). Sequential phases of bone
remodeling in a BMU are: activation, resorption, reverse, formation and
mineralization (Figure 4). Activation, resorption and reversal phases takes about four

weeks, while formation and mineralization lasts for 4 months (Lerner U. H., 2006).
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Figure 4: Sequential phases of bone remodeling in basic multicellular units (BMUS).
(Takayanagi H., 2010). BMP: Bone Morphogenetic Proteins, FGF: Fibroblast
Growth Factor; TGF: Transforming growth factor.

The surface of bone tissue is covered with a single layer of osteoblasts. Activation
phase starts with a stimulus, such as mechanical strain on bones. The bone lining
cells (osteoblasts) produce a chemokine called Monocyte Chemoattractant Protein-1
(MCP-1) which recruits osteoclast precursors to the BMU (Raggatt and Partridge,
2010). Osteoblasts also increase the expression of RANKL and M-CSF and reduce
OPG synthesis. By cell-to-cell contact, RANKL interacts with the RANK receptor on
osteoclast precursors and preosteoclasts differentiate into active bone resorbing
mature osteoclasts (Lerner U. H., 2006). During the resorption phase, several growth
factors such as Bone Morphogenetic Proteins (BMPSs) or Fibroblast Growth Factor
(FGF) stored in bone matrix are released and it is proposed that those factors recruit
osteoblastic cells towards to the resorbed area so that bone formation would be
initiated (Lajeunesse et al., 2010).



Just before the formation phase, mononuclear cells with no distinct phenotype, the
reversal cells, cover the newly exposed bone surface and remove the collagen
remnants to prepare it for new bone formation. In the formation phase osteoblasts
synthesize osteoid and in the mineralization phase, HAp is deposited onto the
synthesized osteoid and then the cycle continues to its final phase, termination phase,
in which mature osteoblasts either undergo apoptosis or go back to bone lining
phenotype or become embedded into the bone matrix to differentiate into osteocytes.
The newly synthesized bone is maintained until the next remodeling cycle is initiated
(Raggatt and Partridge, 2010).

1.1.3.1 Mechanism of Bone Resorption

During the resorption phase of bone remodeling, osteoclast cell body is polarized and
attaches itself to bone tissue through vitronectin receptors found in the clear zone of
polarized osteoclast (Figure 5). This attachment is achieved by the interaction of the
vitronectin receptors and the Arg-Gly-Asp (RGD) sequences of osteopontin in the
bone matrix. After the attachment, osteoclasts form the ruffled border, where the
bone resorption pits are formed due to disruption of HAp and collagen (Lerner U. H.,
2006).

HAp is decalcified by the acidic environment (pH 4-5) formed by the conversion of
COz and H0 to H" and HCOs by Carbonic Anhydrase Il and pumping of H* from
the vacuolar type H*/ATPase in the ruffled border (Nakamura H., 2007). The
collagen and other matrix proteins in the demineralized bone matrix is degraded by
the enzymes Cathepsin K (Saftig et al., 1998), matrix metallopeptidase-9 (MMP-9)
and tartrate resistant acid phosphatase (TRAP) (Hayman A., 2008; Takahashi et al.,
2014). Degradation products are then endocytosed by osteoclasts and secreted into

extracellular fluid through functional secretory domain (Figure 5).
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Figure 5: Mechanism of bone resorption by osteoclasts. H* ions produced by
carbonic anhydrase 11 (CA 1) to Howship’s lacuna to create the acidic environment
for the decalcification of hydroxyapatite. Collagen is degraded by the lysosomal
enzymes cathepsin K (CpK) and Matrix metalloproteinase 9 (MMP-9). RB: Ruffled
Border (Modified from Nakamura H., 2007).

1.2 Bone Diseases

Bone diseases are conditions which lead to impairment of normal bone function and
properties. There are many factors that could cause abnormalities in bone
development and remodeling. For instance, genetic abnormalities may lead to either
very dense or weak bone. Osteogenesis imperfecta, a genetic disorder leading to
increased bone fragility, is dominantly caused by a number of mutations in either a-1
or a-2 chains of type | collagen (Rauch and Glorieux, 2004), in addition to the
mutations in genes for collagen protein folding and osteoblast differentiation (Forlino
and Marini, 2016).
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Another type of bone disease with genetic origin is osteopetrosis. It leads to
increased bone density and mass due to impaired bone resorption as a result of

mutations in genes for osteoclast ruffled border formation (Sobacchi et al., 2013).

In addition to genetic abnormalities, environmental factors contribute to diseases of
bone. Paget’s disease is an example of such a condition. It is characterized by
increased bone remodeling in local areas affecting one or more sites throughout the
body. Mutations in NFkB signaling proteins or viral infections can cause the disease
(Ralston et al., 2008). Nutritional deficiencies, especially vitamin D causes weakened
bones (Lips and van Schoor, 2011). The deficiency leads to reduced calcium
absorption from the gut, thereby to reduced bone mineralization. Vitamin D
deficiency also causes hyperparathyroidism which also increases bone turnover (Lips
and van Schoor, 2011) by increasing the expression of RANKL from osteoblasts
(Das and Crockett, 2013).

Another type of bone disease is osteoporosis. Due to its importance it is given in a

separate section below.
1.2.1 Osteoporosis

Osteoporosis is, by far the most common bone disease and it represents a major
health problem. Approximately 200 million people, worldwide, is affected by the
disease and the failure in skeleton structure causes increased fracture risks in bone
causing 8.9 million fractures every year (Kanis J. A., 2007; Pisani et al., 2016). It is a
systemic disease characterized by reduced bone mineral density (BMD), bone mass
and strength which leads to increased susceptibility to fractures. The increased bone
resorption relative to formation causes the structural failure of the bone tissue
(Holroyd et al., 2008). The disease is diagnosed by BMD assessment (Kanis J. A.,
2002).

Osteoporosis is mainly observed in spongy bones because the bone turnover is higher
in the trabecular bone (Lerner U. H., 2006).
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Figure 6 shows the SEM of healthy and osteoporotic spongy bones. As can be seen
from the figure normal bone appears strong with interconnected pores however, in

the osteoporotic bone thinner, rod-like plates are seen (Dempster et al., 1986).

Normal Bone Osteoporotic Bone

Figure 6: Scanning electron micrographs of biopsies of human normal bone and

osteoporotic bone (Dempster et al., 1986).

1.2.1.1 Pathogenesis of Osteoporosis

The primary cause of osteoporosis is aging. Reduction in estrogen levels in post-
menopause, causes increased RANKL levels on the surface of osteoblastic cells
(Eghbali-Fatourechi et al., 2003) which leads to increased bone resorption. The
osteoporosis seen in men is believed to be due to increase in sex hormone binding
protein leading to reduced estrogen and testosterone levels (Lerner U. H., 2006). The
reduction in estrogen is responsible for the increased bone resorption and decreased
testosterone level is the cause of reduced bone formation (Willson et al., 2015). In
addition to sex hormone deficiency, inflammatory cytokines such as TNFa and
interleukins are also associated with the pathology of osteoporosis (Yu and Wang,
2016).
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Other diseases such as hyperparathyroidism or osteogenesis imperfecta (discussed in

section 1.2) are the secondary causes of osteoporosis (Lerner U. H., 2006).

1.2.2 Treatment of Osteoporosis

Being the most common bone related disease, there are a variety of prevention and
treatment strategies for osteoporosis. For prevention, although it is less effective,
calcium and Vitamin D supplementation is recommended (Chan et al., 2016). The

existing treatments are discussed below.

1.2.2.1 Conventional Treatment of Osteoporosis

Pharmacological agents used for the treatment of osteoporosis is classified into two
groups: agents that suppress bone resorption or those that have anabolic function on
new bone formation. Bisphosphonates, strontium ranelate, denosumab, and selective
estrogen receptor modulators such as Tamoxifen or Raloxifene are the drugs used to
inhibit bone resorption (Das and Crockett, 2013). Bisphosphonates are the most

commonly used drugs for the treatment of the disease.

They have the ability to bind to Ca*? ions during active bone resorption and
endocytosed by osteoclasts. They inhibit the mevalonate pathway, a pathway
common to all cell types, causing the apoptosis of osteoclasts. However, the
neighboring osteoblasts or stromal cells also internalize the drug especially after a
series of bisphosphonate administration (Roelofs et al., 2006) which also causes
apoptosis in these cells. Strontium of Strontium Ranelate is incorporated into bone as
a substitute for calcium. It also increases OPG and decrease RANKL expression
from osteoblasts resulting in reduced osteoclastic activity (Hamdy N., 2009). In
2014, however, the drug was restricted only to people with severe osteoporosis for
whom there are no other alternative treatments since it leads to serious
cardiovascular problems (Chan et al., 2016). Denosumab is a human RANKL
antibody designed to mimic the natural effect of OPG. The drug is generally well
tolerated and the uncommon side effect of the drug is osteonecrosis (Bone et al.,
2013).
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The selective estrogen receptor modulators (SERMs) are used to act as agonist of
estrogen in bone and act as an inhibitor of bone resorption (Barrett-Connor et al.,
2006; Lerner U. H., 2006). The side effects of the treatment are fatal stroke and

thromboembolism.

Teriparatide (recombinant form of PTH) increases calcium absorption from the
intestines a process which is important in bone mineralization. The intermittent
injections of the drug also suppresses osteoblast apoptosis, stimulates bone matrix
production whereas continuous injections cause elevated osteoclast numbers by

upregulating RANKL expression (Das and Crockett, 2013; Narayanan et al., 2013).

The other treatment methods that are in development are cathepsin K inhibitors
(responsible for the degradation of collagen in bone) and anti-sclerostin antibody

(sclerostin is an inhibitor in osteoblastic differentiation) (Chan et al., 2016).

1.2.2.2 Advanced Therapies for Osteoporosis

Apart from their side effects, all conventional strategies mentioned above exhibit low
bioavailability and patient compliance. The oral formulations such as bisphosphonate
or SERM are associated with challenges such as susceptibility to degradation due to
enzymes and instability in the gastrointestinal tract, poor permeability across the
intestinal epithelium and rapid clearance after they are adsorbed (Zhang et al., 2014).
Injections (for denosumab and teripatatide), on the other hand, are less convenient
for the patients. To overcome these negative drawbacks, many approaches are now

being used to deliver these drugs in carrier systems (Asafo-Adjei et al., 2016).

1.2.2.2.1 Controlled Delivery of Conventional Drugs with Carriers

The use of carriers as drug delivery systems has some advantages. The therapeutic
molecule is protected from early degradation by enzymes and its toxicity is reduced.
The distribution of the drug becomes less dependent on its own physicochemical
properties and long term release of the drug can be achieved (Miladi et al., 2013). In

addition, by using the carrier systems, the drugs can be targeted specifically to bone
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tissue where the carrier could release its contents and the therapeutic agents can

function with minimal exposure to non-target cells (Dang et al., 2016).

Several studies have been published aiming at increasing the bioavailability of
conventional drugs for the treatment of osteoporosis. The drugs are loaded into
organic or inorganic nanoparticles to carry them to the bone tissue. In the next
section, types of carrier systems for the treatment of the disease will be presented.

1.2.2.2.2 Types of Carriers Used in the Treatment of Osteoporosis

The types of drug carriers used for the treatment of osteoporosis can be classified
into three groups; organic particles from lipids (liposomes), chitosan, and PLGA;
inorganic nanoparticles made from silica, metal and hydroxyapatite and finally bone
cement (PMMA).

Liposomes are self-assembled lipid structures made from molecules with a
hydrophilic head group and a hydrophobic tail. They were used in the treatment of
experimental osteoporosis and injected estradiol loaded liposomes to ovariectomized
rats (as a model of osteoporosis) (Lu et al., 2011). They showed that bone mineral
density and serum ALP levels were increased after one month of treatment. Chitosan
is obtained from polysaccharide chitin which is widely available in nature as a
primary component of cell walls of fungi and exoskeletons of insects. Chitosan
particles loaded with raloxifene (a type of SERM) for intranasal delivery for
osteoporosis treatment were administered to Wistar rats and resulted in increased
bioavailability of the drug in plasma when compared with oral administration (Saini
etal., 2015).

An oral formulation for PTH administration, as an alternative to injection was also
developed (Narayanan et al., 2013). PTH was loaded into chitosan nanoparticles and
administered to osteoblastic cells and to rats. They found that ALP production was
increased and osteocalcin production was slightly elevated. In addition the

bioavailability of the drug was found to be higher compared to bare PTH.
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Another type of carrier used is PLGA (Poly(lactic acid-co-glycolic acid)). It is a
FDA approved, biocompatible and biodegradable synthetic copolymer of lactic and
glycolic acids. The degradation rate of the polymer depends on the molar ratio of
lactic acid to glycolic acid chains in the copolymer which affects the crystallinity and
hydrophobicity of the copolymer (Makadia and Siegel, 2011). Lactic acid is more
hydrophobic than glycolic acid, and therefore, lactate rich PLGA polymers, absorb
less water and degrade more slowly. PLGA can be functionalized with many
different moieties including proteins which is important in targeted drug delivery

applications.

PLGA has been widely used in a variety of drug delivery applications (Jung et al.,
2009; Kumari et al., 2010; Pradhan et al.,, 2013). It has also been used in
encapsulating the drugs to treat osteoporosis. For instance, PLGA nanoparticles were
loaded with estradiol in transdermal delivery for osteoporosis treatment (Takeuchi et
al., 2016). Administration of the nanoparticles to rats resulted in increased bone
mineral density. In another study, PLGA microspheres were loaded with strontium
ranelate to be used in the treatment of osteoporosis (Mao et al., 2017). The particles
were administered to a medium of preosteoblastic cell line. The treatment resulted in
stimulation in the proliferation of the cells and ALP activity and collagen type I and
osteocalcin mMRNA expressions were elevated (Mao et al., 2017). In another study,
oral administration of PLGA nanoparticles loaded with estradiol increased the
bioavailability of the drug in rats (Mittal et al., 2007).

Other types of carriers used in the research for treatment of osteoporosis were
metallic (Lee et al., 2016) and inorganic nanoparticles. Using gold nanoparticles
coated with alendronate (a type of bisphosphonate), RANKL induced differentiation
of bone marrow macrophages to mature osteoclasts were reduced (Lee et al., 2016).
Bisphosphonate loaded HAp nanoparticles, on the other hand, increased the bone
density and reduced bone porosity in ovariectomized (osteoporotic) rat model
(Sahana et al., 2013).
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Calcium phosphate cement (CPC) is another inorganic carrier used in the treatment
of experimental osteoporosis (Wei et al., 2016). They showed that introduction of
bisphosphonates into these bone cements reduced the proliferation of osteoclasts by
inducing their apoptosis (Panzavolta et al., 2010).

1.2.2.2.3 Targeted Drug Delivery to Bone Tissue

Delivery systems mentioned above deliver drugs at controlled rates, but they are not
designed to control the site where the drug would be bioavailable once it enters the
body. Targeting systems are used to concentrate the drug release in a preselected site

to improve drug safety and efficacy (Singh and Lillard, 2009).

The high amount of HAp mineral in bone tissue makes it a possible target for
moieties that have high affinity towards HAp (Mora-Raimundo et al., 2017). There
are two general approaches to drug targeting towards the skeletal system: targeting
the systemic skeletal system and targeting a specific cell type within the skeletal
system. Tetracyclines (Neale et al., 2009; Wang et al., 2015), bisphosphonates
(Doschak et al., 2009; Cong et al., 2015) and oligopeptides (Sekido et al., 2001;
Jiang et al., 2014) are used to target the entire skeletal system since they target HAp
crystals in bone tissue. In a study, PLGA nanoparticles were grafted with tetracycline
and the accumulation of particles in the skeleton was shown, in vivo (Wang et al.,
2015). In another study, OPG was conjugated with bisphosphonate and intravenous
injections to Sprague-Dawley rats resulted in increased deposition of OPG in tibia
and femur (Doschak et al., 2009). In addition, conjugation of (L-Asp)s with estradiol
and injection to mice through tail vain resulted in accumulation of fluorescently
tagged (L-Asp)s in tibia and caused elevation in bone mineral density in

ovariectomized mice (Sekido et al., 2001).

The second approach is to selectively target cells within the skeleton (Zhang et al.,
2012). All the clinical drugs used for osteoporosis treatment have severe off-target
effects such as increased risk of breast cancer, thromboembolism, nausea and

diarrhea, therefore, specific cell targeted systems are required (Sun et al., 2016).
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Gene therapy might be considered as a type of cell targeting approach. It is a
promising method for effective and selective treatment for diseases. It involves the
delivery of small nucleic acids, such as short interfering RNA (siRNA) or micro
RNA (miRNA), which need sequence similarity to exert their functions. This

requirement makes the siRNA delivery systems a route for cell specific targeting.
1.2.3 RNA Interference for the Treatment of Osteoporosis

Advances in understanding the molecular pathways involved in bone pathology lead
to the identification of new molecular targets. Abnormal expression of those
molecular targets can be suppressed by the use of RNA interference (RNAI) for
treatment of bone diseases (Liu X., 2016). RNAI is a natural process used by the
cells to silence gene expression through degradation of mRNA. Delivery of small
interfering RNA (siRNA) mimics this natural process and is used to silence

expression any disease-causing gene (Wang and Grainger, 2012).

1.2.3.1 Mechanism of RNA Interference

Mechanism of RNAI through siRNA starts with the introduction of exogenous long
dsRNA or synthetic siRNA into the cells (Figure 7). After Dicer mediated cleavage
of long dsRNA, siRNA duplexes of 21-25 nucleotides are formed. The guide strand
of siRNA duplex is loaded on to Argonaute family proteins of the RNA-induced
silencing complex (RISC) and the other strand is dispensed. RISC uses the guide
strand to target mRNA with full complementarity, for the cleavage). If full
complementarity is not achieved, sometimes the translation of the mRNA could be

repressed (Carthew and Sontheimer, 2009).
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Figure 7: Schematic presentation of sSiRNA mediated RNAi mechanism. dsRNA:
double stranded RNA; siRNA: small interfering RNA; AGO2: Argonaute protein 2;
TRBP: Human Immunodeficiency virus (HIV)-1 transactivating response (TAR)

RNA-binding protein; RISC: RNA-induced silencing complex.

The RISC loading complex consists of Argonaute protein, Dicer and the dsRNA
binding protein TRBP. TRBP is a RNA binding protein and it is involved in the
recruitment of Argonaute proteins to Dicer (Chendrimada et al., 2005). The
Argonaute protein is responsible for the unwinding of siRNA, cleaving and ejecting

the passenger strand and guiding the siRNA to specific mMRNA for gene silencing.
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1.2.3.2 siRNA as a Therapeutic Agent for Osteoporosis Treatment

Effective delivery of sSiRNA to desired tissue or cells in vivo is very challenging due
to high molecular weight (approximately 13 kDa), negative charge and instability of
siRNA. Once siRNA is in the body, it is rapidly degraded by nucleases (half life of 6
min in rats) (Soutschek et al., 2004) and removed from the circulation by the
reticuloendothelial system (RES), namely macrophages and Kupffer cells of liver.
The excretion and degradation cause very small amount of siRNA to reach the
targeted cell. In addition, once in the target cell, their cellular localization and
degradation in the lysosomes are very important parameters to be considered to reach
the highest efficacy (Whitehead et al., 2009). Due to these problems, many strategies
are being developed to protect the siRNA and increase its circulation time. For this
purpose, the delivery of RNAI with non-viral carrier systems such as liposomes,
polymeric and inorganic (calcium phosphate) nanoparticles are becoming promising

approaches for the treatment of some diseases such as osteoporosis (Liu X., 2016).

The studies concerning the treatment of osteoporosis using siRNA as a therapeutic
agent focus on either suppression of osteoclastogenesis or induction of osteogenesis.
These studies are generally limited to in vitro applications by using commercially
available transfection reagents (Fahid et al., 2008; Wang and Grainger, 2010), or
non-viral carriers such as polyethyleneimine (PEI) (Nguyen et al., 2014). Local
delivery of sSiRNA to bone tissue has also been studied by using scaffolds (Zhang et
al., 2016) or CPC cements (Wang et al., 2012).

Delivery of siRNA to bone tissue for the treatment of osteoporosis in vivo has just
started (Zhang et al., 2012; Liang et al., 2015; Zhang et al., 2015; Sun et al., 2016).
In one study, cationic liposomes were conjugated with a peptide of six repetitive
sequences of three aminoacids; aspartate-serine-serine ((AspSerSer)s) for selective
delivery of siRNA to bone forming surfaces (Zhang et al., 2012). Systemic delivery
of the system to osteoporotic rats increased the accumulation of the delivery system

in osteoblasts prompting bone formation.
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In another study, N-(2-hydroxypropyl) methacrylamide (HPMA) polymer was
attached with (L-Asp)s to target bone surfaces (Zhang et al., 2015). Intravenous
injections of the delivery system to ovariectomized rats increased the number of
osteoblasts which led to increase in bone volume. In another study, osteoblasts on
bone forming surfaces were targeted by using aptamer conjugated cationic liposomes
(Liang et al., 2015). The system was administered to osteopenic rats and their bone

mass was increased.

One of the non-viral carriers, polyethyleneimine (PEI) is widely used in the delivery
of plasmid DNA and siRNA both in vitro (Richards et al., 2006) and in vivo (Bonnet
et al., 2008). PEI is a cationic polymer which can form complexes with anionic
nucleic acids. The capability of PEI to condense the nucleic acids in physiological
and acidic conditions makes them efficient carriers for cellular uptake of siRNA
(Utsuno and Uludag, 2010) because this complexation protects the siRNA from
extracellular nucleases and neutralizes its negative charge. PEI is also known to exert
proton sponge effect. In this approach, the proton absorbance capability of PEI,
prevents the acidification of endosomes which leads to H* ion influx. This influx
results in the accumulation of CI" ions and water penetration into the endosomes, thus
rupturing of endosomes and eventual leakage of the polyplex into the cytosol
(Dominska and Dykxhoorn, 2010).

In siRNA delivery applications, generally branched PEI is used because linear PEI
has lower folding capability when complexing with siRNA than the branched PEI,
therefore, SiRNAs from complexes with linear PEI are released more easily
(Demadis et al., 2011). PEI is used either in the form of a complex with siRNA and
loaded into the carriers or it is used together with the carriers to encapsulate naked
siRNA for increasing the encapsulation of sSiRNA into the carriers (Patil and Panyam,
2009; Shen et al., 2015). During nanoparticle preparation, addition of PEI into the
inner core has also been shown to decrease the initial burst release of sSIRNA from
the particles due to the ionic interactions of PEIL:siRNA complex with negatively

charged polymers forming the shell (Murata et al., 2008).
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Despite its mentioned advantages in gene delivery applications PEI, especially the
branched form, exhibits high toxicity. The branched PEI causes apoptosis in
transfected cells in a concentration and time dependent manner (Hall et al., 2013),
therefore, loading the PEI-SiRNA complex into the carriers reduces the toxicity of

PEI (Alshamsan et al., 2010; Brunner et al., 2010).
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1.3 Aim, Approach and Novelty of the Study
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Figure 8: Approach of the study.

The aim of this study was to develop an injectable siRNA delivery system targeted to
concentrate on the bone minerals to be used in the treatment of osteoporosis. The
schematic presentation of the delivery system shows the intended route of
administration and the possible working mechanism of the in vivo delivery system
(Figure 8).

Branched PEI (section 1.2.3.2) was complexed with RANK siRNA because of its
capability to protect the siRNA in extra and intracellular environments and its proton
sponge property. The toxicity of PEI was reduced by encapsulating the complex in
PLGA nanocapsules (section 1.2.2.2.2) which is a FDA approved polymer with good
biocompatibility. PLGA is very suitable for nucleic acid delivery applications
because PLGA nanocapsules can be internalized by the cells, escape from the
endosomes, accumulate in the cytoplasm and act as drug depots to release their
content into the cytoplasm where siRNA should function (Panyam et al., 2002; Vasir
and Labhasetwar, 2007).
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PLGA nanocapsules loaded with PEI:SiRNA complex were then coated with a
genetically engineered polypeptide, Elastin-Like Recombinamer (ELR) to target the
nanocapsules specifically to bone tissue. The specific ELR used in this study is
reported to contain a sequence which presents high affinity towards HAp minerals in
bone tissue (Barbosa et al.,, 2009; Tejeda-Montes et al.,, 2014). ELR has a
thermoresponsive property called inverse transition temperature (ITT). Below the
transition temperature (Tt) the free chains exist as random coils in solution in their
hydrated form. Above the T, however, the chains fold which leads to aggregation of
the chains (Rodriguez-Cabello et al., 2007). The ITT property of ELR was used in
coating the ELR on PLGA nanocapsules for targeting.

Once operational, after the i.v. injection of the constructed delivery system, the
nanocapsules are expected to extravasate from the fenestrations of the epithelium in
the bone marrow. Due to existence of the ELR on them, the capsules will attach
themselves to the extracellular matrix of the bone tissue where HAp is located and
will start to release their content. During bone remodeling process at BMUs, the
osteoclast precursors and mature osteoclasts will internalize either the released
PEI:RANK siRNA complex or PLGA nanocapsules loaded with the complex,
thereby osteoclastic differentiation and their activity will be diminished (Figure 8).
This would eventually lead to reduced bone resorption and thus increased bone mass.

In the present study, ELR coated PLGA nanocapsules loaded with PEIL:SiRNA
complex were prepared and in situ and in vitro studies were performed. The ELR
coating, topography, encapsulation efficiency, release behavior and particle size
distribution of these nanocapsules were studied. The efficacy of the PEI:RANK
SiRNA loaded PLGA nanocapsules were determined in vitro by analyzing RANK
MRNA levels. Moreover, the effect of PEI:RANK siRNA loaded nanocapsules on
the inhibition of differentiation of osteoclast precursors to mature osteoclast and

suppression in their activity were studied.
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To our knowledge, there is no study in the literature that has developed a bone
targeted and systemic delivery of PLGA based SsiRNA delivery system to suppress
RANK mRNA for the treatment of osteoporosis. The constructed delivery system is,
therefore, a novel approach.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

For nanocapsule preparation, poly(lactic acid-co-glycolic acid) (PLGA) (50:50) was
purchased from Corbion Purac Biomaterials (Netherlands). bPEI (25 kDa) was from
Sigma (Germany). Targeting polypeptide, Elastin-like recombinamer (ELR) was
synthesized in the laboratory of Prof. Dr. J. Carlos Rodriguez-Cabello, University of
Valladolid (Spain). The Inverse Temperature Transition (ITT) of ELR sequence was
around 34 °C and its molecular weight is 31,877 kDa. Hydroxyapatite (HAp), and
polyvinylalcohol (PVA) was purchased from Sigma (Germany) and crosslinker
genipin was purchased from Wako Chemicals (USA). RANK siRNA was purchased
from Ambion (USA). DNA substitute for the siRNA molecule (DNAoligo) was
purchased from lontek (Turkey). In the cell culture studies, murine RAW 264.7
macrophage cell line was used (ATCC, UK). Dulbecco’s Modified Eagle Medium
(DMEM)-high glucose (glucose concentration: 4.5 g/L), DMEM-high glucose
colorless, fetal bovine serum (FBS) was obtained from Biological Industries (USA).
Penicillin/streptomycin (100 units/mL-100 pg/mL) and bovine serum albumin (BSA)
were purchased from Fluka (Switzerland). Hiperfect Transfection Reagent was
purchased from Qiagen, (Germany). TRAP staining kit was purchased from Sigma
(Germany). RIPA buffer and BCA protein assay kit were purchased from Millipore
(USA) and proteinase inhibitory cocktail was purchased from Thermo Scientific
(Germany). RANK primary (4845s), B-actin primary (4970s; 1:1000 dilution in 5%
skimmed milk) and Anti-rabbit 1gG HRP conjugated secondary antibodies (7074s)
were from Cell Signaling Technologies (USA).
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2.2 Methods
2.2.1 Preparation and Characterization of PEI:Nucleic Acid Complexes

In the in situ studies DNAoligo was used as a substitute for sSiRNA. The formation of
complex of nucleic acids (DNAoligo and siRNA) and PEI is achieved due to the
ionic interactions of negatively charged phosphates in nucleic acids and positively

charged amino groups in PEI (Figure 9).

*NH /\

3

Figure 9: Schematic presentation of PEl:nucleic acid complex. The complexes are
formed by the ionic interaction of the positive charged amino groups of PEI (-NH3")

and negative charged phosphates in the nucleic acids (-PO42).
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The DNAOoligo or siRNA sequences are 21 nucleotides long and therefore contain 42
phosphate groups (P). One PEI molecule contains 53 repeating units containing 11

nitrogen atoms (N). Therefore, N/P ratio was calculated by the following equation:

number of moles of N in PEI x 583

N/P ratio =

number of moles of P in siRNA x 42

PEl:nucleic acid complexes with varying nitrogen-to-phosphate ratios (N/P) were
prepared in 1X Tris-EDTA (TE) buffer, pH 7.4. For complex formation, DNAoligo
(10 uM, 2 pL) or siRNA (10 puM, 2 pL) were mixed with aqueous PEI solutions
(starting PEI solution concentration 175 ng/uL) to yield final N/P atomic ratios of 1,
2, 3,4,5, 6 and 10. The mixtures were incubated for 20 min at room temperature.
The formed complexes were subjected to agarose gel electrophoresis (2%, 100 V, 20
min) and visualized under UV light (UVP GelDoc Imaging System, USA).

2.2.1.1 Measurement of Zeta Potential and Condensation of PEI:Nucleic Acid
Complexes

The zeta potential of PEI:DNAoligo complexes with varying N/P atomic ratios (0-
20) were measured by Zeta Sizer (Malvern Nano ZS90, UK). DNAoligo (10 uM, 6
ML, in TE buffer pH 7.4) and aqueous PEI solutions (6 pL) were mixed to form
complexes with N/P ratios of 0, 1, 2, 3, 4, 5, 6, 10 and 20. The mixtures were
incubated for 20 min at room temperature and diluted in nuclease-free dH.O water
(2 mL).

For visualization of migration and analyzing the condensation of PEl:nucleic acid
complexes, the complexes were stained with EtBr during agarose gel electrophoresis.
Complexes of different N/P ratios (section 2.2.1), were loaded in EtBr stained
agarose gel (2%) and run for 20 min at 100 V in 1X TAE buffer (pH 8). The gel was

visualized under UV exposure (ChemiDoc UVP, Germany).
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2.2.2 Preparation of PLGA Nanocapsules

Nanocapsules were prepared by water-oil-water (w/o/w) double emulsion method.
Briefly, PLGA (50:50) (50 mg) was dissolved in DCM (0.5 mL), PEI:siRNA
complexes (150 pL) were added and probe sonicated for 30 s at 50 W. This emulsion
was added into PVA solution (3 mL, 4%) and sonicated. This double emulsion was
added into PVA solution (7.5 mL 0.3%) and mixed vigorously for three hours with a
magnetic stirrer at room temperature for evaporation of DCM. Nanocapsules were
centrifuged (18,000 rpm, 10 min, RT). The pellet was washed twice with 3 mL
nuclease free water. Nanocapsules were resuspended in 5 mL dH20 and lyophilized
for 8 h.

In order to coat ELR onto PLGA nanocapsules, inverse temperature transition (ITT)
property of the recombinamer was used. Due to ITT, the solubility of ELR decreases
above the transition temperature (Tt) which causes the aggregation of the
recombinamer (Rodriguez-Cabello et al., 2007). The Tt of ELR used in this study has
around 34 °C (Barbosa et al., 2009). As a crosslinking agent, genipin was used
(Chang et al., 2003).

PLGA nanocapsules (10 mg) were added into ELR solution (1 mL, 10 mg/mL) for
physical adsorption of ELR on the nanocapsules. This suspension was incubated at
25°C in a sonication bath for 1 h then the volume was increased to 10 mL PBS
solution in a volumetric flask. The temperature was raised to 37°C and maintained
for 20 min which causes the ELR to aggregate on the nanocapsules. The capsules
were centrifuged (18,000 rpm, 10 min, 37°C) to remove the free ELR and the pellet
was resuspended in 10 mL PBS (37°C) to which genipin solution (1 mL, 10 mg/mL)
was added. The suspension was incubated at 37°C for 6 h, centrifuged and washed.
As a control, the same procedure was performed for 10 mg PLGA nanocapsules and

1 mL genipin solution addition (10 mg/mL).
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2.2.2.1 Specificity of the ELR Towards Hydroxyapatite

The specificity of ELR to HAp was determined by Fourier Transform Infrared
(FTIR) spectroscopy. Disks of HAp crystal (diameter 13 mm) were prepared by
compression. Aqueous ELR solution (5 %, 50 uL) was added onto the HAp disk and
incubated for 1 h at 25°C. The HAp disk was washed three times with dH20 (3 mL)
and allowed to dry. As a blank, a HAp disk was produced as mentioned above,
wetted with dH>O (50 pL) and air dried before FTIR. As a control of protein
adhesion, a HAp disk was treated with aqueous BSA solution (5 %, 50 pL) and air
dried. The FTIR of the samples were obtained in the range 4000-400 cm™ using a
FTIR spectrophotometer (PerkinElmer, PIKE GladiATR, USA).

2.2.2.2 Preferential Binding of ELR Coated Nanocapsules on CaP Surface

Suspensions of Nile Red loaded uncoated and ELR coated PLGA nanocapsules
(1 mg NC/5 mL dH20) were added in CaP coated Osteoassay Surface Plates
(Corning, USA) and incubated for 1 h at 25°C. The plates were then washed three
times with dH20 (200 pL) and allowed to dry. The nanocapsules remained on the
CaP coated surface were visualized with Confocal Laser Scanning Microscopy
(Zeiss LSM800, Germany).

2.2.3 Characterization of Nanocapsules

2.2.3.1 Loading and Encapsulation Efficiency of PEI:DNAoligo in PLGA
Nanocapsules

Encapsulation efficiency of PEI:DNAoligo complex within the PLGA nanocapsules
were studied by using the fluorescence intensity (FI) of FAM-labelled DNA-oligo
measured with a spectrofluorometer (Aex: 494 nm, Xem: 524 nm) (SpectraMax M2e,
Molecular Devices, USA). A calibration curve constructed with empty nanocapsules
(1 mg in 200 pL 1X TE buffer) which are mixed with known amounts of PEI:FAM
labelled DNAoligo complexes (N/P 20) (0.1, 0.2, 0.4, 0.6, 0.8 ug FAM-labelled

DNAoligo) was used for the calculations.
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PLGA nanocapsules (1 mg), which were prepared with an input of 20 ug FAM-
labelled DNAoligo (N/P 20), were suspended in 1X TE buffer (200 pL). The amount
of complex encapsulated in the nanocapsules were calculated from the calibration
curve. The loading and encapsulation efficiency was calculated using the following

equations:

Amount of encapsulated complex (pug)

Loading =
oading Amount of nanocapsule (g)

Amount of encapsulated complex (g)
E.E.(%) = x 100
Input amount of complex (g)

2.2.3.2 In Situ Release of PEI:DNAoligo Complex from the PLGA Nanocapsules

In order to study the release of the PEI:FAM-labelled DNAoligo (N/P 20) complex
from PLGA nanocapsules, the capsules (1 mg) were suspended in TE buffer
(200 pL) in an Eppendorf tube and kept at 37°C under constant shaking for 15 days.
On Days 1, 3, 5, 7, 10 and 15, suspensions were centrifuged (18,000 g, 20 min). The
pellet was resuspended in fresh TE buffer (200 puL) and the FI was measured by
using a spectrofluorometer (Aex 494 nm, Aem 524 nm) (SpectraMax M2e, Molecular
Devices, USA). The amount of complex remained in the capsules was calculated by
using FI obtained from the nanocapsules at each time point. The data is presented as

“cumulative complex released vs time” and treated according to Higuchi equation

[M]t 1/2
(_[M]oo Vs t+9).
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2.2.3.3 In Situ Degradation of PLGA Nanocapsules

The degradation of PLGA nanocapsules were studied with SEM. Nanocapsules
(2 mg) were suspended in 1X TE buffer (pH 7.4, 200 pL) in Eppendorf tube and
incubated at 37°C under constant shaking for 21 days. On Days 1, 3, 5, 7, 10, 15 and
21, the suspension was centrifuged and the pellet was resuspended in TE buffer (200
pL). 20 pL of this suspension was diluted with dH20 (80 pL) and dried overnight
on SEM stubs. Stubs were coated with Au—Pd in a sputter coater. SEM images were
obtained at 10 kV with QUANTA 400F Field Emission SEM (Netherland) at the
Central Laboratory (METU).

2.2.3.4 Detection of ELR on PLGA Nanocapsules

2.2.3.4.1 Nanocapsule Topography with SEM

Control PLGA and the ELR coated PLGA nanocapsule suspensions were added on a
carbon tapes (Electron Microscopy Sciences, USA) attached to Scanning Electron
Microscopy (SEM) stubs, air dried overnight and coated with Au-Pd in a sputter
coater. SEM images were obtained at 10 kV. Nanocapsule topography was studied
with SEM (QUANTA 400F Field Emission SEM, Netherland) at the Central
Laboratory (METU).

2.2.3.4.2 Detection of ELR on Nanocapsules with TEM and XPS

For TEM analysis, control PLGA and the ELR coated PLGA nanocapsules were
suspended in ethanol and air dried on TEM grids. TEM (FEI Technai G2 Spirit
Biotwin, USA) images were obtained at the Central Laboratory (METU).

For XPS analyses, both control PLGA and the ELR coated PLGA nanocapsules were
lyophilized and analyzed with XPS (PHI 5000 VersaProbe) for presence of nitrogen
as an indicator of the ELR (protein) existence. XPS analyses was performed at the
Central Laboratory (METU).
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2.2.3.5 Particle Size Distribution

Size distribution of the PLGA nanocapsules were determined using a suspension of
PLGA nanocapsules in dH»O (ca. 1 mg PLGA/5 mL) with Zeta Sizer (Malvern Nano
ZS90, UK). For each sample, 3 measurements were performed, 12 runs each, in

order to obtain the final size distribution.

2.2.4 Cell Culture Studies

2.2.4.1 RAW264.7 Cell Line: In Vitro Culture and Differentiation

In the in vitro studies, commonly used murine macrophage RAW 264.7 cell line
(ATCC, UK) was used as preosteoclasts (Pre-OC) (Hsu et al., 1999). The cells were
cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 1%
penicillin-streptomycin, and 10 % FBS. The cells were incubated at 5 % COg, at
37°C.

For differentiation of RAW264.7 cells to osteoclasts, RAW cells (1.4x10%) were
mixed with RANKL (100 ng/mL, Peprotech, USA) and M-CSF (20 ng/mL, R&D
Systems, USA) and seeded on TCPS slides (2.8 cm?). Differentiation was monitored
by Acid Phosphatase Leukocyte (TRAP) Kit (Sigma, Germany) according to
manufacturer’s protocol. TRAP-positive and multinucleated cells containing three or
more nuclei were counted as osteoclasts under a light microscope by using ImageJ
Analysis Software (NIH, USA).

2.2.4.2 Determination of Cell Viability

Pre-OC cells (5x10%) were seeded on 96-well plates (30 pL). PLGA nanocapsules
(0.5 mg) diluted in OptiMEM (30 pL) was added on to the cell suspension and
incubated for 6 h (37°C in 5% CO2 incubator). Then DMEM high full medium
supplemented with 10% FBS was added onto the cells (140 pL). The cell viability
was measured for 5 days with Alamar Blue Cell Viability assay. The medium was

refreshed after 3 days.
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At each time point, the medium was removed and 10% Alamar Blue solution in
colorless DMEM (200 pL) was added onto the cells and incubated for 150 min. The
optical density was measured at 570 nm and 595 nm with a microplate reader
(SpectraMax M2, Molecular Devices, U.S.A.).

From these optical density values, percent reduction and cell numbers were
calculated by using a calibration curve for the cell line (Appendix B) plotted from the

percent reductions and corresponding cell number, with the following equation:

((gox))\z xA Al) - ((Sox))\lx Akz)
((erea) a,x A'2,) — ((Ereadr,x A'2,)

Reduction (%) = x 100

where, =570 nm and X»=595 nm

A, and A,,= Absorbance of test well

A'y, and A", = Absorbance of negative control well (blank)

Molar Extinction Coefficients
(Sox)}uz 117.216 (Ered) M 155.677
(€0x)2,= 80.586  (Ereq)a,= 14.652

2.2.4.3 Internalization of the Nanocapsules by the Cells

For imaging the localization of PLGA nanocapsules in cells, PLGA nanocapsules
stained with Nile Red (6 mg) were resuspended in OptiMEM (200 uL) and added
onto RAW264.7 cell (1.2x10°) suspension in an Eppendorf tube. The mixture was
seeded on TCPS slides, incubated for 6 h (37°C in 5% COz incubator) for complete
attachment and full medium was added (3 mL). 48 h post transfection, cells were
fixed with PFA (4% wi/v) for 15 min at room temperature. Cell membranes were
permeabilized with Triton X-100 (0.1% v/v in 10 mM Tris-HCI buffer) for 5 min at

room temperature.
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After washing with PBS, cells were incubated in BSA (1% w/v in PBS) at 37°C for 1
h to prevent non-specific binding. Then, they were incubated in Alexa 488-labelled
Phalloidin (1:50 dilution in 0.1% BSA in PBS) for 1 h and incubated with DRAQ5
(1:1000 dilution in PBS) for 30 min at 37°C. Cells were washed twice with PBS and

visualized by confocal laser scanning microscopy (Leica DM2500, Germany).

2.2.4.4 Treatment with the Delivery System

For the mRNA inhibition studies, PLGA nanocapsules containing PEI:RANK siRNA
(6 mg) was resuspended in OptiMEM (200 pL). 1.2x10° RAW264.7 osteoclast
precursor cells were seeded in 12-well plates and the capsules were added dropwise
onto the cell suspension (200 pL). The cells were incubated (37°C in 5% CO;
incubator) for 6 h. At the end of 6 h growth medium (800 uL) (DMEM supplemented
with 10 % FBS) was added very gently. Gene silencing was monitored at 3 and 5
days post transfection (Section 2.2.5). The controls of the study were empty
nanocapsule and PEI:Scrambled siRNA loaded nanocapsule transfected cells.

For the inhibition of differentiation of RAW264.7 preosteoclastic cell line into
mature osteoclasts, RAW cells (5x10° cells/cm? in DMEM high full medium, 50 pL)
were mixed with RANKL (100 ng/mL), M-CSF (20 ng/mL) and PLGA nanocapsules
(0.7 mg of either empty, PEl:scrambled siRNA or PEI:RANK siRNA loaded
nanocapsules in OptiMEM, 50 pL). The cell suspensions together with the
nanocapsules were seeded onto TCPS slides (2.8 cm?) and incubated 3 h for cell
attachment. Then, full medium was added (3 mL) and incubated for 5 days (37°C in
5% CO2 incubator) with a medium change at the 3rd day. On Days 3 and 5, the cells
were fixed with PFA (4% w/v) and washed twice with PBS. Then, TRAP staining
was performed by Acid Phosphatase Leukocyte (TRAP) Kit (Sigma, Germany)
according to manufacturer’s protocol. Multinucleated cells were counted as
osteoclasts under light microscope by using ImageJ Analysis Software (NIH, USA)
(Section 2.2.6.1).
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2.2.5 Gene Expression Studies

2.2.5.1 Efficiency of RANK siRNA Sequence in Gene Silencing

In order to determine the efficiency of siRNAs to knockdown the target gene RANK
and to understand the time interval that indicates the maximum inhibition, two
RANK siRNA sequences were studied (RANK siRNA #1, RANK siRNA #2,
Table 1).

Table 1: RANK siRNA Sequences Used in the Study

Sequences
RANK siRNA Type | Sense Antisense
RANK siRNA#1 GCAGUAGUCUAAGUG | UUUCCACUUAGACUAC
(5'->3") GAAATT UGCAA
RANK siRNA#2 GGAGAGGCAUUAUG | AUGCUCAUAAUGCCUC
(5'->3") AGCAUTT UCCTG

For the transfection of siRNA into the cells, HiPerfect Transfection Reagent was
used with a fast-forward transfection protocol as follows: 28 pmol siRNA (375 ng,
final concentration 23 nM) was diluted in Opti-MEM (200 pL) and vortexed.
HiPerfect transfection reagent (6 pL) was added to the siRNA solution, mixed and
incubated for 10 min at room temperature to allow the formation of transfection
complexes. Meanwhile, 1.2x10° RAW264.7 osteoclast precursor cells were seeded
on 12-well plates. The complexes were added drop-wise onto the cell suspension
(200 pL). The cells with transfection complexes were incubated (37°C in 5% CO;
incubator) for 6 h and 800 pL of growth medium (DMEM supplemented with 10 %
FBS) was added very gently. Gene silencing was monitored at 24, 48 and 72 h post

transfection.
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2.2.5.2 Quantitative Real Time PCR (qRT-PCR)

For the determination of RANK mRNA inhibition through siRNA transfection, qRT-
PCR studies were performed. The primer pairs (Table 2) used to analyze the fold
change of RANK were designed according to mRNA sequences of Mus musculus
(NCBI accession numbers: RANK; NM_009399 and GAPDH; NM_001289726).

Table 2: gRT-PCR Primers and the Amplicon Sizes

Primers (5'-3") Sequence Amplicon
size (bp)
Forward AGAGGGGAGCCTCAGGGTCC
RANK 112
Reverse AAGTTCATCACCTGCCCGCTAGA
Forward TGCACCACCAACTGCTTAGC
GAPDH 87
Reverse GGCATGGACTGTGGTCATGAG

The optimization studies performed for the primers are presented in Appendix A.
The gRT-PCR cycling conditions for both RANK and GAPDH primers are given in
(Table 3).

Table 3: qRT-PCR Cycling Conditions for the Primers.

Process Conditions
Initial Denaturation 95°C, 5 min
Denaturation 95°C, 55

. . 60°C. 105 | > cycle
Annealing and Extension '
Melt 50°C-99°C; 1°C/1 cycle

The amount of RANK mRNA normalized to the housekeeping gene GAPDH and
relative to control (the fold change of RANK) was calculated using the 244t relative

expression equation:
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AC: (treated) = C; (target gene) — C; (reference gene) Eqg. 1

ACt (control) = C¢ (target gene) — C: (reference gene) Eq. 2
AACt = AC; (treated) — AC: (control) Eq. 3

Amount of target normalized to reference gene and | Eq. 4

relative to control (Fold Change) = 2744

where,

Treated sample | siRNA treated sample

Control sample | Untransfected sample

Target gene RANK

Reference gene | GAPDH

At 24, 48 and 72 h, RNA was isolated from the cells, treated with DNase | in order to
remove the DNA contamination from the isolated RNA solution. DNase | treated
RNA samples were then converted into cDNA (Appendix A) and finally gRT-PCR

was performed.

Fold changes of mock (only HiPerfect transfection reagent treated cells) and
scrambled siRNA transfected cells and RANK siRNA transfected cells were

normalized to that of untransfected cells.
2.2.5.3 Inhibition of RANK mRNA with Varying N/P ratios

In order to determine the efficient N/P ratio of PEI:siRNA complexes which is not
toxic and would lead to inhibition of the expression of RANK, qPCR studies were
performed with the complexes of N/P ratios of 6, 20, 25, 30 and 60. For this purpose,
the known amount of siRNA (375 ng/well, 23 nM) was complexed with PEI, so that
the mentioned N/P ratios were achieved.
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The complexes were diluted in OptiMEM (200 pL) and were added onto the cell
suspension (1.2x10° RAW264.7 cells). The cells with the complexes were incubated
(37°C in 5% CO: incubator) for 6 h and 800 pL of growth medium (DMEM
supplemented with 10 % FBS) was added very gently. Gene silencing was monitored
at 24, 48 and 72h post transfection. The amount of sSiRNA was determined according
to previous studies (section 2.2.5.1) which led to significant inhibition in RANK
MRNA expression. The controls of the study were, untransfected cells, PEI
transfected cells (Mock) and PEIl:scrambled siRNA complex transfected cells.

2.2.5.4 Inhibition of RANK mRNA in Nanocapsule Transfected Cells

RAW264.7 (1.2 x 10°) cells were transfected with either empty, PEIl:Scrambled
SiIRNA loaded (N/P 20) or PEI:RANK siRNA complex loaded (N/P 20) PLGA
nanocapsules (6 mg). On Days 3 and 5, the cells were washed with PBS to remove

the dead cells, RNA isolation and then gqRT-PCR were performed.

2.2.6 Inhibition of Osteoclast Differentiation and Activity

2.2.6.1 Inhibition of Osteoclast Differentiation

RAW cells (5x10° cells/cm?) were mixed with RANKL (100 ng/mL), M-CSF (20
ng/mL) and PLGA nanocapsules (0.7 mg of either empty, PEIl:Scrambled siRNA or
PEI:RANK siRNA loaded nanocapsules). The cell suspensions were seeded onto
TCPS slides (2.8 cm?). On Days 3 and 5, the cells were fixed with PFA (4% w/v)
and washed twice with PBS. Then, TRAP staining was performed by Acid
Phosphatase Leukocyte (TRAP) Kit (Sigma, Germany) according to manufacturer’s
protocol. The entire images of three TCPS slides from separate runs were obtained
by Zeiss Brightfield MosaiX Protocol (Zeiss Axio Imager M2, Germany).
Multinucleated cells were counted as osteoclasts under microscope by using ImageJ
Analysis Software (NIH, USA).
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2.2.6.2 Inhibition of Osteoclastic Activity

For the determination of inhibition of osteoclastic activity pit formation assay was
performed on 96 well Osteoassay surface plates (Corning, USA).

For the study, RAW264.7 cells (5 x 10° in DMEM high full medium, 50 pL) were
mixed with RANKL (100 ng/mL), M-CSF (20 ng/mL) and PLGA nanocapsules (0.4
mg of either empty, PEl:Scrambled siRNA or PEI:RANK siRNA loaded

nanocapsules, 50 pL).

After complete attachment of cells, the medium was completed to 200 pL with
DMEM high full medium. The cells were differentiated for 5 days, with a medium
change on Day 3. At the end of Day 5, the medium was removed and cells were
treated with bleach solution (10 %, 100 pL) for 5 min at room temperature. Then, the
wells were washed twice with distilled water and allowed to dry. The resorption pits
were visualized under light microscope at 20 X magnification. The fraction of
resorbed surface area was quantified by using 15 images from each group (n=3) by

using Image J software (NIH, USA).

2.2.7 Statistical Analysis

All guantitative data presented in the study were expressed by mean * standard
deviations. Statistical differences among groups were assessed by two-way ANOVA
(analysis of variance) with Tukey’s post-hoc analysis except for pit formation assay
which was assessed by one-way ANOVA (analysis of variance). p value < 0.05 was
considered to be statistically significant. Analysis was performed via GraphPad

Prism v6.0.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Characterization of PEI:DNAoligo Complexes

3.1.1 Zeta Potential of PEI:DNAoligo Complexes

In order to determine the complete complexation of PEI with DNAoligo or siRNA,
the zeta potential of the PEI:DNAoligo complexes was measured. Zeta potential is a
function of surface charge of a particle in a test solution and the ionic strength of the
test solution is important in the measurement of the zeta potential (Sze et al., 2003).
The nucleic acids are negatively charged due to the phosphate groups they carry on
their backbone and PEI is positively charged because of its primary, secondary and
tertiary amino groups. When PEI and nucleic acids interact, the charges are

neutralized.

For the measurement, equal volumes of PEI (starting PEI concentration 175 ng/pL)
and DNAwoligo (10 uM) were mixed, incubated at room temperature, and diluted in
nuclease free dH-O to form complexes of N/P ratios of 1, 2, 3, 4, 5, 6, 10 and 20. The
zeta potentials of the PEI:DNAoligo complexes with N/P ratios of 0-20 are

presented in Figure 10.

43



40 1

—

201

o

-

E

=

—

E G T 1 T T L] 1 T T T T T T T T T 1
2 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
A

=1

= N/P Ratio

~

=20 4

40 4

Figure 10: Zeta potential of PEI:DNAoligo complexes with different N/P ratios.
Complexes with up to N/P ratio of 5 presented negative zeta potentials. The charge
of the complexes shifted to positive values after N/P 5 which indicates that all the
DNAoligo was in complexed form with PEI.

As can be seen from the figure, up to the N/P ratio of 5, the zeta potential of the
complexes was negative. This may be explained by the steric availability of POs?
groups which were not neutralized. After that point, where the PEI amount is much
higher than the nucleic acids, the zeta potential of the complexes shifts to positive
values. These results are consistent with the literature. Wagner et al., studied the
complexation and zeta potentials of PEI:siRNA complexes (Wagner et al., 2013). In
that study, it was also found that increasing the N/P ratios led to a shift of surface
charge from negative to positive values. From these results, it may be concluded that
N/P ratio of 5 is needed to bring the zeta potential of the complexes to approximately
neutral (—0.4 £ 4.8 mV). As the PEI proportion increases further, the zeta potential

becomes more positive and reaches a plateau after a N/P ratio of 10.

44



3.1.2 Condensation of PEI:Nucleic Acid Complexes

Condensation of nucleic acids with PEI were studied by using electrophoretic
mobility assay. In this assay, the migration of the molecules through the matrix of the
agarose gel is controlled by the size and charge of the molecules. Complexes of
PEI:DNAoligo and PEI:siRNA were prepared and their condensation levels were
compared with agarose gel electrophoresis to determine whether DNAoligo can be
used as a substitute for sSiRNA in the encapsulation efficiency and release studies.
Complexes of PEI and nucleic acids are formed due to ionic interactions between
negatively charged Phosphates of nucleic acids and positively charged Nitrogens of
PEI (Figure 9) which neutralize their charges. PEI also condenses the nucleic acids,
therefore, both the neutralization and resultant condensation of the complexes lead to
reduced electrophoretic migration in agarose gel during electrophoresis.

The migration patterns of the complexes PEI:'siRNA and PEI:DNAoligo with N/P
ratios of 0-10 on EtBr stained agarose gel (2%) are presented in Figure 11. In
complexes with N/P<4, nucleic acid bands present the uncomplexed form of the
nucleic acids that has migrated through the gel. As the N/P increases, the band
intensity becomes weaker indicating that lesser amount of nucleic acids which have
migrated. When N/P was higher than 5, no electrophoretic movement was observed.
This is due to the complexation process, the charge of the complex becomes cationic
which prevented their migration through the gel. Since both PEI:siRNA (Figure 11A)
and PEI:DNAoligo (Figure 11B) complexes exhibit the same pattern of
complexation, we concluded that the DNAoligo could be used as a substitute for
SiRNA in the optimization of encapsulation efficiency and release studies.
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Figure 11: Electrophoretic mobility assay of PEI:nucleic acid complexes in Agarose
gel. (A) PEILSIRNA, and (B) PEI:DNAoligo complexes with N/P of 0-10. The
agarose gel (2%) was run for 20 min at 100 V. Above a N/P ratio of 5, nucleic acid

migration was suppressed by charge neutralization through PEI complexation.
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3.2 Characterization of Nanocapsules

3.2.1 Loading and Encapsulation Efficiency of PEI:DNAoligo in PLGA
Nanocapsules

Loading and encapsulation efficiency of therapeutics in carrier systems are two very
important parameters in adjusting the dose and the efficacy of the drug delivery
system. In the determination of encapsulation efficiency, the fluorescence intensity
(F1) obtained from FAM-labelled DNAoligo (Aex: 494 nm, Aem: 524 nm) was used to
calculate the amount of complex encapsulated in the PLGA nanocapsules. PEI and
FAM-labelled DNAoligo were used at a N/P of 20 in the preparation of PLGA
nanocapsules. The amount of the complex encapsulated was calculated from the
calibration curve obtained by using empty nanocapsules mixed with known amounts
of PEIl: FAM-labelled DNAoligo complex (N/P 20) and their corresponding FI
values (Appendix D). Based on the parameters for particle preparation used in this
study the encapsulation efficiency was calculated to be 48.1 £ 1.4% and the loading

was 192 + 4 ug/g PLGA nanocapsule.

The PLGA polymer used in this study has carboxylic acid end groups and therefore
the produced nanoparticles are negatively charged (-10.96 + 3.84). Encapsulating
negatively charged hydrophilic molecules such as siRNA into negatively charged
PLGA nanocapsules is challenging mainly due to the electrostatic repulsion between
siRNA and PLGA. PEI was used to overcome this drawback by adding positive
charged molecules during capsule preparation (Patil and Panyam, 2009). The
encapsulation of siRNA into nanometer sized capsules also depends on various
parameters such as the volume ratios of aqueous and organic phases, polymer and
SiRNA concentrations and sonication time (Cun et al., 2010). The encapsulation
efficiency obtained in this study was found to be comparable with the literature
which ranges between ~20-50 % with changes in the nanocapsule preparation
parameters (Alshamsan et al., 2010; Cun et al., 2010; Cun et al., 2011; Hasan et al.,
2012).
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3.2.2 In Situ Degradation of PLGA Nanocapsules

PLGA nanocapsules (1 mg) was suspended in 1X TE buffer (pH 7.4, 200 pL).
On Days 1, 3, 5, 7, 10, 15 and 21 the nanocapsules were centrifuged, resuspended in
fresh TE buffer, diluted with dH2O, added dropwise onto SEM stubs and air dried.
The morphology of PLGA nanocapsules during degradation were analyzed by SEM
(Figure 12). SEM micrographs revealed that the nanocapsules initially exhibited a
regular spherical shape and smooth surface. With time, agglomeration of particles
could be observed (Day 3). In the following days, increasing fractions of degraded
nanocapsules were observed (Day 5 to 14). Finally, on Day 21 the spherical
morphology of the nanocapsules was completely lost and almost a matrix like

structure was observed.
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Figure 12: SEM micrographs of PLGA nanocapsules during 21 days of incubation
in TE buffer (A, B). Scale bar: 2 um.
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3.2.3 In Situ Release of PEI:DNAoligo Complex from the PLGA Nanocapsules

In the studies conducted to assess the rate of release of the complex from the PLGA
nanocapsules, the amount of complex remaining in the capsules was measured by
using the fluorescence of the FAM-labelled DNAoligo and then deducted from the
entrapped value to determine the released amount through mass balance (Figure 13).
At predetermined time points, the nanocapsules were centrifuged and pellet was
resuspended in fresh TE buffer (pH 7.4). The addition of fresh medium created a sink
effect and prevented the pH drop by degradation of PLGA through the autocatalytic
degradation of PLGA.

On Day 1, capsules released 20% of their content. In the following days, the released
amount gradually decreased. On Day 15 the cumulative release was approximately
80%. The release pattern was in accordance with Higuchi model and was in
agreement with the literature for PLGA nanocapsules (Murata et al., 2008;
Alshamsan et al., 2010; Pantazis et al., 2012).

Drug release from particles is controlled by molecular weight, hydrophobicity, and
crystallinity of the polymer used since these properties affect the degradation time of
the polymer. High molecular weight, hydrophobic polymers degrade more slowly
than low molecular weight and more hydrophilic polymers. The length of chains
determines the extent of hydrophobic interactions of the polymer chains with each
other, therefore, the release of the drug through long chains becomes difficult
resulting in the reduced release rate of the drug (Dinarvand et al., 2011). In this
study, PLGA used had a low molecular weight (44 kDa) with a lactic acid to glycolic
acid ratio of 50:50, and had a high degradation rate. The burst release on Day 1,
could be explained by the release of PEI:siRNA closer to the capsule surface. The
following release might be both through diffusion of the complex through the PLGA
nanocapsule walls in addition to the degradation of ester linkages between the

backbone of PLGA polymer as the time progress (Dinarvand et al., 2011).
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Figure 13: Release of PEI: DNAoligo from PLGA nanocapsules (pH 7.4).
(A) Cumulative release of PEI:DNAoligo complex from nanocapsules. (B) Release
kinetics of PEI:DNAoligo complex. Quantification was done by measuring the

fluorescence intensities on Days 1, 3, 5, 7, 10 and 15 (n = 3).

The release results obtained in this study were treated according to various rate
equations. With the results obtained from the release study, the best fit was obtained
with the Higuchi model (r? value was higher than 0.9) and not with zeroth (release
rate is independent of drug concentration) or first order (release rate is proportional
to the drug concentration). Higuchi release kinetics is a mathematical model for drug
release based on the principle of the bioactive agent being released by diffusion

through the polymeric coat.
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It shows the direct proportionality of the cumulative amount of drug released from
nanocapsule with the square root of time and is expressed as M¢M. vs t¥2 (M; =
cumulative amount of released drug at certain time (t), M., = the maximum release at
infinite time). There are other studies in the literature that find their results fit best
when plotted according to Higuchi release kinetics (Bohr et al., 2012; Eke et al.,
2015).

3.2.4 Determination of Affinity of the ELR Towards Hydroxyapatite with
Fourier Transform Infrared (FTIR) Spectroscopy

The bioactive epitope present in the ELR sequence used in this study,
DDDEEKFLRRIGRFG, is known to have high affinity for hydroxyapatite (Barbosa
et al., 2009) (Tejeda-Montes et al., 2014).

In order to check this information in a simple environment and to observe whether
the ELR could be used to target the PLGA nanocapsules towards bone tissue, the
affinity of ELR to calcium phosphate compared to a standard protein, BSA, was
studied by using HAp disks by Fourier transform infrared spectroscopy (FTIR).
Figure 14 shows the FTIR spectra of HAp, ELR and BSA adsorbed HAp disks. BSA
was used as a control for protein adhesion. As can be observed from the figure both
amide | (1650 cm™, C=0 bond) and amide 1l (1534 cm™, N-H bond) bands are
visible in ELR adsorbed HAp disk.

The protein absorption peaks observed in the FTIR spectrum are those of amide | and
[ bands. Amide I results from the vibrational energy of carbonyl (C=0) stretching
(1600-1700 cm™*) and amide 11 arises from the N-H bending (1480-1575 cm™) (Byler
and Susi, 1986; Kong and Yu, 2007; Popescu et al., 2010).
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Figure 14: FTIR-ATR spectra of HAp and polypeptide interaction. (1) HAp, (2)
BSA adsorbed HAp, and (3) ELR adsorbed HAp pellet. Amide | and Il bands are
visible in the FTIR spectrum of ELR and BSA adsorbed HAp indicating that both
proteins were adsorbed on HAp pellets.

The peak intensity of phosphate group (PO4)™ group (1014 cm™) of HAp (Miller and
Wilkins, 1952) was used as a reference for the calculation of peak intensity ratios of
amide | and 1l to phosphate (Table 4). The NH-to-PO peak intensity ratio in ELR-
adsorbed HAp (2.9 x 10?) is higher than that of BSA-adsorbed HAp (1.8 x 107?).
Similarly, the CO-to-PO ratio is much higher in ELR adsorbed HAp when compared
with BSA adsorbed HAp. In addition, a peak intensity ratio in the amide | region
(C=0/P-0) was observed in HAp pellet treated with water as blank (Table 4) which
was thought to be due to water adsorption on the HAp disk (Kong and Yu, 2007).
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All together these results suggest that more protein is adsorbed on HAp when ELR is
used and implies a higher affinity of ELR towards HAp. Based on the results of this
study, it was concluded that ELR could be used as a targeting moiety for PLGA
nanocapsules towards HAp crystals present in the bone structure.

Table 4: FTIR Peak Intensity Ratios (C=0 to P-O) and (N-H to P-0O).

FTIR Peak Intensity Ratios C=0/P-O N-H/P-O
HAp 1.7 x 102 -

HAp-BSA 3.2x10? 1.8x 1072
HAp-ELR 8.4 x10? 2.9x1072

3.2.5 Preferential Binding of ELR Coated Nanocapsules on CaP Surface

After the observation of higher affinity of ELR polypeptide towards HAp, the ELR
coated PLGA nanocapsules were used to determine whether these nanocapsules
could preferentially accumulate on CaP coated surfaces. Figure 15 shows the
confocal micrographs of uncoated and ELR coated PLGA nanocapsules on CaP
coated osteoassay surface (Corning, USA). The higher number of ELR coated
nanocapsules (Figure 15B) compared to uncoated PLGA nanocapsule clusters
(Figure 15A) indicate the preferential binding of the ELR coated nanocapsules onto
CaP surfaces.
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Figure 15: Confocal micrographs of PLGA nanocapsules. A) Nile Red Loaded,
uncoated, and B) ELR coated PLGA nanocapsules. Scale Bar: 20 um.
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3.2.6 Detection of ELR on PLGA Nanocapsules

3.2.6.1 Study of Nanocapsule Topography with SEM

The use of Scanning Electron Microscopy (SEM) to observe and compare the
topography of coated and uncoated particles is a common technique (Singh et al.,
2005). In this study, the topography of uncoated and coated PLGA nanocapsules
were studied by SEM (Figure 16). Uncoated PLGA nanoparticles appeared as
smooth and spherical particles (Figure 16A), however, coated nanoparticles had
rough surfaces (Figure 16B). The roughness observed on coated PLGA nanocapsules

was interpreted to be due to the presence of protein (ELR) coat on the capsules.
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Figure 16: SEM micrographs of PLGA nanocapsules. (A) Uncoated, (B) ELR coated
PLGA nanocapsules. The rough surface of ELR coated PLGA nanocapsule implies

the presence of the protein coat on the capsules.
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1.1.1.1 Detection of ELR on Nanocapsules with TEM and XPS

PLGA nanocapsules were studied with Transmission Electron Microscopy (TEM) to
confirm that the roughness on the capsules observed in SEM micrographs was due to
the protein coat on the surface of the capsules (Figure 17). As can be seen from the
TEM figure, the uncoated PLGA nanocapsules appear to have a sharp outline (Figure
17A), however, a halo which was interpreted to be a protein coat on the PLGA
surface was visible on ELR coated PLGA nanocapsules (Figure 17B).
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Figure 17: TEM micrographs of PLGA nanocapsules. (A) Uncoated, (B) ELR
coated PLGA nanoparticle. The fuzzy appearance of the edges of ELR coated PLGA
nanocapsule implies the presence of ELR on the surface of PLGA nanocapsules.
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The capsules were also studied with X-Ray Photoelectron Spectroscopy (XPS) for
nitrogen atom presence to serve as a sign of the protein on the PLGA nanocapsules
(Ray and Shard, 2011). As can be seen from Figure 18 no nitrogen atom was
detected on the uncoated sample (Figure 18A). In addition, XPS results of the coated
PLGA nanocapsules yielded 11.7 % nitrogen atom on the sample (Figure 18B). The
nanocapsules used in the XPS analysis were empty nanocapsules, therefore, did not
contain any PEI:DNA oligo complex. The source of this nitrogen, therefore, can only
be the ELR treatment which supports that ELR was coated on the PLGA

nanocapsules.
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Figure 18: XPS spectra of PLGA nanocapsules. (A) Uncoated, (B) ELR coated
PLGA nanocapsules. The XPS spectra of the capsules show the presence of nitrogen

in the ELR coated PLGA nanocapsules.
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3.2.7 Particle Size Distribution Analysis

The size relevant properties of the various types of nanocapsules are presented in
Table 5 as diameters and PDI values and as particle size distribution in Figure 19.
The average diameter of uncoated, empty PLGA nanocapsules produced in this study
was 208 + 83 nm (Table 5). Loading the capsules with PEI:DNAoligo or coating
them with ELR did not change the size of the nanocapsules. In addition,
polydispersity index (PDI), the measure of particle size distribution, values were
between 0.17 and 0.63 representing mid-range size distribution.

Table 5: Diameter and PDI Values of Empty, PEI:DNAoligo (20:1) Loaded and
ELR Coated PEI:DNAOoligo (20:1) Loaded PLGA Nanocapsules

Sample Diameter (nm) Polydispersity Index
Empty PLGA nanocapsule 208 + 83 0.18
PEI:DNAoligo (20:1) loaded PLGA
197 £ 76 0.17
nanocapsule
ELR coated PEI:DNAoligo (20:1) loaded
220+ 81 0.63

PLGA nanocapsule

When drug delivery systems are administered in an i.v. manner into the blood
stream, they undergo biodistribution. They extravasate from the blood vessel
epithelium according to their sizes and are deposited in the tissues. Very small
nanoparticles (ca <6 nm) are eliminated by renal excretion (Choi et al., 2007).
Particles in the size range of 100-200 nm are deposited in the liver, spleen and bone
marrow due to the discontinuous fenestrations of the basal membranes of those
tissues (Barua and Mitragotri, 2014). The representative plots of the particle size
distribution of empty, uncoated and ELR coated PEI:DNAoligo loaded nanocapsules

are presented in Figure 19.

62



Size Distribution by Number
20_ ................. : .................. ...._ ................. : .................
o 15 . : : /r\\ ...........................
@) E : Record 319: Empty PLGA NC 2 f
pd g : 16,6 Percent at 164,2 d.nm l \ : :
> oot L R It N L
2 g . : o . :
I.IEJ £ : : : H 1‘. : :
b 51 ENEREE .l\
k!
N\
0 ; ; i
0.1 10 100 1000 10000
Size (d.nm)
Size Distribution by Number
O 20 ... e Eaaw ‘e .-.
z 5 :
8 [ T . . /“
g E Record 322: 20-1 PE"SiRNA loaded PLGA NC 2 ,} | .
S g 16, Percent at 164,2 d.nm [ :
- o - :
z JOF e R |I ..... \ ............................ :
< g |
pd E \ :
.D_: 2 IO T | PR .l'\,\ ..........................
7] 1 :
—_ A\ :
L :
o 0 + . 4
0.1 10 1000 10000
Size (d.nm)
Size Distribution by Number
<
Z 257
,0_: )
] B R PR e B R RRRERE e
o9 £ - : |
o Z § Record 156: 20-1 pei-sina loaded piga nc coated with ELR 2[ [ |
| o § 157 20,0 Percent at 150,1 d.nm I \ AASRARARAE ARARARRRAAAR AR
q) = 4 . . ]
ool 5 : : / ||||
DO = 11 L R I e
= o E N . ".
< 5 | : o
O L R e I ................ ....... b \\. tssserelencnenensnensanns
x ' : ]
- 0 + 1
L 0.1 10 1000 10000
Size (d.nm)

Figure 19: Representative graphs of particle size distribution.

In this study 53% of ELR coated and PEI:DNAoligo loaded PLGA nanocapsules had

a diameter less than 200 nm. The large fraction of nanoparticles increases the

possibility that some might extravasate from the fenestrations in the bone marrow,

attach to HAp of the bone tissue and release their content into the basic multicellular

units (BMUSs) during bone resorption process.
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3.3 In Vitro Cell Culture Studies

3.3.1 RAWS264.7 Cell Line: Culture and Differentiation

The pre-osteoclastic (pre-OC) cell line, murine macrophage RAW?264.7 cells,
responds to RANKL stimulation in vitro to generate bone resorbing multinucleated
osteoclasts and has been widely used in studies of osteoclast differentiation and
function (Gan et al., 2016; Zeng et al., 2016; Tanaka et al., 2017). Their origin is a
tumor induced by injection of Abelson leukemia virus in a male mouse. However,
these cells do not secrete any detectable virus particles (Collin-Osdoby et al., 2012).
When these cells are seeded at a low density (2x10* cells/cm?) their doubling time is
11 h in DMEM medium supplemented with 10% heat inactivated serum (Sakagami
et al., 2009). RAW264.7 cells express the receptors c-fms (for M-CSF) and RANK
(for RANKL) (Theoleyre et al., 2004; Ohno et al., 2006).

For the differentiation of RAW264.7 pre-OC to mature osteoclasts, the cells were
incubated with the cytokines (RANKL and M-CSF) for a total of five days because it
is known that RAW264.7 cells can fuse with each other after day 5-6 even in the
absence of RANKL (Collin-Osdoby et al., 2012).

Representative images of undifferentiated RAW cells and differentiated RAW-OC
are shown in (Figure 20). The image in this figure was obtained on Day 5 of the
differentiation procedure, then fixed with PFA (4%) and stained for Tartrate
Resistant Acid Phosphatase (TRAP).
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Figure 20: Representative microscopy images of undifferentiated and differentiated
cells used in the study. A) undifferentiated, B) differentiated RAW264.7 osteoclastic
cells. The images were obtained on Day 5 of the differentiation procedure with

phase-contrast microscope.
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3.3.2 Determination of Cell Viability

The possible adverse effect of PLGA nanocapsules on RAW264.7 cell viability was
assessed for five days in 96-well plates for 5 x 10° cells/0.5 mg NC/well (Figure 21).
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Figure 21: Effect of PLGA nanocapsules on viability of RAW264.7 cells as
determined by Alamar Blue cell viability assay. The significance values are result
from the comparison of untransfected and empty nanocapsule-transfected cells at

each time point (n=3). Seeded cell density was 5x10° cells/well.

On Day 1, no significant effect of nanocapsules was observed on the attachment of
the cells compared to the untransfected cells. Between Days 1 and 5, both
untransfected and empty nanocapsule-treated cells proliferated approximately with
similar rates (4.5 and 5.4; untransfected and nanocapsule treated cells). These
indicate that the PLGA nanocapsules do not significantly affect RAW264.7 cell
viability. Based on these results, it was concluded that PLGA nanocapsules have no

significant toxic effect on the viability of RAW264.7 cells.

66



3.3.3 Internalization of PLGA Nanocapsules

The cellular uptake is a dynamic process where both endocytosis and exocytosis are
involved and are concentration, time and energy dependent. The internalization and
localization of PLGA nanoparticles within the RAW264.7 cells were studied with
confocal laser scanning microscopy. RAW?264.7 cell suspension was transfected with
Nile Red (Aex=551 nm, Aem=636 nm) loaded PLGA nanocapsules and seeded on
TCPS covers. Two days post transfection, the cells were fixed and stained with
DRAQ5 and 488-labelled Phalloidin to stain the nucleus and the actin of the
cytoskeleton; respectively (Figure 22). As can be seen from the figure, nanocapsules
have crossed the cell membrane (Figure 22A) and are internalized (Figure 22B). This
is an indication of the potential of the PLGA NC to be effective in delivering their
drug cargo (SiRNA) into the cytoplasm where siRNA inhibits the translation of the
MRNA. In the cytoplasm, PEI:SiRNA loaded PLGA nanocapsules are expected to act
as drug depots and release their content, so that siRNA could function once it is
dissociated from PEI.
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Figure 22: Confocal laser scanning micrograph of Nile Red loaded PLGA
nanocapsules (pink) in RAW264.7 cells 48 h post transfection. A) The nile red
loaded PLGA nanocapsules are internalized by the cells. Insets present the 40X
magnification. B) The nanocapsules are localized around the nucleus. DRAQS5 stains

the nucleus (blue) and Alexa 488-labelled Phalloidin stains the cytoskeleton (green).
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The internalization of nanoparticles is initiated when the particle attaches onto the
cell membrane. This attachment is affected both by the hydrophobicity and the
surface charge of the particulate system (Gratton et al., 2008). Hydrophobicity of the
particle increases the possibility of cellular uptake due to increased chance of
interaction with hydrophobic cell membrane (Samadi Moghaddam et al., 2015). As
for the charge of the particle, positively charged particles are more advantageous
than negatively charged carriers as they can attach themselves more efficiently onto
the negatively charged cell membrane. They are, however, more toxic to the cells, in
a dose dependent manner (Bannunah et al., 2014). The influence of the cell type, on
the other hand, can not be ignored. Phagocytic cells are known to interact more with
negatively charged particles, in contrast to non-phagocytic cells (Frohlich E., 2012).
Our results show that the particles used in this study were negatively charged (zeta
potential -10.96 + 3.8) and were effectively internalized probably because of cell
type. The internalization of negatively charged PLGA microparticles by murine
primary monocyte macrophages were also shown by other groups (Wang et al.,
2012). In another study, the preferential uptake of the anionic polystyrene
nanoparticles (with a size of 116 nm) by human macrophages was also shown
(Lunov et al., 2011). In conclusion, the internalization of nanoparticles by the cells is
affected mostly by charge and hydrophobicity of the nanocapsules along with the cell
type (Mailander and Landfester, 2009).
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3.4 Gene Expression Studies

3.4.1 Efficiency of RANK siRNA Sequence in Gene Silencing

Knockdown of the target gene RANK was studied using qRT-PCR. For this purpose
two siRNAs (RANK siRNA#1 and RANK siRNA#2) (sequences presented in Table
1, Section 2.2.5.1) were used to determine the siRNA which leads to a significant
inhibition of the target gene. The amount of RANK mRNA normalized to the
housekeeping gene GAPDH and relative to control (the fold change of RANK) was

calculated using the 224 equation (Section 2.2.5.2).

In order to eliminate the possible interference by mock (only HiPerfect transfection
reagent) or scrambled siRNA to RANK mRNA expression in RAW264.7 cells, fold
change of RANK in mock and scrambled siRNA transfected cells were calculated by
using the untransfected cells as control sample.

In the first 24 h, no significant alteration in RANK fold change was observed in the
mock (1.01 + 0.27) or the scrambled siRNA transfected cells (0.98 + 0.24) relative to
untransfected control (Figure 23). At 24 h post transfection, a significant reduction in
the fold change was observed in RANK siRNA transfected samples (0.19 + 0.08).
These reductions in the fold change of RANK in the first 24 h correspond to 80%
inhibition.

The inhibition level was reduced to 73% 48 h post transfection. Fold change of
RANK in siRNA#1 treated samples were 0.27 + 0.04. At 72 h post transfection, fold
change of RANK was found to be 0.26 + 0.13 when compared to untransfected cells.
No significant changes of RANK mRNA levels were observed in the mock or
scrambled siRNA transfected cells at 48 h (0.86 £ 0.09, 0.99 + 0.32; respectively) or
72 h (0.38 £ 0.23, 0.73 + 0.05) post transfection when compared to untransfected

cells.
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Figure 23: Fold change of RANK mMRNA expression in mock (HiPerfect
Transfection Reagent), scrambled, and RANK siRNA#1 transfected cells. The fold

change of RANK expression is presented as mean £ STDEV of three individual

experiments.

The inhibition in RANK mRNA by the second siRNA (RANK siRNA#2) was also
calculated using the same method (Figure 24). No significant reduction was observed
at 24, 48 or 72 h post transfection in the fold change of RANK expression;
1.02 + 0.41, 0.78 £ 0.12 and 0.46 * 0.34, respectively. The lower levels of RANK

mMRNA inhibition with the sSiRNA treatment did not reach to significant levels.

For this reason, RANK siRNA#1 was used in the further experiments.
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Figure 24: Fold change of RANK mMRNA expression in mock (HiPerfect
Transfection Reagent), scrambled, and RANK siRNA#2 transfected cells. The fold
change of RANK expression is presented as mean £ STDEV of three individual

experiments.

3.4.2 Inhibition of RANK mRNA with Varying N/P Ratios

The inhibition studies with different N/P (6, 20, 25, 30, 60) were performed to
determine the N/P that leads to the inhibition of the target gene and to eventually use
that N/P complex in the following experiments. The gPCR results of the inhibition of
RANK mRNA through transfection of cells with only the PEI:SIRNA complexes
(without entrapping the complexes into PLGA nanocapsules) are given in Figure 25.
When N/P ratio of 6 is used for the transfection, no alteration in the RANK mRNA
expression was observed. Also, 72 h post transfection, PEI showed an off-target
effect on RANK mRNA fold change (Figure 25 dark gray bar-PEI transfected cells).
N/P 20 led to 28% inhibition at 24 h post transfection, however, it was not
statistically significant. During the transfection period, dead cells were observed with
N/P 30 and 60 therefore, it was decided that they were very toxic to the cells. In
addition, the N/P 25, 30 and 60 did not lead to significant inhibition and the PEI
amount in those complexes seemed to have an off-target effect on RANK mRNA

expression (Figure 25 dark gray bars-PEI transfected cells).
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The PEI amount in the complex of N/P 20 did not lead to non-specific RANK
MRNA inhibition in PEI transfected cells. When it was in a complex with RANK
SIRNA it led to 28 % inhibition, still insignificant, in the first 24 h.
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Figure 25: Inhibition of RANK mRNA expression with N/P ratios of 6, 20, 25, 30,
60 (A, B). The fold change of RANK expression is given as mean = STDEV of two

individual studies.

It should be noted that in this study, the transfection of siRNA into the cells is only
accomplished by PEI (in the absence of PLGA nanocapsules). The amount of PEI in
the complex should be sufficient to both condense the siRNA and to transfer it into
the cells. In addition, once in the cell, the amount of PEI should also allow the escape
of the complex from the endosomes and release the siRNA into the cytoplasm. In
order to escape from the endosomes, not only the PEI in PEI:SiIRNA complexes but
also the free PEI plays an essential role. It is known that the protonated PEI in the
endosomes expand volumetrically in order to reduce the electrostatic repulsion

between the positive charges.
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As a result of this expansion, it interacts with the endosomal membrane leading to
lipid bilayer permeabilization and thus the release of the content of endosome into
the cytoplasm (Neuberg and Kichler, 2014). The effect of different N/P on mRNA
inhibition, although carrying the same siRNA amount is, therefore, also dependent
on free PEI amount. The different efficiencies of RANK mRNA inhibition through
transfection with different N/P might also be due to this phenomenon. There are
more free PEI in the complex of N/P 20 than that of N/P 6 resulting in more
endosomal escape capability and thus the efficacy. In the higher N/P, for instance the
N/P of 30 and 60, the cytotoxicity and off-target effect of PEI on cells and RANK
MRNA were observed. In the literature, the N/P of 20 was also chosen for mRNA
knockdown in siRNA transfection studies with low cytotoxicity (Zhang et al., 2011,
Wang et al., 2012). Based on the results obtained this study and the literature, N/P of

20 was chosen for use in the later experiments.

3.4.3 Inhibition of RANK mRNA in Nanocapsule Transfected Cells

The efficacy of the PEI:RANK SiRNA loaded PLGA nanocapsules on RANK
mMRNA inhibition was studied with gPCR (Figure 26). The expression of RANK
MRNA normalized to that of housekeeping gene, GAPDH, and relative to control
(the fold change of RANK) was calculated using the 224t The fold change in
RANK mRNA was calculated by using the cells transfected with empty
nanocapsules as the control group. On Day 3, a statistically significant reduction in
RANK mRNA levels (0.53 £+ 0.10) compared to the empty nanocapsule treated cells
(47% inhibition) were observed. On Day 5, the inhibition was reduced (0.91 £ 0.15).
The decrease in inhibition on Day 5 might be due to refreshing of the medium on
Day 3. At this step, the nanoparticles were removed and therefore further inhibition
was achieved only with the particles that were already taken up by the cells until Day
3. In addition to medium change, cell division decreases the amount of nanoparticles

within each cell.
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Figure 26: Fold change of RANK mRNA at 3 and 5 days post transfection with
PLGA nanocapsules carrying different cargo (n=3). A statistically significant mMRNA
inhibition was observed on Day 3. Abbreviation Codes: NC: PLGA nanocapsule; R-
NC: uncomplexed RANK siRNA loaded nanocapsules; PSc-NC: PEIl:Scrambled
SiRNA loaded nanocapsules; PR-NC: PEILRANK siRNA loaded PLGA
nanocapsules.

As can be observed in Figure 26 the naked siRNA loaded nanocapsules (R-NC) did
not lead to any RANK mRNA inhibition at either of the time points (1.12 £ 0.32 on
Day 3, and 1.30 £ 0.21 on Day 5). This result is also reported by other studies in the
literature (Kim et al., 2008; Murata et al., 2008) and concluded to be due to absence
of PEI. It was shown that although naked siRNA loaded PLGA microspheres caused
inhibition in the first 12 hours, the level of this inhibition was reduced during the 8
days of culture. It was concluded that the addition of a cationic carrier such as PEI
into the microspheres could achieve long lasting release of siRNA in the cells and
thus silence the target, because the absence of PEI would allow the degradation of
the siRNA in the lysosomes as naked SiRNA is more prone to degradation by
nucleases than that of its complexed form (with PEI) since complexation with PEI
protects and leads siRNA escape from the lysosomes (Dominska and Dykxhoorn
2010).

76



Since no inhibition in RANK mRNA levels were observed with naked siRNA loaded

PLGA nanocapsules, the group was not included in the later studies.

3.5 Inhibition of Osteoclast Differentiation and Activity

The effect of PEI:RANK siRNA loaded nanocapsules were also studied to determine
their efficacy on the inhibition of osteoclastogenesis and suppression of osteoclastic

activity.

3.5.1 Inhibition of Osteoclast Differentiation

The efficacy of the delivery system in inhibiting the osteoclastic differentiation was
studied by staining the enzyme Tartrate Resistant Acid Phosphatase (TRAP) by using
Acid Phosphatase Leukocyte (TRAP) Kit (Sigma, Germany) according to
manufacturer’s protocol. TRAP is a phosphoprotein phosphatase (Oddie et al., 2000)
that is found in the bone and TRAP staining is used as a histological marker for
osteoclasts (Li et al. 1970). It has been shown that its main function in osteoclastic
bone resorption is degradation of bone matrix phosphoproteins such as osteopontin
(Ek-Rylander et al., 1994) and osteonectin (Andersson and Ek-Rylander, 1995).
TRAP also causes the production of reactive oxygen species (ROS) in the resorption
lacuna during bone resorption and help degrade collagen. It is also found in
transcytotic vesicles which helps to further degrade the matrix degradation products
that are transported from the resorption lacuna to the basolateral plasma membrane

from where they are expelled (Hayman A., 2008).

In this study, RAW264.7 cells were transfected with empty nanocapsules,
PEI:Scrambled siRNA or PEI:RANK siRNA loaded nanocapsules. The transfected
cells were also differentiated into mature osteoclasts with RANKL and M-CSF for 5
days with a medium change on Day 3. On Days 3 and 5, the cells were fixed and
TRAP staining was performed on TCPS slides. Representative images of the TCPS

slides are given in Figure 27.
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Figure 27: Representative images of staining of TRAP in differentiating RAW264.7
cells transfected with empty nanocapsules, PEI:Scrambled siRNA and PEI:RANK
SiRNA loaded PLGA nanocapsules. Dotted yellow circles are examples of the type
of osteoclasts counted in each image. NC: PLGA nanocapsule, PSc-NC:
PEI:Scrambled SsiRNA loaded, PR-NC: PEI:RANK siRNA loaded PLGA

nanocapsule.
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For the quantification of the number of osteoclastic cells, the whole area of the TCPS
slides were counted for multinucleated TRAP (+) cells using Image J Analysis
Software (NIH, USA). On Day 5, a statistically significant reduction in the number
of TRAP (+) multinucleated cells were observed in PEI:RANK siRNA nanocapsule
transfected cells compared to cells treated with empty nanocapsule or PEl:Scrambled

SiRNA loaded nanocapsule (Figure 28).
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Figure 28: Inhibition of differentiation in empty nanocapsule, PEI:Scrambled and
PEI:RANK siRNA loaded nanocapsule transfected cells. Data is expressed as
mean = STDEV of three individual studies. NC: PLGA nanocapsule, PSc-NC:
PEl:Scrambled siRNA loaded, PR-NC: PEI:RANK siRNA loaded PLGA

nanocapsule.

Interestingly, on Day 3, larger cells, not stained positive for TRAP, were observed
(Figure 27). The cell count on Day 3, therefore, was done based on their cell
morphology. This result might be due to effect of PLGA nanocapsules on
osteoclasts. A study performed by Cenni et al., revealed that pure PLGA
nanocapsules cause actin ring disruption and inhibition of collagen degradation in

differentiated human osteoclasts.
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These functional properties are used in the determination of activity of mature
osteoclasts (Cenni et al., 2012). Staining for TRAP is also a marker of osteoclast
differentiation and function since it is responsible for degradation of bone matrix
phosphoproteins and collagen due to ROS it produces (Halleen et al., 1999; Hayman
A., 2008). It may, therefore, be possible that PLGA nanocapsules themselves have
an inhibitory effect on TRAP activity in differentiating osteoclasts. It seems that after
the removal of the capsules from the medium on Day 3 and with reduction in
nanocapsule concentration endocytosed by cells with further cell division, the effect
of the capsules on TRAP activity is reduced, and the cells could be stained for TRAP
on Day 5.

3.5.2 Inhibition of Osteoclastic Activity

It is known that when osteoclasts are cultured on bone or dentin slices, they excavate
resorption lacuna or “pits” which are structures similar formed to those in in vivo
environment during bone resorption (Charles and Aliprantis 2014). The number and
size of those resorption pits are used as a quantification method for the osteoclastic
activity. The osteoclastic activity was studied with pit formation assay by using the
osteoassay surface 96-well plates (Corning, USA) which are plates coated with
calcium phosphate and are used in functional assays of osteoclasts (Abe et al., 2012;
Dou et al., 2014). The images presented in Figure 29 are the result of the batch

analysis of 15 images obtained from each group (n=3).
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Figure 29: Osteoclastic activity determined by pit formation assay. Top panel:
Representative images of areas resorbed by undifferentiated RAW264.7 cells,
untransfected cells (UT) and differentiated RAW-OC cells transfected with PLGA
nanocapsules carrying different cargo. NC: PLGA nanocapsule, PSc-NC:
PEI:Scrambled siRNA loaded, PR-NC: PEI:RANK siRNA loaded PLGA
nanocapsule. Bottom panel: Quantification of areas of resorbed pits (n=3). Dotted

yellow circles show examples of resorbed pits in the micrographs. Scale Bar: 50 um

It is clearly observed that treatment of RAW264.7 cells with RANKL resulted in the
formation of resorption pits (Figure 29, untransfected cells) supporting the role of
RANKL dependent of osteoclast formation and function. The resorbed pit area was
calculated to be 21.9 + 1.5 %. Treatment with empty nanocapsule or Scrambled
siRNA loaded nanocapsules did not suppress the formation of pits (19.9 + 2.1 % and
18.3 = 0.4 %, respectively). The treatment of cells with PEI:RANK siRNA loaded
nanocapsules, however, resulted in a significant reduction in the formation of
resorption pits (10.0 £ 1.4 %). It was concluded that the decrease in the formation of
pits might be due to presence of fewer osteoclasts, as determined by TRAP enzyme
staining, together with the reduction in the activity of differentiated osteoclasts
caused by RANK inhibition.
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CHAPTER 4

CONCLUSIONS

Osteoporosis is the most common bone disease characterized by low bone mass,
elevation in bone fragility and susceptibility to fractures. Although being a major
health problem, its effective treatment remains a challenge. Our motivation in this
study was to develop an effective treatment strategy to achieve a systemic and bone
targeted delivery of the therapeutic agent. sSiRNA was chosen as the therapeutic agent
because of its specificity towards mMRNA sequence. It was used in complex form
with PEI to protect the siRNA in the extra- and intracellular environments. PLGA
was used both to mask the toxicity of PEI and to carry the PEI:siRNA complex
selectively to bone tissue. The increased bone affinity was imparted to the PLGA
nanocapsules by coating the nanocapsules with a genetically engineered Elastin like

recombinamer, ELR, carrying a sequence that has high affinity towards HAp.

The delivery system designed was characterized using SEM, TEM and XPS to show
the efficiency in coating the ELR on the capsules. PEI:DNAoligo loaded PLGA
nanocapsules were studied in terms of encapsulation efficiency and release Kkinetics.
The efficacy of PEI:siRNA complex loaded nanocapsules were studied in osteoclast
precursor cell line. The inhibition of mMRNA through the action of delivered siRNA
were studied along with the functional assays for differentiation of osteoclast

precursors and activity of mature osteoclasts.

Experimental results indicated that, a high fraction of PEI:siRNA loaded and ELR

coated PLGA nanocapsules had sizes smaller than 200 nm.
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This makes the transport of these particles through the vasculature and extravasation
theoretically possible, and it is likely that a fraction of the injected particles will be
localized in bone tissue due to the interaction of ELR with the calcium phosphate of
the bone. Once the nanoparticles are in the vicinity of the bone, the nanocapsules or
the released siRNA complexes will be internalized by the bone cells where the
siRNA would function. The encapsulation efficiency of PEI:SIRNA complex was
considered enough to release sufficient amount of PEI:siRNA complex. The delivery
system was effective in inhibiting the mRNA levels of the target gene, RANK. It also
suppressed the differentiation of osteoclast precursors to mature osteoclasts and the
resorption of the osteoclasts. In summary, it is concluded that the delivery system
designed has the capability to suppress bone resorption and decrease the incidence of
osteoporosis.
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APPENDIX A

OPTIMIZATION OF QUANTITATIVE REAL TIME POLYMERASE
CHAIN REACTION (gRT-PCR)

RNA Isolation

RNA isolation was performed by using RNeasy Micro Kit (Qiagen, Germany)
according to manufacturer’s protocol. Briefly, cells were disrupted with buffer RLT
(350 pL) by vortexing and was added into QIAshredder spin column for
homogenization and centrifuged (14000 rpm, 2 min). Ethanol (70%, 350 pL) was
added and suspension was transferred to an RNeasy MinElute spin column and
centrifuged (10000 g, 15 s). The spin column was washed with RW1 buffer (700
puL), RPE buffer (500 pL), ethanol (80%, 500 pL). RNA was eluted from the
membrane by centrifugation (14000 rpm, min) with nuclease free water (22 pL).
Finally, the RNA sample was incubated at 65°C for 10 min and treated with DNase |
to clean the contaminating DNA.

DNase | Treatment

DNase | treatment was performed using DNA-freeTM kit (Ambion, Invitrogen,
Germany). Briefly, RNA solution contaminated with DNA (20 uL) was incubated
with DNase | buffer (2 pL) and rDNase | (1 pL) at 37°C for 30 min. Then DNase
inactivation reagent (2 pL) was added to the solution and incubated for 2 min at
room temperature, mixing occasionally during the incubation. Lastly, the solution
was centrifuged (10000 g, 5 min) and the supernatant was taken into a DEPC treated

tube and stored at -80°C until used.
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First Strand cDNA Synthesis

First strand cDNA synthesis was performed by using RevertAid First Strand cDNA
Synthesis Kit (Invitrogen, Germany). The following reagents were added into a
sterile, DEPC treated tube:

Reagent Volume

Total RNA 1 pg

Oligo (dT)1s primer 1 uL

Nuclease Free Water | Complete to 12 pulL

Total Volume | 12 pL

This solution was incubated at 65°C for 5 min and chilled on ice. Then the following

components were added in the following order:

Reagent Volume (pL)
5X Reaction Buffer 4
Ribolock RNase inhibitor 1
(20 u/pL)
10 mM dNTP mix 2
Revertaid M-MulV Reverse 1
Transcriptase (200 u/pL)

Total VVolume 20

The solution was incubated at 42°C for 60 min in a thermal cycler and the reaction

was terminated by heating at 70°C for 5 min.
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Optimization of Primers for gRT-PCR

Reaction mixtures of 100, 10, 1, 0.1 and 0.01 ng cDNA samples were prepared and
gRT-PCR was performed. The amplification (Figure 30 and Figure 33 ), melt (Figure
31 and Figure 34) and standard curves (Figure 32 and Figure 35) of each primer pair
were plotted to determine the reaction efficiency.
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Figure 30: The amplification of RANK amplicon (yellow line: Non-template

control).
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Cycing AGreen (SABio-COLZA1)

I
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Figure 32: The standard curve of RANK primer.
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GAPDH Primer

Figure 33: The amplification of GAPDH amplicons (yellow line: Non-template
control).
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Figure 34: The melt curve of GAPDH amplicons (yellow line: Non-template

control).
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Cycling A.Green (SABio-COLZA1):
R=0,99527
R"2=0,88055
1=-3 375
B=21,532
Efficiency=1,02

10 ¢ 0

Concentration

Figure 35: The standard curve of GAPDH primer.
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The PCR products were also checked with agarose gel electrophoresis (Figure 36).
Products around expected sizes were observed. The amplicon sizes of RANK and
GAPDH are represented in Table 2.

RANK RANK Ladder GAPDH GAPDH |Ladder
NTC cDNA NTC cDNA

Figure 36: Agarose gel electrophoresis of PCR products. NTC: non-template control
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The isolated RNA samples were also checked for DNA contamination via PCR
without using reverse transcriptase enzyme and no product was observed (Figure 37
and Figure 38).

0 No-RT Control
NTC — -

Theeshokd]

Figure 37: Amplification of DNasel treated RNA sample (No-RT control) and NTC
(No-Template Control). No amplification was observed in No-RT and NTC.

No-RT Control
NTC

Figure 38: Melt Curves of No-RT control or NTC. Melt curves did not indicate any

product since there was no amplification during PCR.
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APPENDIX B

RAW 264.7 PRE-OSTEOCLAST CELL LINE ALAMAR BLUE

CALIBRATION CURVE

Cell Number | Percent Reduced
10000 0.463
25000 3.227
50000 9.027
75000 14.959
100000 19.487
250000 46.697
&0
y = 0.0002x
50 E R? = 0.9965
S i
=
30
;
E 20 -
O
10 Pt
0 [
0 50000 100000 150000 200000 250000 300000

Cell Number

Figure 39: Alamar Blue calibration curve of RAW264.7 preosteoclast cell line.
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APPENDIX C

PEI:FAM-LABELLED DNAOLIGO FLUORESCENCE INTENSITY
CALIBRATION CURVE

DNAoligo Average
(1)) Fl
0.8 214.28
0.6 157.08
0.4 124.77
0.2 46.65
0.1 22.07
0 0.00
250+ y=270.35x
—_ R%= 0.9892
E
c 2001
h
L=
D
£ 150-
@
=
& 100+
=
>
€@
= 50+
(T
ﬂ' | | | 1 1

1 | | | |
00 01 02 03 04 05 06 07 08 08 1.0

Amount of DNA oligo (ug)

Figure 40: Calibration curve of PEI:FAM labelled DNAoligo complex
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