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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. Vaseéf Ha
CoSupervisor: Prof . Dr . Hasan Ul
May 2018 118 pages

Osteoporosis, the most common disease of bone, is a skeletal disorder
associated with low bone masecreasein bone fragility andin susceptibility to
fractures. The high bone resorption rate is shown to be due to increased number and
activity of the ostoclasts. 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 foosteoclasts by binding to its receptor RANK
expressewn osteoclast progenitors and mature osteoclasts. The currentlyussd
for osteoporosissuch asise ofbisphosphonatef)enosumab and teriparatide, have
low bioavailability, long-term safety corernsandcausegastric problemsThisled to
the need fodelivering the drugs in carrier systems to increase their bioavailability
anddecreas¢heir side effects. In recent years, however, the increased understanding
of molecular background of bone palibgy, the use of RNA interference (RNAI)
gaired interest in developing new treatment strategies for the disease. Small
interfering RNA 6IRNA) is a double stranded RNA (dsRNA) molecule which is

usedin this contexto inhibit the translation of abnormalmgexpressiom cells



In this study, we developed potentially intravenously injectable siRNA
delivery systemthat cantarget osteoclasts inbone tissue for the treatment of
osteoporosis Polyethyleneimine (PEJ) a polycationic moleculewas used as
complex with RANK siRNA which waghenloaded ino poly(lactic acidco-glycolic
acid) (PLGA) nanocapsuleshe loaded nanocapsules were coated with a genetically
engineered osteoconductive polypeptide, Elastin like recombinamer @&sined
to attach specially to bone mineralsto specifically target thedrug loaded
nanocapsules to the bone tissue. The carrier systamtructedwas studied by
Scanning Electron Microscopy (SEM), (Transmission Electron Microscopy) TEM
and XRay Photoelectron SpectrosgofXPS) to show the ELR coat on the capsules.
Different nitrogen to phosphate ratios (N/Rpresenting PEI and sSiRNA,
respectively)for the PEI:RANK siRNA complexes were studied to determine the
least toxic and most effective complex which would lead stisfactory RANK
MRNA inhibition. As aresult of that studythe N/P ratio of 20 was choseto
construct the completo be loaded irthe PLGA nanocapsules. The encapsulation
efficiency of the PEI:RANK siRNA complex (N/P 20) into PLGA nanocapsules
were 48% &d its release kinetickllowed the Higuchi kinetics for 15 days. The
PEIIRANK siRNA loaded PLGA nanocapsules significantly inhibited RANK
MRNA (53 %) in an osteoclast precursor cell line. The differentiation of the
precursorsinto mature osteoclasts wadso suppressed by the delivery system.
Treatment of differentiating osteoclasts with the PEI:RANK siRNA loaded PLGA
nanocapsules inhibited their osteoclastic activity. In conclusi@ndelivery system
designed hathe potential toserve asan alternatie treatment method farse inthe

treatment of osteoporosis.

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

KEMKK ERKMESK TEBKEKRBKAKBKNI M SKSTEMK
GELKKTKRKLMESK

Sezlev Bilecen, Deniz
Doktora., Biyoteknoloji Bélim
Tez y°neticisi: Prof . Dr. Vaseéf
Ortak tez y°neticisi: Prof. Dr.
May és 11BGayf8 ,

En sék g°r ¢l en kemi k (hoasstteaol péojréo zo)l,a nd ¢kkegnki
ile karakterize edilen kemi k keréelganl éj eénén vV e k
artmaséndan kaynakl anan bir iskelet si st
kemi k yekéménén sebebinimsebstoedaklaks talrarne
kaynakl & ol duju bilinmektedir. Ost eokl as

reseptor aktivator nukleer faktér kappa B (RANK)/reseptor aktivatér nukleer faktor

kappa B I|igandé (RANKL) Ssi stemi -,0k °ne
osteokl ast °nce¢gl erinin vV e osteokl astl ar
resept®°re¢ne bajlanar ak, bu ©°nc¢lerin osi
ol an osteoklastlareén iklevlerinin artmas
bisfosfonslar, De nas u mab vV e teriparatit gi bi t
bi yoyararl aneml éj é, y ol a-téeje mide prob
-ékan geveni b irl i ik sorunl arénén ol mas
uygul anmas édogjeurrenkukitlurj.i nSon yéll arda yap:¢

kemi k patolojisinin molek¢ler altyapéseén

y°ntemlerinin gelixktirilmesinde, RNA i nt
°nem k a zkigukiterterandRNA (SIRNA) cift zincirli bir RNA molekul
olup,hicreicerisindg en i fadesi ni baskél amak i -in ki

Vii



Bu -al ékmada, kemi k eri mesi tedavi si i -1in
hedef |Ive mmvertz olarak enjekte edilédiek bir SIRNA sal ém si st e mi
gel i ktiril miktir (poliké&yoriki rotekil) wenRAMK SIRNA PEI )

kull anél ar ak ol ukturuan -Ko-glikopk! edsi§ | e r pol i
nanokapse¢llerinin i -erisine ye¢gklenmiktir. K ¢
o | u k t kapsilleraosteokondiktif bir sekans olan, elastin benzeri rekombinamer

( ELR) Il e kaplanméxteéer . Kapse¢l |l er czerindek

Mikroskopu (SEM), Gegirimli Elektron Mikroskopu (TEM) ve-Xk éné Fot oel ekt r o

Spektroskopisi (XPS) yontemlr i kull anél anar ak gosteril mi:
toksisite ve en y¢ksek etkiyi; gerteeséeyn aniREIO
ve SiRNA sahip olan PEI: RANK si RNA kompl eksi b
sonucuna g°re, N/ P EIRBNKaiRMANkempeksleriaPhGAp ol an P
nanokapse¢llerinin i -erisine y¢gklenmiktir ve
hesapl anméxkt ér . Bu komplekslerin kaps¢l |l erd
-al ekxel mék ve Higuchi s a | Rurkapddlienosteoklgstt ne uydu]j
°nc¢ h¢gcrelerine uygulanmék ve RANK mRNA s

anlamlée bir kekil 3) azE&kl dodjaé& adk?® s tueyrgiull mainkatni rs

sayesinde osteokl ast °nce¢egl eriniméektoasnt e okl

a

S

Ost eokl ast °nce¢gl erinin farkl él akmal aré séra

S

nanokaps¢l |l eri il e muamele edil mesi osteokl
a- mékteéer . Sonu- ol ar ak, ol ukturul an sal ém
kull anéehactiak hitetredavi y°nt emi ol ma potansi
Anahtar Kelimeler: Ost eopor oz, hedefl enmi K sal ém si

aktivator nukleer faktor kappa B (RANK), poli(laktik a&ib-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
diseass, such as bone cancer, osteoarthatisl osteoporosis, are very important
health problems, their effective treatments remain a chall@igeng et al., 2037
Osteoporosisaffects approximately200 million peopleworldwide. It is estimated

that in 20500steoporotidip fractures will exceed 21 milliogPisani et al., 2016 In

this context, therefore, prevention and treatment of the disease gjgimicant
importance. The reseamB studying atreatment stratggfor the diseasehave
recently started to focus dhe use of RNAI as therapeutic agent and biomaterials

as the carriers. The present walan example ahe development of suahdelivery

system to be used in the treatment of osteoporosis.

1.1 Structure and Physiologyof Bone

1.1.1 Structure of Bone

Bone isa type of connective tissue which sttwraly suppors and protects the
organs of the bodyt produces blood cells through bone marrow and stonerals
such as calcium phosphgtelorencieSilva et al., 201p Calcified bone consists of
organic matrix (mainly type | collagen) and minerals (hydroxyapatflte¢ organic
matrix also contains osteocalcinsteopontinand proteoglycangMorinobu et al.,
2003 Lamoureux et al., Z0r; Blair et al., 201}



Crystalline hydroxyapatite (HAp) is made up of calcium and phospimaties

composition [Caio(PQs)s(OH)].

Calcium and phosphate

is

recovered from

nutritional sources and deposited on collagen fibrils as HAp which together gives

structural integrity to bon@ini and Nandeesh, 20).2

Bone is mainly composed of two parts; the cortical (comdamte and trabecular

(spongy) boneKigurel). The outer dense shell is the cortical bone and it surrounds

the bone marrow. It also provides sites fttaghment of tendons and muscles.

Within the cortical bonethereis the trabecular boné&he periosteuns the fibrous

connective tissu¢hat surrounds the cortical bone. It contains blood vessels, sierve

and osteoblast precursor cells it inner layer The endosteum is the membranous

structuresurroundingthe inner part of the cortical bone and the spongy bone. It

contains t he

bl ood vessel

canal s whi

fundamental unit of cortical bone is the osteon. Each osteon iposauh of layers

(lamellae) which surrounthe Haversian canals that contain blood capillaries and

nerves(Buckwalter et al., 1995
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1.1.2 Physiologyof Bone

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

osteoclast lineage cells.

1.1.2.1 Osteoblasts

Osteoblastsare involved in the formation of bone. They are mononucleated and
found on the bone surfacékini and Nandeesh, 20).2 Osteoblasts differentiate

from mesenchymal stem cells of the bone marrow stroma (osteoprogenitor cells)
(Ducy et al., 1997 Mature ssteoblastsecrete collagen and chondroitin sulfate, and
therefore, the osteoids are formddhey also possess alkaline phosphatase (ALP)
activity to hydrolyze the pyrophosphate and increase the concentration of phosphates
used in the calcification proce@ldessle et al., 20Q02After active bone formation,
someosteoblasts differentiate into estytes and become embeddedttia bone

matrix and others appear on quiescent bone surfaces andtbaltehe lining cells
(Nakamura H., 2007

1.1.2.2 Osteoclasts

Osteoclasts originate from hematopoietiersteells (HSC) and go through a series of
differentiation stages to become multinucleated,-diwiding and bone resorbing
cells(Soysa et al., 20)2Precursors of osteoclasts doaind in the bone marroand
circulating bloodBuckwalter et al., 1995Takahashi et al., 2014

The differentiation of osteoclast precursors to matoséeoclastsrequires thi
interactionwith osteoblast$o activate different pathways in the precursors. Some of

these pathways are summarizedigure 2.



Osteoblasts

-~ 1= ~
7 LIANKL\
MI-CSF ' { I

NFATc1 induction

|

Osteoclast Differentiation

Survival and
proliferation

Osteoclast Precursor

Figure 2: Schematic presentation of intracellular signals for osteoclastic
differentiation. RANKL: Receptor Activator ofNuclear Factor Kappa B Ligand;
RANK: Receptor Activator of Nuclear Factor Kappa BRAF6: Tumor Necrosis
Factor Receptor 6NF-kB: Nuclear Factor Kappa BYIAPK: Mitogen Activated
Protein KinaseNFATc1: Nuclear Factor of Activated T ceM-CSF: Macrophage

Colony Stimulating Factoic-Fms: Colony Stimulating Factor Receptor

Osteoblastsynthesize and secrdwacrophageColony Stimulating Factor (MCSF)
(Takahashi et al., 2014The binding of MCSF to its receptdic-Fms)on osteoclast
precursors is importanin the survival and proliferation of the precursors
(Takayanagi H., 2005



The most important cytokine that is synthesized on osteobléstsosteoclastic
differentiationis the receptor activator of nuclear faceor B | i gand ( RANKL
interaction of RANKL with its only receptor RANK on osteoclast precursor cells is
required in the dtvation of osteoclastogenesibone resorption and survival of

mature osteoclas{8oyle et al., 2008 M-CSF also induces the expression of RANK

on osteoclast precursor cells to increase the response of RANKL/RANK signaling

pathwayduring osteoclast differentiatiqieti and Rucci, 2010

The binding of RANKL to RANK causes recruitment ®imor Necrosis Factor
Receptor (TNFR) associated factor 6 (TRAF6) wdh activatesNuclear Factor
Kappa B N F 8) BndMitogenActivatedProtein Kinase (MAP kinasepathways and
other transcription factors such@gos(Kim and Kim, 2014. Theincreased activity
of NFaB r es ukmestofNucleatFactmr ofActiviatech Tccell NFATcL)
expression which is the major transcription factor of osteoclastogethesistrols
the expression of osteoclast specific genes suchTasrate Resistant Acid
Phosphatasé RAP), Cathepsirk andCalcitonin recepto(Kim and Kim, 2016.

The RANK/RANKL pathway is regulated b@steoprotegrin (OPG) which is also
secretedby osteoblasts. OPG serves as a decoy recejptbinds to RANKL, and
therefore prevents the binding of RANKL to RANKwhich suppresss the
differentiation procesé~eng X., 200h

1.1.2.2.1 ReceptorAct i vator of Nuclear Factor o B

Osteoclasts, the bone resorbing cells, are multinucleated giant cells formed by
cytoplasmic fusion of their mononuclear precursors from the hematopoietic origin
(Udagawa et al., 1990The differentiation of osteoclasts from their precursors is
caled osteoclastogenesis. It requires two very important cytokines that are
synthesized and secreted from the osteoblasts, namely receptor activator of nuclear
factor 8 B ligand (RANKL) and m@&3Fy ophag
(Boyce and Xing, 2007



The differentiation of osteoclasts requires the regulation of signaling pathways
(discussed in sectiadh1.2.9 which are mainly activated by the interaction of
RANKL and its receptor RANKKigure3).

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-BnuBRANKL: fRetept ® acBi vator of

Ligand

RANK is a member of tumor necrosis factor (TNF) receptor superfamily
(Wada T. etal., 200§. It is a receptor which is expressed on osteoclast precursors
and mature osteoclagidakagawa et al., 1998eng X., 2005Dougall W. C., 201p
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 activati(Boyle et al., 2008

In this study, we chosRANK as the molecular targeif the treatmentThe
numberand activityof mature osteoclastsould be suppressed by the useRMAI

pathway throughhe use osmall interfering RNA (siRNA) targetingANK.



This suppression would leaal decrease in thdifferentiation of osteoclast
precursors to mature osteoclasts which would eventually lead to reduced bone

resorption.

1.1.3 Bone Remodeling

Bone remodeling ighe process of continuous replacement of old, microdamaged
bone with newbone It is important inthe maintenace ofthe bone strength and
calcium homeostasiderner U. H., 2006 The cortical bone has a slower turnover
rate than the trabecular boifdadjidakis and Androulakis, 20p&hus metabolic
bone diseases such as osteoporosis is mainly observed in trabecul@li ired.,
2017).

Bone remodeling is performed by the coupled activities of osteoclasts and osteoblasts
arranged within temporary structures caliedh asi ¢ mul ti cel |l ul ar u
a period of several weeRaggatt and Partridge, 201&equential phases of bone
remodeling in a BMU are activation, resorption, reverse, formation and
mineralization Figure4). Activation, resorption and reversal phases takes about four

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

The surface of bone tissue is covered with a single layer of osteoBleststion

phase starts witla stimuls, such as mechanicatrain on bonesThe bone lining

cells (osteoblastsproduce a chemokine callédonocyteChemoattractanProtein-1
(MCP-1) which recruits osteoclast precursors to the BiRaggatt and Partridge,
2010. Osteoblasts also increase #gression of RANKL and MCSFand reduce

OPG synthesiBy celtto-cell contact, RANKL interacts with the RANK receptor on
osteoclast precursors and preosteoclasts differentiate into active bone resorbing
mature osteoclasteerner U. H., 2006 During the resorption phase, several growth
factorssuch as Bone Morphogeit Proteins(BMPSs) or Fibroblast Growth Factor
(FGF)stored in bone matrix are released and it is proposed that those factors recruit
osteoblast cells towards to the resorbed area so that bone formation would be

initiated (Lajeunesse et al., 20110



Just before the formation phase, mononuctedis with no distincipphenotypethe
reversal cells, cover the newly exposed bone surface and remove the collagen
remnants to prepare it farew boneformation In the formation phase osteoblasts
synthesize osteoid anoh the mineralization phase, HAp is deposited onto the
synthesized osteoid and then the cycle continues to its final phase, termination phase,
in which mature osteoblaskeither undergoapoptosis or go back tbone 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 ofBone Resorption

During the resorption phase of bone remodeling, osteoclast celidpdiarized and
attaches itself to bone tissue througtnonectinreceptordoundin the clear zoa of
polarized osteoclasF{gure5). This attachment is achieved by the interaction of the
vitronectin receptors anthe Arg-Gly-Asp (RGD) sequencesf 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 coliggener U. H.,
2009.

HAp is decalcified by the acidic environment (pFb}formedby the conversion of

COz and HO to H" and HCQ by Carbonic Anhydrase Il amgumping of H from

the vacuolar type HATPase in theruffled border (Nakamura H., 2007 The
collagenand other matrix proteins the cemineralized bone matrix degradedy

the enzyme<athepsin K(Saftig et al., 1998 matrix metallopeptidas@ (MMP-9)

and tartrate resistant acid phosphatase (TRARyman A., 2008Takahashi et al.,
2014). Degradation products are then endocytosed by osteoclasts and secreted into

extracellular fluid through functional secretory domgigure5).



Functional Secretory
Domain 4,

Howship’s lac

Figure 5: Mechanism of bone resorption by osteoclasts. ibhs produced by
carbonic anhydrase ICA1I)t o Ho ws h i tpdese the acdic anaironment

for the decalcification of hydroxyapatite. Collagen is degraded by the lysosomal
enzymes cathepsin (CpK) and Matrix metalloproteinase IMMP-9). RB: Ruffled
Border(Modified from Nakamura H., 2007).

1.2 BoneDiseases

Bone digases are conditionghich lead to impairment of normal bone functemd
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, dominantlycaused by a number of mutatidnee i t Hler U
o r -2 thains of type | collage(Rauch and Glorieux, 20p4in addition to the
mutations in genes for collagen protein folding and osteoblast different{&toimo

and Marini, 201h
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Another type of bone diseaseith genetic origin is osteopetrosis. lkads to
increased bone densignd mass due to impaired bone resorption as a result of

mutations in genes for osteoclast ruffled border formgtmbacchi et al., 20).3

In addition to genetic abnormalities, environmental factmntribute to diseases of
bone.Paget 6s di sease iascondition. leis aharpcteezeddy s uc
increased boneemodelingin local areas affecting one or more sites througtibat

body Mut ati ons in NFaB si gnalanccagsethadseasei ns ¢
(Ralston et al., 2008Nutritional deficiencies, especially vitamindauses weakened

bones (Lips and van Schoor, 201.1The deficiency leads to reduced calcium
absorption from the gutthereby to reduced bone mineralization. Vitamin D
deficiency also caes hyperparathyroidism which also increases bone tur(iapsr

and van Schoor, 20)1Dby increasing the expression of RANKL from osteoblasts

(Das and Crockett, 2013

Another type of bone disease is osteoporddige to its importance it is given in a

separate section below.
1.2.1 Osteoporosis

Osteoporosigs, 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 fretures every yediKanis J. A, 2007 Pisani et al., 20161t is a
systemic disease characterized by reduced bone mineral density (BMD), bone mass
and strength which leads to increased susceptibility to fracflinesincreased bone
resorption relative to formation causes the structural failure of the bone tissue
(Holroyd et al., 2008 The disease is diagnosed by BMD assessiticntis J. A.,

2002.

Osteoporosis is mainly observed in spongy Bdreeause the bone turnover is higher
in the trabecular bong@.erner U. H., 2006
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Figure 6 shows theSEM of healthy and osteoporotic spongy bangs can be seen

from the figure normal bone appears stravith interconnectegoreshowever, in

the osteoporotic bone thinngod-like plates arseen(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 osteoporosssaging.Reduction inestrogen levelsn post

menopausecauses increasedANKL levels on the surface obsteoblasticcells

(EghbaliFatourechi et al., 2003which leads to increased bone resorptidhe

osteoporosis seen in men is believed to be due to increase lnorseane binding

protein leading to reduced estrogen and testostdéeorts(Lerner U. H., 2006 The

reduction in estrogen is resporisilfior theincreased bone resorption and decreased

testosterone level is the cause of reduced bone form@idison et al., 2015 In
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interleukins are also associated with the pathology of osteopdigsisind Wang,
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Otherdiseases such as hyperparathyroidisnosteogenesis imperfecta (discussed in

sectionl.2) are the secondary causessfeoporosigLerner U. H., 2006

1.2.2 Treatment of Osteoporosis

Being the most common bomelateddisease, therarea variety of prevention and
treatment strategies for osteoporosis. For preventitthpugh it is less effective,
calcium and Vitamin D supplementatiasm recommendedChan et al., 2006 The

existing treatmentarediscussed 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 resorptiothosethat have anabolic function on

new bone formation. Bisphosphonates, strontium ranelate, denosumab, and selective
estrogen receptor modulatasch as Tamoxifen or Raloxifeiaee the drugs used to
inhibit bone resorptionDas and Crockett, 2013Bisphosphonates are the most

commonly used drugs for the treatment of the disease.

They have the ability to bind to C&ions duringactive bone resorption and
endocytosed by osteoclastShey inhibit the mevalonateathway a pathway
common to all cell typescausing the apoptosis of osteoclastdowever, the
neighboring osteoblasts or stromal cells also internalize g especially aftea
series of bisphosphonate administratigRoelofs et al., 2006which also causes
apoptosis in these cellStrontiumof StrontiumRanelatds incorporated into bone as
a substitutefor calcium. It also increases OPG and decrease RANKL expression
from osteoblasts resulting in reduced osteoclastic act{¢ygmdy N., 2008 In
2014, however,he drugwas restricted onlyto people with severe osteoporosis for
whom there are no other alternative treatmentssince it leads to serious
cardiovascular problemgChan et al., 2006 Denosumab is a human RANKL
antibody designed to mimic theatural effect of OPG The drug is generally well
toleraed and the uncommon side effect of the drug is osteone¢Bsi®e et al.,
2013.
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The selective estrogen receptor modula{®@8RMs)are used to act amgonistof
estrogenin boneand act asrainhibitor of bone resorptiofBarrettConnor 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
intestinesa processwhich is important in bone mineralization. Thh&ermittent
injections of the druglso suppressessteoblastapoptosis, stimulates bone matrix
production whereas continuous injections cause elevated osteoclast numbers by

upregulating RANKL expressiofpas and Crockett, 201Blarayanan et al., 2013

The other treatment methods that are in development are cathepaimbi{ors
(responsible for the degradation of collagen in ba&] antisclerostin antibody

(sclerostin $ an inhibitonin osteoblastic differentiatigr{iChan et al., 2016

1.2.2.2 Advanced Therapies for Osteoporosis

Apart from their side effects, all conventional strategies mentiabedeexhibit low
bioavailability and patient compliancéhe oral formulations such as bisphosphonate

or SERM are associated with challenges such as susceptibitiggradation due to
enzymes and instability in the gastrointestinal tract, poor permeability across the
intestinal epithelium and rapid clearance affitey areadsorbedZhang et al., 2004
Injections (for denosumab and teripatatide), on the other hand, are less convenient
for the patientsTo overcome these negative drawbacks, many approaches are now

being used to deliver these drugs in carrier sys{é&safo-Adjei et al., 201%

1.2.2.2.1 Controlled Delivery of Conventional Drugs with Carriers

The use of carriers as drug delivery systdrassome advantages. The therapeutic
molecule is protected from early degradation by enzyemesitstoxicity is reduced.
The distribution ofthe drug becomedess dependenbn its own physicochemical
properties and long term releasfethe drugcan be achievefMiladi et al., 2013. In

addition, ly using the carrier systems, the drugs can be targeted specifichtipe¢o
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tissue where the carrieogld release its contents and the therapeutic agents can

function with minimal exposure to ndarget cell{Dang et al., 2016

Several studies have been publishediming at increagng the bioavailability of
conventional drugs fothe treatmentof osteoporosisThe drugs are loaded into
organic or inorganic nanoparticles to cathem 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 Gteoporosis

The types of drug carrienssedfor the treatment of osteoporosis can be cleskif
into three groups; organiparticlesfrom lipids (iposome$, chitosan and PLGA,

inorganicnanoparticlesnade fromsilica, metal and hydroxyapatitad finally bone
cement (PMMA)

Liposomes are seHssembled lipidstructures made frommolecules with a
hydrophilic head group and a hydrophobic tathey were used in the treatment of
experimental osteoporosis amgected estradiol loaded liposomiesovariectomized
rats (as a model of osteoporosid)u et al., 2011 Theyshowed that bone mineral
density angerumALP levels were increased after one month of treatm€hitosan
is obtained frompolysaccharidechitin which is widelyavailablein natureas a
primary component of cell walls of fungi and exoskeletons of insé&figosan
particles loaded with raloxifene (gype of SERM) for intranasal delivery for
osteoporosis treatmemtere administered tdVistar ratsand resulted in increased
bioavailability of the drug in plasma when compared with oral administré8aimi
etal., 201%

An oral formulation for PTH administratioms an alternativéo injection was also
developedNarayanan et al., 20L3PTHwas loadednto chitosan nanoparticlesd
administeed toosteoblastic cellend to rats They found that ALP production was
increased and osteocalcin production was slightly elevatledaddition the

bioavailability of the drug was found to be higher compared to bare PTH.
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Another type of carrier used BLGA (Poly(actic acidco-glycolic add)). It is a

FDA approved biocompatible and biodegradaldgnthetic copolymer of lactic and
glycolic acics. The degradation rate of the polymer depends on the molar ratio of
lactic acid to glycolic acid¢hains in the copolymevhich affects therystallinity and
hydrophobicity of the copolymgiMakadia and Siegel, 20} 1Lactic acid is more
hydrophobic than glycolic acidndtherefore, lactate rich PLGA polymers, absorb
less water and degrade more slowBLGA can be functionalizedvith many
different moieties includingproteinswhich is important in targeted drug delivery

applications

PLGA has been widely used avariety ofdrug delivery application§Jung et al.,
2009 Kumari et al.,, 2010 Pradhan et al., 20)3It has also been used in
encapsulating the drugs to treat osteoporésisinstancePLGA nanopatrticlesvere
loaded with estradiah transdermatieliveryfor osteoporosis treatme(ifakeuchi et

al., 2016. Administration of the nanoparticles to rats resulted in increased bone
mineral density. In another study, PLGA microspheres were loaded with strontium
ranelateto be usedn the treatment of osteoporoghao et al., 201y The particles
were administered ta medium ofpreosteoblastic cell lind.he treatment resulted in
stimulation in the proliferation of the cells aAdlP activity andcollagen type | and
osteocalcin mMRNA expressions welevated(Mao et al.,2017). In another study

oral administration of PLGA nanoparticles loaded with estradiol increésed
bioavailability of the drug in rat@ittal et al., 2@7).

Other types of carriers usedn the research for treatment of osteoporosese
metalic (Lee et al., 2016ard inorganic nanoparticledJsing gold nanoparticles
coated with alendronate (a type of bisphosphonate), RANKL induced differentiation
of bone marrow macrophages to mature osteoclests reducedLee et al., 2016
Bisphosphonate loaded HAp nanoparticles the other handncreasedthe bone
density and reduced bone patgsin ovariectomized(osteoporotiy rat model
(Sahana edl., 2013.
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Calcium phosphate cement (CPC) ioter inorganiccarrier usedn the treatment
of experimentalosteoporosigWei et al., 2015 They showedhat introduction of
bisphosphonates tim thesebone cements redutté¢he proliferation of osteoclasts by
inducing th& apoptsis(Panzavolta et al., 2010

1.2.2.2.3 Targeted Drug Delivery to Bone Tissue

Delivery systems mentioned above deliver dracontrolledrates, but they arenot
designedo control thesite where the drug would lmoavailableonceit enters the
body. Targeting systems are usedctancentrateéhe drug release in a preselected site

to improve drug safety and effica¢gingh and Lillard, 2000

The highamountof HAp mineral in bone tissue makes & possible targefor
moieties that have high affinity towards HApRlora-Raimundo et al., 2037There

are two generahpproaches tdrug targeting tavards theskeletal systemtargeting

the systemic skeletal system and targeting a specific cell type within the skeletal
system. Tetracyclines(Neale et al., 20Q9Wang et al., 2015 bisphosphonates
(Doschak et al., 2009Cong et al. 2019 and oligopeptides(Sekido et al., 2001
Jiang et al., 20D4are used to target the entire skeletal system since they target HAp
crystals in bone tissué a studyPLGA nanoparticlesveregrafted with tetracycline

and the accumulation of particles in the skelet@s shownin vivo (Wang et al.,
2015) In anotherstudy, OPG was conjugatedwith bisphosphonate and intravenous
injections toSpragueDawley rats resulted in increased deposition of OPG in tibia
and femur(Doschak et al., 2009In addition,conjugaion of (L-Asp)s with estradiol

and injecion to mice through tailvain resulted in accumulation dfuorescently
tagged (LAsp) in tibia and caused elevation inbone mineral density in

ovariectomized micéSekido etal., 200).

The second approach tis selectivdy targetcells within the skeletor{Zhang et al.,
2012. All the clinical drugs usedior osteoporosis treatmehtive severeff-target
effects such as increased risk of breast canteomboembolism, nausea and

diarrheatherefore, specific cell targeted systems are req(8ed et al., 2016
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Gene therapymight be considered as a type of cell targeting approacis. dt
promisingmethodfor effective and selective treatment for diseases. It involves the
delivery of snall nucleic acids, such as short interfering RNA (siMr micro
RNA (miRNA), which needsequence similarityfo exert their functions. This

requirement maksthe siRNA delivery systems aute for cell specific targeting.

1.2.3 RNA Interference for the Treatment of Osteoporosis

Advances in understanding the molecular patys involved in bone pathology lead
to the identification of new molecular targetdbnormal expression of those
molecular targetxan besuppressedy the use of RNA interference (RNAI) for
treatment of bone diseas@lsu 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

expressiorany diseaseausing gen@Nang and Grainger, 2012

1.2.3.1 Mechanism of RNA Interference

Mechanism of RNAI through siRNAtarts with the introduction of exogenous long
dsRNA or synthetic siRNA into the cel{sigure7). After Dicer mediated cleavage

of long dsRNA siRNA duplexes of 25 nucleotides are formed. Thyeide strand

of siRNA duplexis loaded on to Argonaute family proteins of the RM&uced
silencing complex (RISC) and the other strand is dispensed. RISC uses the guide
strand to target mRNA with full amplementarity, for the cleavagelf full
complementarity is not achieved, sometimes the translation of the mRNA could be

repressedCarthew and Sontheimer, 2009
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Figure 7: Schematic presentation of siRNA mediated RNAi mechands®RNA:
double stranded RNA; siRNA: small interfering RNAGO2: Argonaute protein 2;

TRBP: Human Immunodeficiency virus (HIVAL transactivating response (TAR)

RNA-binding protein RISC: RNAinduced silencing complex.

The RISC loading complex consists of Argonaute protein, Dicer and the dsRNA
binding protein TRP®. TRBP is a RNA binding protein and it is involved in the
recruitment of Argonaute proteins to Dicé€Chendrimada et al.,, 20p5The
Argonauteprotein 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 Therapeuti@&gentfor Osteoporosis Treatment

Effective delivery of siRNA to desired tissue or cétisvivois very challenging due
to high molecular weightapproximately 13 kDanegativecharge and instabilitgf
siRNA. OncesiRNA isin the bodyit is rapidly degraded by nucleasgsilf life of 6
min in rats) (Soutschek et al., 20p4and removedfrom the circulationby the
reticuloendothelial system (RES)amely marophages an&upffer cells of liver.
The excretion and degradation caussy small amount of siRNAto reachthe
targeed cell. In addition once in the target cell, thewgellular localiation and
degradationn thelysosome arevery important parameters to be considdpeteach
the highest efficac{Whiteheacet al., 2009 Due to thes@roblems many strategies
arebeing developed to protettie siRNAand increasds circulation tme. For this
purpose, thalelivery of RNAIi with nonviral carrier systems such as liposomes,
polymeric and inorganic (calcium phosphate) nanoparteiebecomingpromising

approachsfor the treatment of some diseases such as osteop(iriosks., 2016.

The studies concerning the treatment of osteoporosis using s#eNAtherapeutic
agentfocus oneither suppressn of ostoclasbgenesis or induction afsteogenesis.
These studies are generally limiteditovitro applications by using commercially
available transfection reagenfSahid et al., 2008Wang and Grainger, 20},0or
nontviral carrigs such aspolyethyleneimine(PEIl) (Nguyen et al., 2004 Local
delivery of siRNA to bone tissugasalso keen studied by using scaffol@@hang et
al., 2016 or CPC cement@Vang et al., 2012

Delivery of siRNA to bone tissuéor the treatment of osteoporosisvivo has just
stared (Zhang et al., 20%2.iang et al., 2015Zhang et al., 2035Sun et al., 2016

In one study,cationic liposomesvere conjugated with a peptide of six repetitive
sequences othree aminoacidsaspartateserineserine ((AspSerSey) for selective
delivery of $RNA to bone foming surfaceqZhang et al., 2002 Systemic delivery
of the system to osteoporotic rats increatberhccumulation of the delivery system
in osteoblasts prontipg bone formation.
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In another studyN (2 hydroxypropyl) podymmdr svasr y | a mi

attached with (LAsp) to target bone surfacgZhang et al., 2015 Intravenous
injections of the delivery system tvariectomizedrats increasedthe number of
osteoblasts which led to increase in bone volume. In another study, osteoblasts on
bone forning surfaces were targeted by using apta conjugated cationic liposomes
(Liang et al., 201p The system was administered to osteopenic rats and their bone

mass was increased

One of thenonviral carries, polyethyleneiming PEI) is widely usedn thedelivery

of plasmid DNA and siRNAothin vitro (Richards et al., 20Q@&ndin vivo (Bonnet

et al., 2008 PEIl is a cationic polymer which caform complexes with anionic
nucleic acids. Theapability of PEIto condense the nucleic acids in physiological
and acidic conditions makes them efficient carriers for cellular uptake of SiRNA
(Utsuno and Uludag, 20)(becausethis complexationprotects the siRNA from
extracellular nucleases andutralizes its negative chardeElis also known to exert
proton sponge effectin this approach, the proton absorbance capability of PEI,
prevents the acidification of endosomes which leads "taoH influx. This influx
results in the accumulation of"@ns 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 applicationsgenerally branched PEI is used because linear PEI
haslower folding capability when complexing withRNA than tke branched PEI,
therefore, siRNAs from complexes with linear PEhkre released more easily
(Demadis et al., 20)1PEI is useckither in the form of a complex with siRNa&nd
loaded into the carriers aris usedtogetherwith the carriers to encapsulate naked
siRNA for increasinghe encapsulation of siRNA into the carri@Pstil and Panyam,
2009 Shen et al., 20)5During nanoparticle preparationgdition of PEI into the
inner core has alsobeen shown to decrease the initial burst release of siRNA from
the particlesdue to the ionic interactions of PEI:SIRNA complex with negatively

charged polymerfrming the shel(Murata et al., 2008

21



Despite itsmentionedadvantages in gene delivery applicatid?isl, especially the
branched form,exhibits high toxicity. The branched PElcauses apoptosis in
transfected cells in a concentration and time dependent médalkret al., 2013
therefore, dading the PEEIRNA complex intothe carriers reduces the toxicity of

PEI(Alshamsan et al., 2018runner 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 osteopidresis
schematic presentatioof the delivery systemshows the intended nate of
administration and the possible working mechanism ofirthé@vo delivery system
(Figure8).

Branched PEI (sectiof.2.3.9 was canplexed with RANK siRNA becausef its
capabilityto protect the siRNA in extra and intracellular environmentsitagroton
sponge property. The toxicity of PEI was reduced by endajisg thecomplex in
PLGA nanocapsules (sectidr2.2.2.2 which is a FDA approved polymer with good
biocompatibility. PLGA is very suitable for nucleic acid delivery applications
becausePLGA nanocapsulegan be internalized by the cgllescape from the
endosomesaccumulate in the cytoplasm and act as drug dejooteleag their
contentinto the cytoplasm where siRNghouldfunction (Panyam et al., 20Q%¥ asir
and Labhasetwar, 2007
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PLGA nanocapsules loaded with PEL:SiRNA complegre then coated with a
genetically engineerepolypeptide ElastinLike Recombinamer (ELRio targetthe
nanocapsules specifically to bone tissliee specific ELR used in this study
reported to contaia sequence whigbresentsigh affinity towards HApminerak in
bone tissue(Barbosa et al., 2009TejedaMontes et al., 204 ELR has a
thermoresponsiveroperty called inverse transitiotemperature (ITT). Below the
transition temperature {JTthe free chains exist as random coils in solution in their
hydrated form. Above thet,Thowever, the chains foldhich leads to aggregation of
the chains(RodriguezCabello et al., 2007 The ITT propertyof ELR was usedn
coating the ELR on PLGA nanocapsulestargeting

Once operational, feer the i.v. injection of theconstructeddelivery system, the
nanocapsuleare expected textravasate from the fenestrations of the epithelium in
the bone marrow. Due texistence of th€&eLR on them, the capsules wilattach
themselvego the extracellular matrix athe bone tissue where HAp Iscated and

will start to release their content. During bone remodeling process at BMUSs, the
osteoclast precursors and mature osteoclasts will internalize either the released
PEI:IRANK siRNA complex orPLGA naneapsulesloaded with the complex
thereby ostoclastic differentiation antheir activity will be diminished(Figure 8).

This would eventually lead to reduced bone resorption and thus incleasedass.

In the present studyiELR coated PLGA nanocapsules loaded with PEI:SIRNA
complex were prepared ama situ and in vitro studies were performedhe ELR
coating topography, encapsulation efficiency, release behavior and particle size
distribution of these nanocapsules were studigtie efficacy of the PEI:RANK
siRNA loaded PLGA nanocapsules weateterminedin vitro by analyzingRANK
MRNA levels.Moreover,the effect of PEIRANK siRNA loaded nanocapsules on
the inhibition of differentigion of osteoclast precursors to mature osteocast

suppression in their activityere 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 siRNA delivery systesupioress
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 preparatiorgly(lactic acidco-glycolic acid) (PLGA) (50:50was
purchased fronCorbion Purac BiomaterialfNetherlands bPEI (25kDa) was from
Sigma (Germany)Targeting polypeptideElastinlike recombinamer (ELRwas
synthesized in the laboratory of Prof. Dr. J. Carlos Rodrigiegzello, University of
Valladolid (Spain). The Inverse Temperature Transition (ITT) of ELR sequence was
around 34 °C and its molecular weight3$877 kDa.Hydroxyapatite (H4v), and
polyvinylalcohol (PVA) was purchased from Sign{@ermany and crosslinker
genipin wagpurchasedrom Wako ChemicalfUSA). RANK siRNA waspurchased

from Ambion (USA). DNA substitute for the siRNA moleculeDNAoligo) was
purchased from lonteKTurkey). In the cell culture studiesmurine RAW 264.7
macrophage cell linevasused(ATCC, UK). Dul beccods Modified
(DMEM)-high glucose (glucose concentration: 4.5 g/L), DMEMh glucose
colorless, fetal bovine sem (FBS)wasobtained fromBiological Indwstries(USA).
Penicillin/streptomycin (100 units/mL 00 &€ g/ mL) and bovine ser
were purchased from Fluka (Switzerlandiliperfect Transfection Reagentas
purchased fronQiagen (Germany. TRAP staining kit was purchased from Sigma
(Germany).RIPA bufferand BCA protein assay kivere purchased from Millipore
(USA) and proteinase inhibitory cocktail was purchased from Thermo tBen
(Germany) RANK primary( 4 8 4 5astip primdry (4970s1:1000 dilution in 5%
skimmed milk) and Antirabbit IgG HRP conjugated secondary antibodié&¥74s)

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 thein situ studies DNAoIligo was used as a substitute for siRNA. 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

chargedamino groupsn PEI (Figure9).

*NH /\

3

Figure 9: Schematic presentation of PEl:nucleic acid complex. The complexes are
formed by the ionidnteraction of the positive charged amino groups of PEH§")

and negative charged phosphates in the nucleic a€i@s7?).
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The DNAoligo or siRNA sequenceare 21 nucleotides long and therefore contain 42
phosphate groups (P). One PEI molecule contains 53 repeating units containing 11

nitrogen atoms (N). Therefore, Nfatio was calculated by thdltawing equation

N/P ratio =

PEl:nucleic acid complexes with varying nitroggrphosphate ratios (N/P) were
prepared in 1X Tri€eDTA (TE) buffer, pH 7.4. For complex formation, DNAoligo

(10 puM, 2 pL) or siRNA (10 uM, 2 pL) were mixed with aqueous PEI solutions
(starting PEI solution concentration 175
2,3,4,5, 6 and 10. The mixtures were incubated for 20 min at room temperature

The formed complexes wesebjected to agarose gel electrophoresis (2%, 100 V, 20

min) and visualized under UV light{/P GelDoc Imaging System, USA).

2.2.1.1 Measurement of Zeta Potential an@ondensatiorof PEI:Nucleic Acid
Complees

The zeta potential of PEI:DNAoligo complexes witarying N/P atomic ratios (0
20) were measurely Zeta Sizer (Malvern Nano ZS90, UKDNAoligo (10 puM, 6
ML, in TE buffer pH 7.4)and aqueous PEI solutions (6 plyere mixedto form
complexes with N/P ratios of 0, 1, 2, 3, 4, 5, 6, 10 and 20. The mixiuees
incubated for 20 min at room temperature and diluted in nucfeasaelHO water
(2 mL).

For visualzation of migration and analyzinthe condensatiorof PElnucleic acid
complexesthe complexes were stained with EtRrringagarose getlectrophoresis
Complexes of different N/P ratioésection 2.2.1), were loaded in EtBr stained
agarose gel (2%) and run for 20 min at 1000\ X TAE buffer (pH8). The gel was

visualizedunder UV exposure (Che@oc UVP, Germany).
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2.2.2 Preparation of PLGA Nanocapsules

Nanocapsulesvere prepared by wateoil-water (w/o/w) double emulsion method.
Briefly, PLGA (50:50) (50 mg) was dissolved in DCMO( mL), PEILSiRNA
complexeg150 pL)wereaddedand probe sonicatddr 30s at 50 W. Tis emulsion
was added into PVA solutiof8 mL, 4%)and sonicated. This double emulsion was
added into PVA solutio7.5 mL 0.3%)and mixed vigorouslyor three hoursvith a
magnetic stirer at room temperature f@évaporation o©DCM. Nanocapsules were
centrifuged (8,000 rpm, D min, RT). The pellet wasvashed twice with3 mL
nuclease free wateNanocapsules were resuspended in 5dHO and lyophilized
for 8 h.

In order tocoatELR onto PLGA nanocapsules, inverse temperature transition (ITT)
property of theecombinamewasused.Due to ITT, the solubility of ELR decreases
above the transition temperature¢)(Twhich causesthe aggregation of the
recombiname(RodriguezCabello et al., 2007 TheT: of ELR used in this study has
around 34 °C(Barbosa et al., 2009As a crosslinking agent, genipin was used
(Chang et al., 2003

PLGA nanocapsules (10 mglere added int&LR solution(1 mL, 10 mg/mL) for
physical adsorption of ELR on the nanocapsuldss suspension was incubated at
25°C in a sonication bath for 1 h theéhe volume was increased 1® mL PBS
solution in a volumetric flask. The temperature was raised ¥6 andmaintained

for 20 minwhich causes the ELBO aggregate on the nanocapsules. The capsules
were centrifuged @000 rpm,10 min, 37C) to remove the free ELR anhet pellet

was resuspended in 10 mL PBE?°C) to which genipin solution (1 mL, 10 mg/mL)
was aded. The suspension was incubated 8€3ar 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 ELRTowards Hydroxyapatite

The specificity of ELR toHAp was determined by Fourier Transform Infrared
(FTIR) spectroscopyDisks of HAp crystal (diameter 13 mm) were prepared by
compression.AqueousELR solution (5 %, 50 pLwas added onto the HAp disk and
incubatedfor 1 h at 28C. The HAp disk was washed three times with,@H3 mL)
and allowed to dry As a blank, a HAp disk was produced rasntionedabove,
wetted with dHO (50 pL) and air dried before FTIR. As a control of protein
adhesion, a HAp disk was treated with aqueous B&lAtion (5 %, 50 uL) and air
dried. The FTIR of the samples were obtained in the range-400@m' using a
FTIR spectrophotometer (PerkinElmer, PIKE GladiATR, USA).

2.2.2.2 Preferential Binding of ELR Coated Nanocapsules on C&Brface

Suspensions oNile Red loaded uncoated and ELR coated PLGA nanocapsules
(3 mg NC/5 mL dHO) were added in CaP coated Osteoassay Surface Plates
(Corning, USA)and incubated for 1 h at 45. The plates were then washed three
times withdH.O (200 pL) and allowed to dryThe nanocapsules remained on the
CaP coated surface were visualized with Confocal Laser Scanning Microscopy
(Zeiss LSM8B00, Germany

2.2.3 Characterization of Nanocapsules

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

Encapsulatiorefficiency of PEI:DNAoligo complex within the PLGA nanocapsules
were studied by using the fluorescence intensity (FI) of HAMIled DNAoligo
measured with a espetdtdenodld4 nmdpgSpectraMae Vi2e,( o
Molecular Devices, USAA calibration curve constructed with empty nanocapsules
(2 mgin 200 pL1X TE buffe) which aremixed with known amounts oPEI:FAM
labelled DNAdigo complexes (N/P 20)0(. 1, 0. 2, 0. 4-Jabeled 6 ,

DNAoligo) was used for the calculatians

31



PLGA nanocapsulesl(mg), which were prepared with an input 26 pg FAM-
labelledDNAoligo (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 emzsulation efficiency was calculated using the following

equations:

i T 0T AAPDORI ADAKD

I OTBAT T AABOOI A

wep | O1A AADOBI ADIEAD

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

In order to study the release of tR&l:FAM-labelled DNAoligo (N/P 20fomplex

from PLGA nanocapsulesthe capsules (1 mgyere suspended in TE buffer

(200 pL) in an Eppendorf tube and kept af@Tinder 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 pid the FI was measured by
using a specés4 94| a®240mgIpectraMéxaM2e, 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 ga¢gasited as

Acumul ative complex released vs timeod and

(— vs ).
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2.2.3.3 In Situ Degradation of PLGA Nanocapsules

The degradation of PLGA nanocapsules were studied with SEhocapsules

(2 mg) were suspended in 1X TE buffeaH 7.4,200 pL) in Eppendorf tube and
incubated at ¥ 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 lH(80 pL) and dried overnight

on SEM stubs. Stubs were coated withi Rd in a sputter coater. SEM images were
obtained at 10 kMvith QUANTA 400F Field Emission SEMNetherland)at the
Central Laboratory (METU)

2.2.3.4 Detection of ELR on PLGA Nanocapsules

2.2.3.4.1 Nanocapsule Topography withSEM

Control PLGA andhe ELR coated PLGA nanocapsusespensiong/ere added on a
carbon tapes (Electron Microscopy Saes, USA) attached t8canning Electron
Microscopy SEM) stubs,air dried overnight andoated withAui Pd in a sputter
coater. SEM imagewere obtainedat 10 kV.Nanocapsulgéopography wastudied

with SEM (QUANTA 400F Field Emission SEM, Netherland) the Central

Laboratory (METU).

2.2.3.4.2 Detectionof ELR on Nanocapsules witiTEM and XPS

For TEM analysis control PLGA andthe ELR coated PLGAnanocapsules were
suspended irethanol and air dried on TEM grids. TEM (FEI Technai G2 Spirit
Biotwin, USA) images wer@btainedat the Central Laboratory (METU).

For XPS analyss, oth control PLGA andhe ELR coated PLGA nanocapsules were
lyophilized and analyzed with XP3”HI 5000 VersaProhdor presencef nitrogen
as an indicator ofhe ELR (protein existence. XPS analysavas performed ahe
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 @B (ca. 1 mg PLGA/5 mL) with Zeta Sizer (Malvern Nano
ZS90, UK). For each sample, rBeasurements were performed, 12 runs each, in

order to obtain the final siatistribution

2.2.4 Cell Culture Studies

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

In the in vitro studies commonly usednurine macrophage RAW 264.7 cell din
(ATCC, UK) was used as preosteoclgftseOC) (Hsu et al., 1990 The cells were
cultured inDulbecco's Modified Eagle's Medium (DMEM) supplemented with 1%
penicillin-streptomycin, and 10 % FBS. The cells were incubated at 5 % &0O
37°C.

For differentiation of RAW264.7 cells to osteoclasts, RAW cellgix1d) were
mixed with RANKL (100 ng/ml. Peprotech, USAand M-CSF (20 ng/ml. R&D
Systems, USAand seeded on TCPS slides (2.8)cmifferentiation was monitored

by Acid Phosphatase Leukocyte (TRAP) Kit (Sigma, Germany) according to
manuf act ur er 0-posifiveandmalitnocleatecc@lIRadmaining three or
more nuclei were counted as osteoclasts uadght microscope by using ImageJ
Analysis SoftwaréNIH, USA).

2.2.4.2 Determination of Cell Viability

PreOC cells (5x168) were seeded on 9@ell 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 (¥ in 5% CQ 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 waemoved 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 optal density values, percent reduction and cell numbers were
calculated by using calibration curve for the cell line (Appendix B) plotted from the
percent reductions and corresponding cell number, thvitliollowingequation

YQQO6 wdQE € Wp T TT
w0 w0
wheres= 570 n 595 nm nd =

0 1pand61<= Absorbance of test well

0 ando = Absorbance of negative control well (blank)

Molar ExtinctionCoefficients
=117.216 = 155.677

= 80.586 = 14.652

2.2.4.3 Internalization of the Nanocapsuleby the Cells

For imaging the localization dPLGA naneapsules in cells, PLGA nanocapsules
stained with Nile Red6 mg)were resuspended in OptiMEM (200 pL) and added
onto RAW264.7 cell (1.2xH) suspension in an Eppendorf tube. The mixture was
seeded on TCPSlides,incubated for 6 h (T in 5% CQ incubator)for complete
attachmentand full medium was added (3 mL). 48 h post transfection, cells were
fixed with PFA (4% wl/v) for 15 min at room temperature. Cell membranes were
permeabilized with Triton XL00 (0.1% v/v in 10 mM Tri$1Cl buffer) for 5 min at

room temperature.
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Afterwash ng with PBS, cells were incubated
h to prevent norspecific binding. Then, they were incubated in Alexa-kgflled
Phalloidin (1:50 dilution in 0.1% BSA in PBS) for 1 h and incubated with DRAQ5
(1:1000 dilution in PB) for 30 min at 3%TC. Cells were washed twice with PBS and

visualized by confocal laser scanning microscfimica DM2500, Germany

2.2.4.4 Treatment withthe Delivery Sstem

For the mRNA inhibition studies, PLGA nanocapsules containing PEI:RANK siRNA
(6 mg) wasresuspendedn OptiMEM (200 pL). 1.2x10 RAW264.7 osteoclast
precursor cells were seediedl2well plates and the capsules were added dropwise
onto the cell suspensiof200 pL). The cells were incubated f87in 5% CQ
incubator) for 6 h. At the end of 6gnowth medium(800 uL) (DMEM supplemented
with 10 % FBS) was added very gently. Gene silapeims monitored at 3 and 5
days post transfection (Sectio2.2.5. The controls of the study were empty
nanocapsule and PEI:Scrambled siRNA loaded nanocapsule transfected cells.

For the inhibition of differentiation oRAW?264.7 preosteoclastic cell line into
mature osteoclasts, RAW cells (5%1@lls/cn? in DMEM high full medium, 50 pl.

were mixed with RANKL (100 ng/mLM-CSF (20 ng/mLand PLGA nanocapsules
(0.7 mg of either empty, PEl:scrambled siRNA or PEI:RANK siRNaded
nanocapsulesn OptiMEM, 50 pL) The cell suspensionsogether with the
nanocapsulesvere seeded onto TCPS slides (2.8%)cand incubated 3 h for cell
attachment. Then, full medium was added (3 mL) and incubated for 5 dagsi(37

5% CO2incubator) 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 t o m @&ah. uMulinudieatede qelfs swerep coanted as
osteoclasts under light microscope by using ImageJ Analysis Software (NIH, USA)
(Section2.2.6.)).
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2.2.5 GeneExpression Studies

2.2.5.1 Efficiency of RANK siRNASequence in Geneilgncing

In order to determine the efficiency of siRNAs to knockdown the target RANK

and to understand the time interval thadlicatesthe maximum inhibition, two
RANK siRNA sequences werstudied (RANK siRNA #1, RANK siRNA #2,

Tablel).

Table 1. RANK siRNA Sequence$Jsedin 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 transfectiorof siRNA into the cellsHiPerfect Transfection Reagent was
used with a fastorward transfection protocol as follows: 28 pmol siRN3Y% ng,

final concentration 23 nM) was diluted in OMEM (200 pL) and vortexed.
HiPerfect transfection reagent (6 puL) was added tostR&A sdution, mixed and
incubated for 10 min at room temperature to allow the formation of transfection
complexes. Meanwhilel.2x1® RAW264.7 osteoclast precursor cells were seeded

on 12well plates. The complexes were added drage onto the cell suspension

(200 pL). The cells with transfection complexes were incubate®C(87 5% CQ

incubator) for 6 h and 800 puL of growth medium (DMEM supplemented with 10 %
FBS) was added very gently. Gene silencing was monitored at 24, 48 &nplos2

transfection.
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2.2.5.2 Quantitative Real Time PCRgRT-PCR)

For the determination of RANK mRNA inhibition through siRNA transfection, qRT
PCR studies were performed. The primer péirable 2) used to analyze the fold
change of RANK were designed according to mRNA sequenc®usfmusculus
(NCBI accession numbers: RANK; NM_009399 and GAPDIM_001289726).

Table 2: gqRT-PCRPrimers and thémpliconSizes

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 qRFPCR cycling conditions for both RANK and GAPDH primers girenin
(Table3).

Table 3: gRT-PCRCycling Conditions forthe Primers.

Process Conditions

Initial Denaturation 95°C, 5 min
Denaturation 95°C,5s 35 cycle
Annealing and Extension 60°C, 10's

Melt 50°C-99C; 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 ®f@%elative

expression equation:
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o C(treated) = ¢(target gene) C: (reference gene) | Eq. 1

g C(control) = G (target gene) C; (reference gene) | Eq. 2
PEG  gfteated)i oo C(control) Eq. 3

Amount of target normalized to reference gene | Eq. 4

relative to contro(Fold Change¥ 2®®C!

where,

Treated sample | siRNA treated sample

Controlsample | Untransfectedample

Target gene RANK

Reference gene | GAPDH

At 24, 48 and 72 h, RNA was isolated from the cells, treated with DNas&der to
remove the DNA contamination from the isolated RNA solution. DNase | treated
RNA sample werethen converted into cDNA (Appendix A) and finally glPCR

was performed.

Fold changes of mocKonly HiPerfect transfection reagent treated cels)
scrambled siRNA transfected celend RANK siRNA transfected cellsvere

normalized to that afintransfected 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 thexpression o0RANK, gPCR studies were
performed with theomplexes ofN/P ratios of 6, 20, 25, 30 and 60. For this purpose,
the known amount of siRNA (375 ng/well3 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 ontaethe
suspension (1.2x2RAW264.7 cells). The cells with the complexes were incubated
(37°C in 5% CQ 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 pbsansfection. The amount of sSiRNA was determined according
to previous studiegsection2.2.5.) which led to significant inhibition in RANK
MRNA expression. The controls of the study were, untransfected cells, PEI
transfected cells (Mock) and PEl:scrambled siRNA complex transfected cells.

2.2.5.4 Inhibition of RANK mRNA in Nanocapsule Transfected Cells

RAW264.7 (1.2 x 10) cells wee transfected with either emptEl:Scrambled
siRNA loaded (N/P 20) or PEI:RANK siRNA complex loaded (N/P BPQL.GA
nanocapsules (6 mg). On Days 3 and 5, the cells were wastie®B% to remove
the dead cellfRNA isolation and then gRPPCR were perfoned

2.2.6 Inhibition of Osteoclast Differentiation and Activity

2.2.6.1 Inhibition of Osteoclast Differentiaibn

RAW cells (5x18 cells/cn?) were mixed with RANKL (100 ng/mL)M-CSF (20

ng/mL) and PLGA nanocapsules (0.7 mg of either empty, ®Edmbled siRNA or

PEI:RANK siRNA loadednanocapsulgs The cell suspensions were seeded onto

TCPS slides (2.8 cfp On Days 3 and 5, the cells were fixed with PFA (4% wi/v)

and washed twice with PBS. Then, TRAP staining was performed by Acid

Phosphatase Leukocyte (TRAP) KitSi g ma , Germany) according to
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 undeoscimpe 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 actipiy formation assay was
performed or96 well Osteoassay surface plates (Corning, USA).

For the studyRAW264.7 cells (5 x 10in DMEM high full medium, 50 pl) were
mixed with RANKL (100 ng/mL), MCSF (20 ng/mL) and PLGA nanocapsuleg (0.
mg of either empty, PEl:Scrambled siRNA or PEI:RANK siRNA loaded
nanocapsules0 pb).

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 solon (10 %, 100 puL) 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 2@ X magnification. Thefraction of
resorbed surface area was quaedifoy usingl5 images from each group (n=3) by

usinglmage J software (NIH, USA).

2.2.7 Statistical Analysis

All guantitative data presented in the study were expressed by imetandard
deviations.Statistical differences among groupsre assessed liywo-way ANOVA

(anal ysis of var i-rmnanay}iexeept fohpit onnktienyaésay p o st
which was assessed by eway ANOVA (analysis of variancepv al ue O 0. 05
considered to be statistically significant. Analysis was performed via GrdphPa

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 complexeass measuredZeta potential is a
function of surface charge of a particlearest solution antheionic strength of the
test solutions important in the measurement of the zeta pote(8izé¢ et al., 2003
The nucleicacidsare negatively chargedlie to the phosphate grouipey carry on
their backbone and PEI is positively charged becausts pfimary, secondary and
tertiary amino groups When PEI and nucleic acidsnteract the charges are

neutralizel.

For the measurement, equal volumes of PEIt ar t i ng PEI concentr
and DNAoligo( 1 0 wgeM )mixed, incubated at room temperature, and diluted in
nuclease fredH>O to form complexes of N/P ratios of 1, 2, 3, 4, 5, 6, 10 and @

zeta potatials of the PEI:DNAoligo complexes with N/P ratios of20 are

presented ifrigure10.
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Figure 10: Zeta potential of PEI:DNAoligo complexes withifferent N/P ratios.
Complexes with up to N/P ratio of 5 presented negative zeta potentials. The charge
of the complexeshifted to positive values after N/Pvhich indicates that all the
DNAoligo was incomplexedform with PEI.

As can be seen from the figurg) to the N/P ratio of 5, the zeta potential of the
complexes was negativ@&his may be explained by the steric availabildf PQ;?
groups which were not neutralizefter that point, where thBEl amount is much
higher than the nucleic acids, the zeta potential of the comp#imis to positive
values These radts are consistenwith the literature. Wagner et al., studied the
complexation and zeta potentials of PEI:SiRNA compld¥éagner et al., 20)3In

that study, itwas also found that increasing the N/P ratios led to a shift of surface
charge from negative to positivalues From these resultg may be concluded that
N/P ratio of 5 is needed to bring the zeta potential of the complexxgptoximately
neutral (0.4 £ 48 mV). As the PEI proportion increases further, the zeta potential

becomes more positive and reaches a plateau after a N/P ratio of 10.
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3.1.2 Condensationof PEI:Nucleic Acid Complexes

Condensation ofnucleic acids withPEI were studied by using electrophoretic
mobility assay. In this assay, the migration of the molecules throughétrex of the
agarose gel is controlled by the siaed charge of the moleculeSomplexes of
PEI:DNAoligo and PEIL:siRNA were prepared atitir condensatiomevels were
comparedwith agarose gel electrophoresis to determine whether DNAoligo can be
used as a substitute for siRNA in the encapsulatifiniency and release studies.
Complexes of PEI and nucleic acids are fornde@ toionic interactions between
negatively charge®hosphates of nucleic acids apdsitively dargedNitrogensof
PEI (Figure9) which neutraliz thar chargesPEI also condenses the nucleic acids
therefore, both theeutralizatiorandresultantcondensation of the complexiesd to
reduced electrophoretic migration in agarose gel during electrophoresis

The migrationpatterns ofthe complexe$?EIl:siRNA and PEI:DNAoligowith N/P
ratios of 010 on EtBr &ined agarose gel (2%jre presented ifrigure 11 In
complexeswith N/PO4, nucleic acidbandspreset the uncomplexed form of the
nucleic acidsthat has migrated through the geAs the N/P increases, the band
intensity becomes weakardicatingthatleser amount of nucleic acgwhich hare
migrated When N/Pwashigher than 5, no eladphaetic movement was observed.
Thisis due to the complexatigorocessthe charge of the complex becomes cationic
which preventedheir migrationthrough the gelSince botiPEI:siRNA (Figure11A)

and PEI:DNAoligo (Figure 11B) complexes exhibit the same pattern of
complexation, w concluded that the DNAoligo could be used as a substitute for
siRNA in the optimization oéncapsulation efficiency andlease studies.
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Figure 11 Electrophoretic mobility assayf PEIl:nucleic acid complexes Agarose
gel. (A) PEIL:SiRNA, and (B) PEI:DNAoligo complexes with N/t 0i 10. The
agarose gel @) was run for 20 min at 100 V. Above a N/P ratio of 5, nucleic acid

migration wassuppressed bgharge neutralizatiothroughPEI 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 efficienaf/therapeutics in carrier systerare two very
important parameters in adjusting the dose and the efficacy of the drug delivery
system. In the determination of encapsulation efficiettog,fluorescence intensity
(FI) obtained from FAM abel | ed & N A®I4emghdr ninjeeras usetd
calculate the amount of complex encapsulated in the PLGA nanocap®tlesnd
FAM-labelled DNAoligo were used at a N/P of 20 in the preparation of PLGA
nanocapsules. The amount of tbemplex encapsulated was calculatédm the
calibration curve obtaed by usingempty nanocapsutemixed withknown amounts

of PEI: FAM-labelled DNAoligo complex (N/P 20) and their corresponding FlI
values(Appendix D) Based on the parameters for particle preparation used in this
study the encapsulation efficiency wascodated to be 48.1 + 1.4% and the loading
was 192 + 4ug/g PLGA nanocapsule.

The PLGA polymer used in this stuthas carboxylic acid end groupad therefore
the producel nanoparticles ar@egatively charged-10.96 + 3.84) Encapsulating
negatively charged hydrophilic moleculsach assiRNA into negatively charged
PLGA nanocapsules is challenging mainly due to the electrostgiitsionbetween
siRNA and PLGA PEI was used tmvercome this drawbacky addingpositive
charged moleculesiuring capsule preparatiofPatil and Panyam, 2009 The
encapsulation of siRNA into nameter sized capsuleslso depends on various
parameters such as the volume ratioaagiieousand organic phase polymer and
siRNA concentrations andonication time(Cun et al., 2010 The encapsulation
efficiency obtained in this studwas found to be comparable with theerature
which ranges between ~BD % with changes in thenanocapsule preparation
parametergAlshamsan et al., 201Cun et al., 2010Cun et al., 201;1Hasan 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, Xnd 21 the nanocapsules were centrifuged, resuspended in
fresh TE bufferdiluted with dHO, added dropwisento 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 surfadgh time, agglomerabn of particles

could be observed (Day 3n the following days, increasing fractions dégraded
nanocapsules were observed (Day 5 to 14). Finally Day 21 the spherical
morphology of the nanocapsules wesmpletelylost and almost a matrix like

structure was observed.
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Figure 122 SEM micrographs of PLGA nanocapsules during 21 days of incubation
in TE buffer(A, B). Scale bar: 2um.
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