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ABSTRACT

BONE MARROW TARGETED LIPOSOMAL DRUG DELIVERY SYSTEMS

Baki, Mert
M. Sc., Department of Biomedical Engineering
Supervisor: Assoc. Prof. Dr. Aysen Tezcaner

Co-Supervisor: Prof. Dr. Duygu Cetinkaya

May 2011, 80 pages

Homing is the process that stem cells move to their own stem cell niches under
the influence of chemokines like stromal-derived factor-1o (SDF-1a) upon bone marrow
transplantation (BMT). There is a need for increasing homing efficiency after BMT
since only 10-15% of the transplanted cells can home to their own niches and a limited
amount of donor marrow can be transplanted. In this study, we aimed to develop and
characterize bone marrow targeted liposomal SDF-1o delivery system prepared by
extrusion method. Alendronate conjugation was chosen to target the liposomes to bone
marrow microenvironment, particularly the endosteal niche. Optimization studies were
conducted with the model protein (B-lactoglobulin). 200 nm sized 5% pegylated
DPPC:Cho (2:0.5) liposomes were chosen for targeted SDF-1a loaded large unilamellar
liposomes (LUVs). DSPE-PEG2000-Carboxylic Acid was conjugated with alendronate
via carbodiimide chemistry for preparing targeted liposomes. Alendronate (ALE)
conjugation was shown by FT-IR and the conjugation efficiency was found 34.5+4.6 %.
5%ALE-PEG/LUVyy encapsulated 48.3 + 0.3% of SDF-la and released 44.1+0.9%
after 24h, with a similar profile as 5%PEG/LUV,y and 2.5%ALE-PEG/LUV .
5%ALE-PEG/LUV4y, had more negative potential (-21.9 mV) and significantly higher



affinity to hydroxyapatite than 5%PEG/LUV2y and 2.5%ALE-PEG/LUV,y. Migration
assays conducted with human mesenchymal stem cells showed that SDF-1a released
(24.4 ng/ml) from the liposomes in 24 hours increased the chemotactic activity of these
cells. SDF-1a loaded 5%ALE-PEG/LUV 0, reported for the first time in literature, has
potential as an effective vehicle for improving homing efficiency and thereby permitting
successful BMT from young donors. Additionally, this system could also be considered
for treating large and difficult bone fractures with recruitment of host stem cells.
However, further studies including migration assays with human hematopoietic stem

cells and in-vivo distribution of the liposomal system are suggested.

Keywords: Targetted liposome, bone marrow, homing, SDF-1a, alendronate.
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KEMIK iLiGi HEDEFLi LIPOZOMAL iLAC SALIM SISTEMLERI

Baki, Mert
Yiiksek Lisans, Biyomedikal Miihendisligi Bolimii
Tez Yoneticisi: Dog. Dr. Aysen Tezcaner

Ortak Tez Yoneticisi: Prof. Dr. Duygu Cetinkaya

Mayis 2011, 80 sayfa

Kemik iligi transplantasyonu (KIT) sonrasinda Stromal Kaynakli Faktor-lo
(SDF-1a) gibi kemokinlerin etkisi altina giren kok hiicrelerin nislerine (mikrogevre)
dénme siirecine yuvaya doniis ad1 verilir. Nakil sonrasinda yuvalanma verimini artirmak
gerekmektedir ¢iinkii nakil sirasinda hastaya verilen hiicrelerin yalnizca %10-15’lik bir
boliimii yuvalanma siirecini tamamlayabilmekte ve nakil edilen donor ilik miktarinin
sinirhi olmaktadir. Bu ¢alismada, ekstriizyon yontemi ile hazirlanan kemik iligi hedefli
SDF-la yiikli lipozomal salim sistemleri gelistirilmesi ve karakterize edilmesi
amaglanmaktadir. Kemik iligi mikrogevresi ve 6zellikle endosteal mikrogevresine salim
hedeflenmis ve bunun i¢in alendronat ile konjligasyonu yapilmistir. Optimizasyon
calismalar1 i¢in model protein (B-lactoglobulin) kullanilmistir. 200 nm boyutunda %5
pegile DPPC:Cho (2:0.5) kompozisyonundaki tek katmanli lipozomlara se¢ilmis ve
hedefleme i¢in DSPE-PEG2000-Karboksilik Asit ile alendronat karbodiimid bag ile
konjiige edilmistir. Alendronat konjligasyonu FT-IR ile gosterilmis ve etkinligi
%34.5+4.6 olarak bulunmustur. 5%ALE-PEG/LUV g lipozomlar SDF-1o’nin %48.3 +
0.3’linli hapsetmis ve 24 saatin sonunda %44.1 = 0.9’unu salmistir. Toplam %5 pegile

lipid iceren lipozomlarda, hedeflenmis %5 ve %2.5 alendronatli lipozomlar ile

Vi



hedeflenmemis lipozomlarin benzer salim profillerine sahip oldugu goézlenmistir.
5%ALE-PEG/LUVy lipozomlar daha negatif bir elektrik potansiyele (-21.9 mV) sahip
olup, 5%PEG/LUVyy ve 2.5%ALE-PEG/LUVyy lipozomlarla karsilastirildiginda
hidroksiapatite (HA) kars1 istatiksel olarak daha yiiksek afinite gdstermistir. Insan
kaynakli mezenkimal kok hiicreler ile yapilan migrasyon deneylerinde 24 saat sonunda
salman 24.4 ng/ml SDF-lo’nin hiicreler {izerindeki kemotaktik etkiyi artirdig:
gozlenmistir. Literatiirde ilk kez c¢alisilan SDF-la  yiikli 5%ALE-PEG/LUVyg
lipozomlar KiT sonrasinda yuvalanma verimini artirma ve bdylece geng yastaki
dondrlerden ilik naklinin basariyla yapilmasini saglama potansiyeline sahiptir. Ancak,
Onerilen sisteminin insan kaynakli hematopoietik kok hiicreler ile yapilacak migrasyon
deneyleri ve in-vivo dagilim deneyleri ile daha detayli olarak arastirilmasi
onerilmektedir. Ayrica bu sistem hasta kok hiicreleri ¢agirmasi ile biiyiik ve zor kemik

kiriklarin tedavisi icin degerlendirelebilecegi diisiiniilmektedir

Anahtar Kelimeler: Hedeflenmis lipozom, kemik iligi, yuvalanma, SDF-la,

alendronat.
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CHAPTER 1

INTRODUCTION

1.1 Liposomes

Liposomes were first described by Bangham in 1960s as self-assembled lipid
vesicles composed of one or more lipid bilayers [1]. They are microscopic closed
vesicles consisting of mainly phospholipid bilayers surrounding an aqueous medium
(Fig. 1.1) [2]. Phospholipids, when dispersed in an aqueous environment at a
concentration above their critical micelle concentration (CMC), tend to form these

closed vesicles spontaneously and encapsulate some of the aqueous environment.

Hydrophobic region

Central core

Figure 1.1 Schematic illustration of three dimensional structure of a liposome

(en.wikipedia.org)



Most widely used lipids are phospholipids (PLs), especially phosphatidylcoline,
phosphatidic acid, phosphatidylglycerol, phosphatidylserine and phosphatidyl-
ethanolamine. PLs have different combinations of fatty acid chains in the hydrophobic
region of the molecule with different chain length and degree of unsaturation [3].

Liposomes vary in size ranging from 30 nm to several micrometers, phospholipid
composition, and surface characteristics (Fig 1.2). These properties can be modified for
specific applications. Liposomes composed of single lipid bilayer structures are referred
as unilamellar liposomes. Unilamellar liposomes vary in size. Small unilamellar vesicles
(SUVs) range in size from 20 to 100 nm whereas liposomes larger than 100 nm are
referred as large unilamellar vesicles (LUVs). The diameters of LUVs are in a very

broad range; from 100 nm up to cell size and they are called the giant vesicles (GUV).

Amphiphile

<— Polar Head

<—— Nonpolar Tail

Figure 1.2 Liposomes of different sizes and lamellarity (modified from
www.avantilipids.com)
They contain a large aqueous core. Therefore, they are preferred to entrap water

soluble drugs [4]. Multilamellar vesicles (MLVs) have two or more lipid bilayers and


http://www.avantilipids.com/

their sizes differ from a few hundred nanometers to several microns [2]. Their layers are
separated from each other by a layer of aqueous phase (Fig. 1.2)

Different preparation methodologies are being used for liposomal formulations.
Most widely used methods and their resulting liposome formulations are given in Table
1.1[3].

Table 1.1 Different methods for preparation of liposomes

Multilamellar Unilamellar

(evaporation

Freeze-thaw

cycling
High energy Swelling in De-/rehydration
Thin film sonic non-
hydration fragmentation electrocytes

De-

Electroformation

dried, spray- | Extrusion /rehydration | Solid film hydration
dried or Extrusion Detergent dialysis
lyophilized High pressure | Detergent
lipid material) | homogenization | dialysis
Solvent Reverse
l injection l evaporationl l
MLV SUv LUV GUV




1.2 Liposomes as Delivery Systems

The application areas of liposomes range from medicine (for developing vaccines
[5, 6], delivery systems for diagnostic agents [7, 8], chemotherapeutic drugs [9, 10], and
DNA [11], to textile (i.e., delivery of dyes) [12] and food industry (i.e., as delivery
systems for pesticides, enzymes besides nutritional liposomal formulations used in food
supplementation [13].

Liposomes have been widely used as delivery systems for different bioactive
agents like therapeutic drugs (i.e., paclitaxel, topotecan, doxorubicin) [14-16], hormones
(parathyroid hormone, growth hormone) [17, 18] and enzymes (i.e., elastase, beta
glucorinedase, etc) [19, 20] because of their ease and convenient preparation, low
toxicity, biocompatibility, biodegradability. There are several liposomal formulations in
the market that are designed for immuno-compromised patients [21-23]. Some of these
are presented in Table 1.2.

Table 1.2 Liposomal formulations of different drugs in the market (modified from
en.wikipedia.org)

Bioactive Agent | Trade Name | Company Name | Indication

Amphotericin B Ambisome Gilead Sciences Fungal & Protozoal
infections

Cytarabine Depocyte Pacira Meningitis

Daunorubicin DaunoXome | Gilead Sciences HIVrelated Kaposi’s
sarcoma

Doxorubicin Myocet Zeneus Metastatic breast cancer

IRIV Vaccine Epaxal, Berna Biotech Hepatitis A,

Inflexal V Influenza

Morphine Depodur Skye Pharma,Endo | Postsurgical analgesia

Verteporfin Visudyne QLT,Novartis Age-related macular
degeneration, Pathologic
myopia,
Ocular histoplasmosis

Doxorubicin Doxil/Caelyx | Ortho Biotech, HIV-related Kaposi’s

Schering-Plough sarcoma, Metastatic breast

cancer,
Metastatic ovarian cancer




There is still high interest among researchers for developing and/improving
liposomal delivery systems targeted to different cancer types such as Kaposi’s sarcoma,
leukemia and breast cancer [24-27]. Doxorubicin loaded liposomes (under the trade
name: Doxil) is used to treat Kaposi's sarcoma and metastatic ovarian cancer. It is also
sometimes used for other types of cancer, such as multiple myeloma. Preclinical studies
showed that pegylated liposomal doxorubicin was as effective as free doxorubicin
(Adriamycin) in a variety of tumor models [28, 29]. Pharmacokinetic studies revealed
differences between pegylated liposomal doxorubicin (PEG-LD) and doxorubicin, with
PEG-LD having a higher area under the concentration-time curve (AUC), lower
clearance rate, and smaller volume of distribution [30]. The ability of PEG-LD
liposomes to remain intact while in circulation and retain most of the doxorubicin in
encapsulated formulation were believed to be responsible for the reduced toxicity seen
with this agent without sacrificing efficacy.

It has been recently shown that liposomal cisplatin used for the cure of pancreatic
cancer in mice was less toxic than free cisplatin and had similar response rate in mice.
These results pointed out that especially in cancer treatment; these liposomal systems do
not have strong side effects as observed for therapeutic drugs. Thus, they are highly
important on improving patients’ life quality and empowering the treatment effect.
Liposomal Cisplatin (Lipoplatin) has received Orphan Drug designation (a
pharmaceutical especially developed to cure a rare medical condition) for Pancreatic
Cancer from European Medicines Agency [31].

With the possibility of targeting, liposomes have become good and promising
vehicles for cancer treatment due to enhanced biological response and low systemic
toxicity. There are many research groups actively working on the development of
immunoliposomes targeted to cancer cells. However, there is no targeted liposomal

delivery system for cancer or any tissue site in the body in clinical use up to this date.



1.2.1 In Vivo Fate of Liposomes

Liposomal formulations are administered through nasal aspirations, skin and
intravenous routes. Following systemic administration, reticuloendothelial system (RES)
is the site for highest liposome accumulation. The main organs of RES are liver, spleen
and lungs [32]. Among them, liver has the largest capacity to uptake the liposomes,
shortening their half-lives.

Liposomes interact with cells in different ways: endocytosis by macrophages and
neutrophils, fusion with the plasma membrane of body cells and releasing their contents
into the cytoplasm, and transfer of lipids to cellular membranes without any release
and/or adsorption to cell surface with weak hydrophobic forces or specific interactions.
Macrophages do not recognize the liposomes themselves, they recognize the opsonins
(serum proteins) bound onto the surface of the liposomes. Some of these opsonizing

proteins are immunoglobulins, fibronectin and 3-2-macroglobulin [4].

1.2.1.1 Factors Affecting In Vivo Fate of Liposomes

The bio-distribution, structural stability, and circulation time of liposomes can be
influenced by particle size, lipid composition, surface charge, hydration, and sensitivity
to pH changes, bilayer rigidity/fluidity, the binding kinetics of opsonins to liposomes
and the presence of targeting moieties on the liposome surface. Many different
molecules from basic structures like monosaccharides to complex structures like
antibodies can be used for this purpose [33].

Particle size is also important to avoid from the RES. In general, larger liposomes
are eliminated from the circulation more rapidly than the smaller ones. Nanoparticles
(size under 200 nm) are preferred for less RES uptake. SUVs have a longer half-lives
than the multilamellar liposomes. Studies showed that liposome uptake was serum and
vesicle size dependent. It was reported that the degree of opsonization decreased with a
decrease in size from 800 nm to 200 nm [34]. It was shown that smaller liposomes could

not support opsonization but the larger ones did [32].



Liposome composition is another important parameter that affects structural
stability, in vivo half life and release characteristics of liposomal formulations of
bioactive agents. Optimizing the lipid composition is the very first step for developing of
liposomal systems. Most popular natural and synthetic phospholipid derivatives used in
liposomal formulations are egg phosphatidylcholine (EPC),
dimyristoylphosphatidylcholine (DMPC), dipalmitoylphosphatidylcholine (DPPC) and
distearoylphosphatidylcholine (DSPC). There are several issues to consider when
selecting the lipids for liposomal composition. One is the phase transition temperature of
lipids. The phase transition temperature of lipids is the temperature at which the lipid’s
physical state changes from the ordered gel phase (hydrocarbon chains are closely
packed) to the disordered liquid crystalline phase (hydrocarbon chains are randomly
oriented) [35]. Hydrocarbon length, degree of unsaturation, charge, and head group
species affect the phase transition temperature. As the hydrocarbon length is increased,
Van der Waals interactions become stronger; thus the phase transition temperature
increases. Different lipids have different transition temperatures. DSPC has the highest
transition temperature of all phospholipids mentioned above; therefore, it exhibits high
stability and leaktightness in a wider temperature range [36].

While encapsulating proteins and growth factors into liposomes, it is especially
important to select the proper lipid or lipid mixture for the formulation to achieve good
loading and release behaviour as well as to prevent the loss of biological activity of these
bioactive molecules during preparation. These molecules are highly sensitive to
temperature and they easily decompose above the body temperature. While using a lipid
composition with a high transition temperature (Ty,), it is inevitable for proteins to
denature and lose functionality during hydration and other processing steps like
extrusion. For this reason, the composition for protein liposomal delivery systems
usually involves phospholipids with lower T, together with cholesterol for further
structural stabilization [37, 38].

The use of liposomes as bioactive delivery system is also highly related to the
water solubility of the compound. Liposomes are predominantly used as carriers for

hydrophilic molecules [39]. These molecules do not interact with the lipid moiety of the



vesicle. The size and volume of the inner aqueous region are the two important
parameters for encapsulating water-soluble bioactive agents. However, these two
parameters are not considered critical for hydrophobic molecules that will be
incorporated in the hydrophobic lipid bilayer region.

Liposomal suspensions are destabilized after intravenous injection because of the
adipose exchange of phospholipids under plasma lipoprotein effect [40]. Liposomes
adsorb the blood plasma components, which lead to their clearance from the blood
circulation [41]. Cholesterol is a membrane constituent widely found in biological
systems. It is used for modifying membrane fluidity, elasticity, and permeability. It
literally fills in the gaps created by imperfect packing of other lipid species when
proteins are embedded in the membrane. Cholesterol serves much the same purpose in
model membranes. Cholesterol incorporated into lipid bilayer blocks this lipid exchange
and creates a stabilizing effect [42]. Also it was shown that adding cholesterol to the
bilayer structure of liposome causes an increase in phospholipids packing and reduces
the transfer of phospholipids to lipoproteins [43].

Most commercially available cholesterol sources are derived from egg or wool
grease (sheep derived) [42]. These animal sources are potentially not suitable as human
pharmaceuticals due to the potential viral contamination. The surface charge of liposome
affects their in vivo fate. Researchers add either negatively or positively charged
phosholipids into the composition to create a charged surface. Anionic liposomes can
generally be formulated by using acidic phospholipids such as phosphoglycerol,
phosphoserine, phosphatidic acid and PEGylated phosphoethanolamine [44-46]. It was
also reported that negatively charged liposomes have shorter half-lives than neutral ones
[47].

Cationic liposomes are made of positively charged lipids such as 1,2-dioleoyl-3-
trimethylammoniumpropane  (DOTAP), 1,2-dioleoyl-3-dimethylammoniumpropane
(DODAP) and dimethyldioctadecyl ammonium bromide (DDAB), which are generally
used for gene transfer as non-viral vectors [48-50]. They can entrap and condense large

amount of negatively charged DNA. Apart from DNA, researchers also encapsulated



low molecular weight heparin in pegylated cationic liposomes and reported that these
cationic liposomes could be a trustable carrier for inhalable formulation of the drug [51].

The complement system evolved as an immediate host defense against invading
pathogens. The complement system can be a major dominant factor in the clearance of
liposomes from the circulation since it plays a critical role in the removal of particle
materials, such as pathogens [52]. It has been reported that both positively and
negatively charged liposomal surfaces are activating the complement system in different
ways [53]. Highly cationic regions of the polypeptide chains (first complement protein
C1) in complement system reacts with the negatively charged surface of liposomes and
this mechanism initiates the activation of classical complement cascade [46]. This
activation is followed by immune activation and anaphylaxis shock [54]. Cationic
liposomes tend to activate the human complement system via the alternative pathway
[55].

Conventional liposomes are quickly coated with plasma proteins after injection
intravenously. This adsorption increases their phagocytosis by RES so that they are
rapidly removed from the systemic circulation. This response was used in treating liver
and spleen parasites using liposomes. It was shown that liposomal formulation of
antiparasitic drug trifluralin (TFL) reduced the number of parasites by up to one third or
one half as compared to negative control and to free TFL, respectively [56].

1.2.1.2 Strategies for Prolonging Half-life and Efficacy of Liposomal Delivery
Systems

When a site other than RES is targeted, liposome uptake and removal by
macrophages become a main challenge. Using saturated phospholipids and cholesterol in
liposome composition cannot fully overcome the opsonization problem and consequent
uptake of the vesicles by RES. Different strategies have been used to overcome these
obstacles by coating the liposome surface with an inert molecule to create a barrier.
Modification of liposomal surfaces with compounds like peptides, antibodies, and

polymers can lead to prolonged circulation time [57].



One of the most important developments in liposomal delivery systems is the
surface modification of liposomes with polyethylene glycol (PEG) and eventual
development of long circulating (stealth) liposomes [58-60]. Other than pegylated lipids,
other polymers like polyacrylamide, polyvinyl alcohol, and polyvinylpyrrolidone
(referred as steric protectors) are also used for preparing stealth liposomes [61, 62]. One
of the most important features of stealth liposomes is their ability to extravasate at sites
where there is high permeability at the vascular walls.

PEG is a linear polytetherdiol that bears properties like biocompatibility, solubility
in aqueous environment, non-toxicity, low immunogenicity and also good excretion
behaviour. Surface modification with PEG can be done in different ways: by including
PEG-lipid conjugates during preparation of liposome, by covalently attaching PEG onto
the surface of liposome or physically adsorbing PEG to vesicle surface [63].

Pegylation of liposomes serves many important functions. As described above, this
modification increases the bioavailability of drugs. It has been also shown that it slows
down the release of bioactive agent content of the liposomes. PEG chains increase the
hydrophilicity of the liposome, thereby improving their biocompatibility. However, its
main effect is in reducing the interactions of liposomes with plasma proteins. A PEG
chain possesses a flexible chain that occupies the space adjacent to the liposome surface,
which reduces interactions with plasma proteins. By reducing the uptake by
macrophages, long-circulating liposomes can be passively accumulated inside the tissues
and organs. Such strategy is called passive targeting [4]. This results in minimal side
effects and toxicity. Additionally, PEG chains avoid the vesicle aggregation, thereby
improving the stability.

Apart from prolonging the clearance time of liposomes, efforts have been put to
target them to a given site in the body. Targeting moieties are monoclonal antibodies or
their fragments, peptides involved in cell to cell interactions, growth factors,
glycoproteins, carbohydrates or receptor ligands [4]. Grafting specific ligands to the
liposome surface facilitates a fusion of the liposome with target cells by endocytosis,

thus releasing material to be delivered inside the cells [32].
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Immunoliposomes are antibody targeted liposomal systems that can actively target
and recognize specific cells and organs of the body. This recognition is achieved by the
antibodies or antibody fragments conjugated onto the surface of liposomes [64, 65].
Immunoliposomes must be long circulating and non-immunogenic. For this end, the
surfaces of these liposomes are modified with hydrophilic components like PEG [66].
This process makes the liposomes unrecognizable by the RES and guides it to the target
region.

Immunoliposomes provide higher and more selective therapeutic activity than any
other liposomes can have, owing to highly increased drug amount delivered to the target
site. Also, number of the ligands per liposome can be modified by which the uptake by
the cells can be increased more. It is the most promising way of lowering the side effects
of the specific drug.

The main application of immunoliposomes is for treatment of cancer [67-70].
However, studies on their use in different diseases like cerebral ischemia and collagen-

induced arthritis were also documented [71, 72].

1.3 Bone Marrow and Stem Cells

In adult human, bone marrow is the place for production of hematopoietic stem
cells (HSCs) from which all blood cells are derived. It is the only permanent
hematopoietic organ in human [73]. It lies within the trabecular bone. Bone marrow
stroma and trabecula support and maintain the hematopoietic tissue. Stroma has
osteocytes, adipocytes, reticular cells, vascular endothelium and extracellular matrix.
Extracellular matrix is composed of collagen, proteoglycans, glycosaminoglycans and
adhesive proteins. The adult human bone marrow normally makes 2.5 billion red blood
cells, 2.5 billion platelets and 1 billion granulocytes per kilogram of body weight per day
[74].

All stem cells have two important properties, namely self-renewal and potency.
Self-renewal is the ability of the cell to divide while maintaining the undifferentiated

state and potency is the capacity to differentiate into specialized cell types [75]. HSCs
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are defined by their ability to differentiate into all blood cell types (multipotency) and
their ability to self-renew. A small number of HSCs can expand to generate a very large
number of daughter HSCs. When they proliferate, at least some of their daughter cells
remain as HSCs, so the pool of stem cells does not become depleted. The other
daughters of HSCs (myeloid and lymphoid progenitor cells), however, can each commit
to any of the alternative differentiation pathways that lead to the production of one or
more specific types of blood cells, but cannot self-renew [76]. This phenomenon is used
in bone marrow transplantation, when a small number of HSCs reconstitute the
hematopoietic system [75, 76]. HSCs have been used in the form of bone marrow or
stem cell transplantation for the treatment of patients with blood and bone marrow
diseases for over 30 years [75].

The bone marrow stroma also contains mesenchymal stem cells (MSC). These
cells are multipotent adult stem cells that can differentiate into a variety of cell types like
osteoblasts, chondrocytes, myocytes, adipocytes. They can also transdifferentiate into
neuronal cells. They support the survival and the proliferation of hematopoietic stem
cells. Clinically, MSCs may be used to enhance HSCs engraftment after transplantation,
to correct inherited disorders of bone and cartilage or as vehicles for gene therapy [77,
78].

1.3.1 Stem Cell Niche

Stem cell self-renewal is thought to occur in the “stem cell niche” in the bone
marrow, and it is logical to think that the signaling pathway necessary for the self-
renewal process occurs in the particular stem cell niche. When the niche is filled with
stem cells, the excess cells are pushed out into another microenvironment/niche. By this
way, stem cells can mature and consequently pass to the blood circulation through the
sinusoids [79].

Figure 1.3 is an illustration representing the microenvironment and its cellular
components present in the bone marrow of a trabecular bone. A stem cell niche can be

defined as a spatial structure in which stem cells are housed and are maintained by
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allowing self-renewal in the absence of differentiation [80]. This microenvironment and
stem cells are both dynamic and respond to several stimuli coming at different levels of

organization like tissue or systemic milleu.
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Figure 1.3 Stem cell niche and cellular components in the bone marrow (modified from
Grassel S et al, 2007)

Many studies showed that most adult stem cells divide infrequently and remain
quiescent for weeks to months. It has also been reported that efficiently engrafted HSCs
remain generally quiet and inactive after transplantation. These stem cells may function
as a reserve pool of cells but they can be activated in response to an injury or stress [76 -
80]. Two different niches supporting HSCs have been proposed in bone marrow; namely
endosteal and vascular niches. Endosteal niche (osteoblastic niche) is the niche where
the maintenance of quiescent HSCs are promoted and the vascular niche supports
mobilization and proliferation of HSCs. HSCs can be found in close proximity to
endosteal bone surfaces lined by osteoblasts, supporting the idea of an endosteal niche
and also a large number of HSCs were attached to sinusodial endothelium of bone
marrow which supports the existence of a vascular niche [81]. Quiescent HSCs produce

progenitors and they leave the endosteal niche, migrate to blood vessels at the center of
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the bone marrow (vascular niche) where they mature and differentiate. Both niches have
important roles in HSC mobilization and in its reverse process called homing.

Microenvironment regulates stem cells with the presence of some specific
chemical substances called chemokines. Chemokines are like growth factors and their
gradient is the key factor to instruct stem cells to differentiate or remain quiescent in the
niche. Stem cell factor, interleukin, transforming growth factor, granulocyte colony
stimulating factor, stromal derived factor and bone morphogenic proteins are examples
for these chemokines. In homing process, endosteal niche expresses high levels of a
chemokine called Stromal Derived Factor-la (SDF-1a) and this chemokine attracts
HSCs expressing CXCR4 receptors. Migration to the endosteal niche plays a crucial role
for the engraftment and anchoring of HSCs [82]. It is known that HSCs are significantly
enriched within the endosteal region after bone marrow transplantation [83].

Hematopoietic stem cells need bone marrow microenvironment (niches) which
regulates their migration, proliferation and differentiation for carrying out the successful
hematopoiesis throughout life. [84]

1.3.2 Homing

Homing is the first and fairly rapid process following transplantation in which
circulating hematopoietic cells actively cross the blood bone marrow barrier and lodge at
least transiently in the bone marrow by activation of adhesion interactions prior to their
proliferation [84]. This event can, in general, be defined as recruitment of circulating
HSCs to the bone marrow microvasculature and subsequent transendothelial migration
into the extravascular hematopoietic cords of the bone marrow [85]. Bone marrow
endothelium is the first region for homing cells to anchor with the help of adhesion
molecules and stimulating chemokines present in the bone marrow niche as shown in
Figure 1.4. Several adhesion molecules are necessary for homing of HSCs to the bone
marrow niche. A very important factor for migration, retention and mobilization of

HSCs during homeostasis and after injury or transplantation is CXCL12 / SDF-1a.
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Figure 1.4 lllustration of the pathway taken by HSCs during their homing to their bone
marrow niche and subsequent transendothelial migration out of the niche (modified from
Wilson A et al, 2006).

1.3.3 Stromal Cell Derived Factor-1a

SDF-1 (stromal cell-derived factor-1) is a small cytokine belonging to the
chemokine family that is officially designated as Chemokine (C-X-C motif) ligand 12
(CXCL12). SDF-1 is produced in two forms, SDF-1o0/CXCL12a and SDF-
1B/CXCL12b, by alternate splicing of the same gene [86].

SDF-1a. belongs to a group of structurally related proteins, which have a
chemotactic activity, especially on HSCs. In fact, among all the chemokines tested until
today, SDF-1a is the only attractant for HSCs. This chemokine is expressed by
immature osteoblasts in the stem cell rich endosteum region. SDF-1 and its receptor
CXCRA4 are continuously expressed by human and murine bone marrow endothelium.

High levels of SDF-1a on the surface of osteoblasts attract HSCs to return home to
the osteoblast niche. As an endosteal niche ligand, SDF-1a strongly chemoattracts the
HSCs which expresses the CXCR4 receptor on their surfaces [87]. This finding was also

documented in the study with murine embryos with CXCR4 knocked out gene in which
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a significant decrease in HSCs was observed in their niches [88]. The overall effects of

SDF-1a in health and disease states are summarized in Table 1.3.

Table 1.3 Roles of SDF-1a in health and disease states

Embryonic development | Cardiogenesis
Arteriogenesis

Colonization of the bone marrow with HSCs

Hematopoiesis Retention of hematopoietic progenitor cells in the bone
marrow
Supporting megakaryocyte maturation

Migration of HSCs into proliferative niches

Bone marrow Engraftment of HSCs
transplantation

Angiogenesis Endothelial cell chemotaxis and tube formation

Stem-cell based tissue | Liver disease
repair Renal ischemia
Myocardial infarction

Ischemic neovascularization

Vascular pathologies Neointimal hyperplasia ~ (restenosis,  transplant
asteriosclerosis)

SDF-1a has a pivotal role in the regulation of the CD34+ progenitor cell adhesion
during their homing from the peripheral blood to the bone marrow. It also works with
other molecules (i.e., VLA-4, VLA-5, LFA-1) to potentiate CD34+ cell adhesion and
motility [66, 84, 89]. It was shown that SDF-1a-CXCR4 coupling plays an important
role in homing and engraftment of hematopoietic stem/progenitor cells and on
colonization of bone and bone marrow by metastatic breast and prostate cancer cells [90,

91]. Accordingly, the injection of SDF-la into the bone marrow upregulates the
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repopulation of stem cells after total body irradiation [92]. There are studies showing
that the response of HSCs to SDF-1a can be positively affected by small molecules like
complement cleavage fragments [84] and platelet derived microparticles [84]. On the
other hand, treatment of isolated HSCs with a CXCR4 blocking antibody resulted in
inhibition of engraftment in NOD/SCID mice [92].

1.3.4 Bone Marrow Transplantation

Over the past 40 years, bone marrow transplantation and hematopoietic stem
cell transplantation have been used with increasing frequency to treat numerous
malignant (ie., acute lymphoblastic leukemia, acute and chronic myelogenous leukemia,
plasma cell disorders and Hodgkin and non-Hodgkin lymphoma) and nonmalignant
diseases (i.e., inherited metabolic, immune disorders, and red cell disorders (e.g pure red
cell aplasia), marrow failure states (e.g., severe aplastic anemia), autoimmune diseases
(e.g systemic sclerosis, Crohn disease) and acquired immune deficiency syndrome
(HIV) [93, 94].

Hematopoietic stem cells are crucial and most needed for successful
transplantation. Currently, the major sources of stem cells for transplantation include
bone marrow, peripheral blood, and cord blood. These cells have 3 main sources:

1) the patient (an autologous transplant)

2) someone other than the patient (an allogeneic transplant)

3) donated umbilical cord blood (a cord blood or umbilical cord blood transplant)
[95].

Early studies with animals quickly revealed that bone marrow was the organ most
sensitive to the damaging effects of radiation [96]. The reinfusion of marrow cells was
subsequently used to rescue lethally irradiated animals. In the 1950s, patients were given
lethal doses of radiation to treat leukemia. Although many had hematologic recovery
following this treatment, all patients eventually succumbed to relapse of their
malignancies or to infections. Transplants for nonmalignant diseases generally have

more favorable outcomes, with survival rate of 70-90% if the donor is a matched sibling
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and 36-65% if the donor is unrelated. Transplants for acute leukemias in remission at the
time of transplant have survival rates of 55-68% if the donor is related and 26-50% if the
donor is unrelated. Many failures are due to 2 main reasons: nonengraftment and Graft
versus Host Disease (GVHD) [97].

Graft-versus-host disease (GVHD) is a common complication of allogeneic bone
marrow transplantation. Immune cells in the transplanted marrow recognize the recipient
as "foreign™ and starts an immunologic attack. When an immunocompetent graft with
many functional cells are administered, GHVD can be developed if the recipient is
histoincompatible or immunocompromised. This disease has acute and chronic forms.
Acute GVHD is observed within the first 100 days after the transplant. Chronic GVHD
is usually observed after 100 days of the bone marow transplantation. Both of them are
major challenges against the transplant success and effects the long-term survival of
patient [98].

There are some conditioning cures applied for the success of transplantation.
These are classified as myeloablative, nonmyeloablative, and reduced intensity.
Myeloablative cures are for killing all residual cancer cells in transplantation and to
cause immunosuppression for engraftment. Total-body irradiation (TBI) and drugs such
as cyclophosphamide, busulfan and cyclophosphamide are the commonly used
myeloablative therapies. Nonmyeloablative regimens are the use of chemotherapy drugs
and radiation in a lower dose than that of myeloablative regimens. They rely on graft’s
effect on killing cancer cells with donor T lymphocytes. Reduced-intensity regimens can
range in intensity from myeloablative to nonmyeloablative, and involve drugs such as
fludarabine, melphalan, antithymocyte globulin, and busulfan. These cures have lower
toxicity. The onset of GVHD is delayed with this regime compared with the other
regimens [99, 100].
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Table 1.4 Characteristics of human stem cells from different sources

SOURCE
Cellular Peripheral blood | Bone Marrow Cord Blood
characteristics | (PB) (BM) (CB)
) Close  matching | Close matching | Less restrictive

HLA matching ) _

required required than others

Fastest Faster than CB, slower | Slowest
Engraftment

than PB

Risk of acute | Same as in BM Same as in PB Lowest
GVDH
Risk of chronic | Highest Lower than PB Lowest
GVDH

1.4 Bone and Bone Marrow Targeting Strategies

In recent years, the research in the carrier involved delivery studies has mainly
focused on targetting. A few studies have been performed to target drugs to hard tissue.
In these studies, Alizarin Red S, tetracycline, calcein and bisphosphonates have been
applied for their strong affinities to hydroxyapatite (HA). HA is the major inorganic
component of human bone and teeth tissues [101]. Tetracycline and its analogues were
linked to different drugs to increase their affinity to bone. Bisphosphonates were
conjugated to different macromolecules (protein, PEG1) and low molecular weight
compounds to increase their stability, solubility and their targeting properties. Glutamic
acid and aspartic acid peptides were reported as bone-targeting moieties to deliver drugs
to the bone [102].

Bisphosphonates are structurally related to pyrophosphates. They localize on the
bone surface quickly due to their high affinity to HA. This affinity arises from the
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attraction of the diphosphonate moiety to calcium ions present in HA crystals. In recent
years, their uses for treatment of osteoporosis and osteogenesis imperfecta have been
studied because of their ability to inhibit bone resorption [103]. Bisphosphonates have
been conjugated to drugs, proteins and other molecules such as radiopharmaceuticals to
obtain novel agents for bone scintigraphy [89]. Also, several strategies using
bisphosphonate-conjugated drugs have been investigated at a preclinical level to
optimize treatments for osteoporosis, osteoarthritis, and bone cancer. However, targeted
drug delivery systems are preferable over drug conjugates alone due to several factors
including drug protection from biodegradation in bloodstream, transport efficiency, and
drug-payload [104]. Prostaglandin E, (PGE;) and alendronate conjugates were studied in
rats for osteoporosis treatment and it was found that their new conjugates bind bone
more effectively than free PGE; [105]. In a study performed with the conjugates of PEG
and poly[N-(2-hydroxypropyl)methacrylamide] (PHPMA) with alendronate and aspartic
acid peptide as bone targeting moieties showed high accumulation in bone tissue. Both
in vitro and in vivo trials with rats indicated that these novel polymeric carriers were
useful for targeting drugs to bone [106].

It was shown that the vasculature in bone structure have pores of approximately
80-100 nm in diameter. Sizes of liposomes should be less than at least 80 nm to
extravasate and be localized in bone after i.v. administration. 30 minutes after i.v.
administration of liposomes, only 15% of them remain in the blood and the rest are
found mainly in liver, spleen and bone marrow as the parts of RES. This leads to the
idea of passively targeting liposomes to the bone marrow [107]. In a study conducted
with dogs, the effect of size of the antimony encapsulated liposomes was studied for
passive targeting and 410 nm liposomes showed an improved drug targeting to the bone
marrow [108]. There is only one study on liposomal delivery to the bone marrow with
active targetting of macrophages by Sou et al (2010). Using I-glutamic acid, N-(3-
carboxy-1-oxopropyl)-, 1,5-dihexadecyl ester as targeting moiety, liposomes were
targeted to bone marrow phagocytic cells (macrophages).

Alendronate, a type of bisphosphonate, was chosen for targeting SDF-1 loaded

pegylated liposomes to bone sites because of its high affinity to bone and easy
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conjugation with Carboxylic Acid-PEG-DSPE (2000) (one of the PLs used in liposome
preparation) via carbodiimide chemistry [66]. Carbodiimide chemistry between
alendronate and different polymers such as PLGA and PLA was used for targeted drug
delivery (i.e. estrogen) to bone in previous studies [66, 89]. It is an amide bond reaction
between a carboxyl group and a primary or secondary amine group. The bonding
chemistry between DSPE2000-Carboxylic Acid and alendronate is shown in Figure 1.5
[66]. This amide linkage is not cleavable, it shows high resistance to enzymatic
hydrolysis in plasma compared to an ester bond. Therefore, alendronate is stable on the
surface and is not being released when linked covalently. In a previous study, it was
shown that both PEG and alendronate existed on the surface of PLGA nanoparticles
after conjugation due to their hydrophilicity [107].
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Figure 1.5 Structure of alendronate, DSPE-PEG(2000)-Carboxylic Acid and the
alendronate conjugated DSPE-PEG(2000)
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1.5 Aim of the Study

Homing is the process by which stem cells move to their own niches upon BMT
under the influence of chemokines released by the cells present in the particular
microenvironment. This movement is crucial for hematopoiesis. Bone marrow
microenvironment is drained after total body irradiation in cancer patients. Thus, the
cells producing these chemotactic chemokines are damaged. There is a need for these
chemokines to improve the engrafment after bone marrow transplantation for curing
leukemia, multiple myeloma like diseases. Stromal-derived factor-1 (SDF-1) is the key
chemokine which regulates homing.

The hypothesis of this thesis is that targeting of SDF-la loaded, pegylated
liposomes to damaged endosteal niche of bone marrow and obtaining local release of
SDF-1 in this environment will attract HSCs and MSCs for the homing process, thereby,
increasing homing efficiency. In this study, we aimed to develop and characterize
alendronate conjugated and pegylated SDF-1a loaded liposomal delivery system (Figure
1.6) for providing local release of SDF-1a. at the border of endosteum and bone marrow
as a new strategy to increase homing efficiency after BMT.

Liposomes were chosen as the delivery system because of their biocompatibility
and controlled release profiles. Large unilamellar vesicles were prepared to provide
more homogenous systems compared to multilamellar ones in terms size and loading.
Alendronate, an osteotropic molecule with a hydroxyapatite affinity was conjugated to
pegylated phosphatidylethanolamine. Both passive targetting of liposomes with its size
and affinity of the system towards osteoblasts in the endosteal niche with alendronate on
the surface were used for this end. With alendronate conjugation to liposomes, it was
also aimed to impose a more negative surface on liposomes for prolonging their half-
lives. The effects of composition and size of unilamellar liposomes, degree of pegylation
on encapsulation efficiency and release profiles of B-lactoglobulin (model protein) were
investigated in the optimization studies. Alendronate conjugated and pegylated
liposomes loaded with SDF-1la were evaluated in terms of protein encapsulation

efficiency, release profiles, morphology, surface charge, HA affinity with in situ
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experiments. Chemotactic effectiveness of SDF-1a loaded liposomal systems on human
mesenchymal stem cells was investigated using in vitro migration assays.

Even though many researchs have been published about the conjugation of
alendronate to different polymers to prepare bone targeted delivery systems in the form
of microspheres and nanoparticles, this study is novel for reporting alendronate
conjugated liposomes as a bone marrow targeted SDF-1a delivery system for the first
time. There are few studies conducted on the bone marrow targeted delivery systems
that involve macrophage targetting in the literature [107, 108]. Only one publication
related with SDF1-a loaded alginate particles is present [109] and it should be noted that
here is also no liposomal delivery system for SDF-1a. This liposomal delivery system
will bring a novel approach for the delivery of an important chemokine, namely SDF-1

to increase homing efficiency.

Figure 1.6 Model of alendronate conjugated pegylated liposomes designed for the

delivery of SDF-1a. in this study



CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

1,2-Dimyristoyl-sn-glycero-3-phosphocoline (DMPC) was a product of Fluka
(USA). 1,2-Distearoyl-sn-glycero-3-Phosphoethanolamine-N-[Methoxy (Polyethylene
Glycol)2000] (Ammonium Salt) (MPEG(2000)-DSPE) was provided by Lipoid
(Germany). Mini Extruder set, Nucleopore Track-Etch membranes (800, 400, 200, 100
nm), filter supports, 1,2-Distearoyl-sn-glycero-3-Phosphoethanolamine-N-
[Carboxy(Polyethylene Glycol)2000] (Ammonium Salt) (DSPE-PEG(2000)-Carboxylic
acid) was obtained from Avanti Polar Lipids, Inc. (USA).

1,2-Dipalmitoyl-sn-glycero-3-phosphocoline (DPPC), 1,2-Dimystroyl-sn-glycero-
3-phosphocoline (DMPC), cholesterol, alendronate sodium trihydrate, dialysis sacks,
benzoylated dialysis tubing, bicinchonicic acid solution, uranyl acetate dihydrate,
chloroform (HPLC  grade), N,N-dicyclohexylcarbodiimide (DCCQ), N-
hydroxysuccinimide (NHS), stromal derived factor-loe human  (SDF-la), B-
lactoglobulin, Giemsa staining solution were obtained Sigma-Aldrich Chem. Co.
(USA). Human SDF-1a ELISA kit was a product of RayBiotech, Inc. (USA).

Transwell permeable support 8.0 nm polycarbonate membrane 6.5mm insert, 24-
well plate tissue culture polystrene plates were purchased from Corning Life Sciences
Inc. (USA). Polyethersulfone syringe membrane (0.45 pm pore size) was obtained from
Whatman Co. (UK). Dulbecco’s modified Eagle’s medium (DMEM) low glucose (4.5
g/l) with L-glutamine and fetal bovine serum (FBS) were purchased from Biochrom AG
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(Germany). Penicillin/Streptavidin and trypsin EDTA were purchased from PAA
Laboratories (Germany). Dimethyl sulphoxide (molecular biology grade) (DMSQO) was
the product of AppliChem Co. (Germany). PD-10 columns and Sephadex G-75 were
purchased from GE Healthcare (UK).

2.2 Methods

2.2.1 Liposome preparation

Large unilamellar liposomes (LUVs) were prepared from MLVs by extrusion
method [110]. Initially, phospholipids and cholesterol were dissolved in chloroform at
different ratios (Table 2.1) and organic solvent was evaporated under nitrogen stream to
form a lipid film. This process was followed by removal of residual chloroform under
vacuum overnight.

For encapsulation studies either model protein (3-Lactoglobulin) or stromal derived
factor-la (SDF-1a) was dissolved in 1 ml 0.1 M PBS solution (pH 7.2) and the lipid
films were hydrated with the protein solution by heating and vortexing at 38-40°C in 2
minute cycles for 50 minutes. MLVs were subjected to cycles of freeze-thaw using
liquid nitrogen and 35°C water bath. p-lactoglobulin loaded MLVs were applied 10
cycles and SDF-1a loaded ones were applied 4 or no cycles of freeze-thaw during
preparation of protein loaded liposomes.

MLVs were then extruded sequentially through 800, 400 and 200 and/or 100 nm
track etched polycarbonate filters to form LUVs. Extrusion was performed at 38-40°C
by passing liposome suspension 10 times through 800 nm membranes, 10 times through
400 nm and 6 times through 200 nm membranes. For 100 nm sized liposomes, the last
step was done with 6 times extrusion from 100 nm membranes instead of 200 nm.

Unincorporated micellar lipids and unentrapped protein molecules were separated by
Sephadex G-75 size exclusion chromatography using disposable PD-10 columns (GE
Healthcare). Elution buffer was 0.1 M PBS (pH 7.2). Collected fractions of LUVs were

pooled for further studies. Turbidity analysis was performed to determine which
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fractions will be pooled for liposomes. Each fraction sample was analysed for optical
density at 410 nm by UV-Spectrophotometer (Hitachi U-2800A, Japan) and those with

the highest absorbance/turbidity values were pooled.

Table 2.1 Compositions of liposomes expressed in mole ratios and pore sizes of
filters used for these different liposomal formulations.

Liposome composition Filter Pore Size
DPPC:DMPC (1:1) 100 nm
DPPC:DMPC:Cho (2:0.2:0.3) 100 nm
DPPC:Cho (2:0.5) 100 nm
DPPC:DMPC:Cho (1:1:0.5) 100 nm
DPPC:Cho (2:0.5) 200 nm
DPPC:Cho (2:0.5)+ DSPE-mPEG2000 (2% of total lipid 200 nm
content) (2%PEG/LUV2q0)

DPPC:Cho (2:0.5)+ DSPE-mPEG2000 (5% of total lipid 200 nm
content) (5%PEG/LUV 2q0)

DPPC:Cho (2:0.5)+ ALE-DSPE-PEG2000 (2.5% of total lipid 200 nm
content) + DSPE-mPEG2000 (2.5% of total lipid content)
(2.5%ALE-PEG/LUV,0)

DPPC:Cho (2:0.5)+ ALE-DSPE-PEG2000 (5% of total lipid 200 nm
content) (5%ALE-PEG/LUV )

2.2.2 Conjugation of Alendronate to DSPE-PEG(2000)-Carboxylic Acid

DSPE-PEG(2000)-carboxylic acid (23 mg) was dissolved in acetone (5 ml) and
activated by 4.2 mg N,N-Dicyclohexylcarbodiimide (DCC) and 2.4 mg N-
hydroxysuccinimide (NHS) overnight at room temperature. Dicyclohexylurea, the

insoluble by-product of the activation, was removed using a polyethersulfone syringe
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filter with 0.45 pm pore size. NHS activated lipid was dried under nitrogen for 2 hours.
Activated lipid and 2 mg alendronate sodium trihydrate were dissolved in 5 ml of a
mixture of 4.5 ml DMSO and 0.5 ml water and then stirred for 24h at room temperature.
In order to get rid of the cross-linkers, dialysis was done. Conjugated lipid was placed
inside the benzoylated cellulose dialysis bag (MWCO 2000, Sigma-Aldrich, USA) and it
was dialysed against water for 24 hours at room temperature. The water was changed
every 6 hours. The milky suspension inside the dialysis bag was then centrifuged at
14.000 rpm for 10 minutes at 4°C (Eppendorf 5804R, Germany). The conjugated lipid
pellet was then dried under nitrogen. The supernatant obtained was also dried for 24
hours in a vacuum oven. All of the activated lipid was pooled together in acetone, dried

and stored at 4°C in a dessicator after flushing with nitrogen.

2.2.2.1 Determination of Alendronate Conjugation Efficiency

Fourier Transform Infrared Spectrometer/Attenuated Total Reflectance (FTIR/ATR)
spectrums of conjugated lipid, PEG-DSPE-Carboxylic Acid, alendronate and the
mixture of alendronate and lipid were performed using Fourier Transform Infrared and
Raman Spectrometer and Microscope (Bruker IFS 66/S, USA).

Conjugation efficiency (Con. Eff) was calculated by the ratio of area differences
under the amide bond formation peak for conjugated and unconjugated DSPE-PEG200
to the corresponding area in the spectrum of unconjugated DSPE-PEG2000. Areas were
found using Excel 2010 (Microsoft Co, USA) and the formula below was used to

determine the conjugation efficiency.

Con. Eff.=[(Area conj.lipia-Area mixture)/ Area conj.lipia] X 100
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2.2.3 Characterization of Liposomes

2.2.3.1 Partical Size by Dynamic Light Scattering

Freshly made liposome suspensions were diluted to 1:10 for the analysis. The
particle size distributions of LUVs were determined by dynamic light scattering method
(Malvern Nano ZS90; Malvern Instruments, METU Central Laboratory).

2.2.3.2 Surface Charge by Zeta Potential and Mobility Measurement System

Freshly made liposome suspensions were diluted to 1:2 for the analysis. The surface
charge of LUVs were determined by zeta potential method (Malvern Nano ZS90;
Malvern Instruments, METU Central Laboratory).

2.2.3.3 Transmisson Electron Microscopy (TEM)

Transmission electron microscopy was used to observe the size, morphology and
lamellarity of liposomes after size reduction by extrusion. A drop of liposomal
suspension was placed on the copper grid and the excess liposomal suspension was
removed with filter paper. It was then let dry at room temperature. 2% uranyl acetate
(Sigma-Aldrich Co., USA) solution was dropped onto the grid and the excess of staining
solution was removed with filter paper. The liposomes were examined under the
transition electron microscope (Philips, JEM-100CX) at 80 kV.

2.3.3.4 Determination of Entrapment Efficiency of Liposomes and Lipid

Recovery After Extrusion

The encapsulation efficiency of the liposomes was determined from the unentrapped

protein using fractions 9 through 18. Total amount of unentrapped protein was
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subtracted from the total amount of protein used in liposome to obtain the amount of
encapsulated protein.

The encapsulation efficiency was calculated according to the following equation

Encapsulation efﬁCienCy (%) = [ (Atotal - Aunetrapped) /Atotal ] x 100

where,
Avotal is the total amount of B-Lactoglobulin or SDF-1a used in liposome fraction
Auntrapped 1s the total amount of B-Lactoglobulin or SDF-la calculated from the
unentrapped protein fractions in size exclusion choromatography by BCA Assay or
ELISA, respectively.

For B-Lactoglobulin loaded liposomes, the unentrapped protein was determined
using a modified colorimetric protein assay (BCA Assay) [106]. Sodium dodecylsulfate
(SDS) was added to each protein sample at a final concentration of 2% to minimize the
interference of lipids to the protein determination. Briefly, 100-uL of sample and 100-uL
BCA working solution was incubated in 96 well plates at 60°C for 30 min and then
cooled to the room temperature. Absorbances were measured at 562 nm using
microplate spectrophotometer (GMI Biotech 3550, USA). Protein calibration curve was
constructed in the range of 1-250 ug/ml using B-Lactoglobulin.

For SDF-1a loaded liposomes, the unentrapped SDF-la. was determined with
Human SDF-1a ELISA kit according to protocol given by the manufacturer. SDF-1a
calibration curve was constructed in the range of 6.14-15000 pg/ml using the standards
of the Kkit.

The amount of DPPC in LUVs after extrusion was determined by the Stewart
method. Aliquots from liposomal fractions were dried with nitrogen flush and dissolved
in chloroform. After appropriate dilution with chloroform, they were mixed with
ammonium ferrothiocyanate solution (1:1, v/v) and the absorbance was measured at 485
nm by UV-visible spectrophotometer (Hitachi U-2800A, Japan). DPPC was quantified
by calibration curve constructed with DPPC (5-50 pg/ml).
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2.3.3.5 B-Lactoglobulin and SDF-1a Release Studies

Liposome suspension (1 ml) was placed in cellulose dialysis bags (12.000 Da
MWCO, Sigma-Aldrich, USA) and was transferred into vial containing 10 ml 0.1 M
PBS (pH 7.2). The PBS release media were stirred on magnetic stirrer and incubated at
37°C. Release studies were carried out in triplicates. 1 ml PBS samples were taken from
each vial at different incubation periods. BCA assay was used to determine amount of
the released B-Lactoglobulin at each incubation period as described in Section 2.3.3.3.
Human SDF-1a ELISA kit was used to quantitate SDF-1a released at each time period

according to the kit protocol.

2.3.3.6 Bone (HA) Affinity of Liposomal Preparations

Nanosized HA powders were kindly given by the lab of Assoc. Prof. Dr. Zafer Evis.
The method used to produce pure HA samples was precipitation method as described in
Burgin et al [111]. The amount of liposome associated with HA was evaluated with the
change in the turbidity of PBS [112] and decrease in lipid amount in PBS with time. HA
powder was added to PBS (pH 7.2) at a concentration of 10 mg/ml . Liposomes were
added to the HA suspension (at a final lipid concentration = 100 uM in 2 ml). Two
different liposomal preparations (alendronate conjugated and alendronate free-pegylated
empty liposomes) were prepared. For determining the degree of HA affinity of the
liposomes, the suspensions were centrifuged at 5000 rpm for 5 minutes after 0, 2, 4, 6
and 24 hours of incubation at room temperature. The turbidity of the suspension was
then measured by UV/VIS spectrophotometer (Hitachi U-2800A, Japan) at 410 nm. At
each incubation period, aliquots (50 pl) were also taken for further lipid analysis by
Stewart assay as described in Section 2.3.3.4. The suspensions were gently shaken at
room temperature between the time periods.

For two methods %HA affinity was calculated as follows
Turbidity measurement: [(initial absorbance-sample absorbance)/initial absorbance]x100

Lipid measurement: [(initial lipid amount-sample lipid amount)/initial lipid amnt.]x100

30



2.2.4 Cell culture studies

2.2.4.1 Isolation and Expansion of Human Bone Marrow Derived Mesenchymal
Stem Cells (hnBMMCs)

Human bone marrow stromal cells were obtained from Hacettepe University Bone
Marrow Transplantation (BMT) Unit with an approval Ethical Committee of Hacettepe
University (Certification Number: LUT10/17) and isolated from healthy donors with
their consent. BMT Unit isolated the MSCs from the bone marrow aspirates (1-3 ml) of
healthy donors sent for routine analysis before transplantation The mesenchymal stem
cells used were positive for certain MSC markers, namely CD105, CD44, CD90 and
CD106. Shortly, the bone marrow aspirate samples were diluted in equal volumes with
PBS, and mononuclear cells were isolated from the marrow by density centrifugation
using Ficoll gradient (density, 1.077 g/l). The cells were then washed twice with PBS
and cultured in a medium consisting of DMEM-low glucose (LG), 10% FBS, L-
glutamine (0.584g/l), penicillin (100 units/ml), streptomycin (100 g/ml), and
amphotericin-B (2.5 g/ml) at 37°C in a 5% CO; environment. Culture medium was
replaced twice a week. Upon reaching confluence in 2 weeks, cell were splitted in a ratio
of 1:3 with 0.1 % trypsin-EDTA by incubating at 37°C for 5 minutes. Hematopoietic
cells were excluded by sorting for CD45, CD34, CD14, CD33, and CD3 conjugated with
phycoerythrin (Becton,Dickinson and Company, USA).

2.2.4.2 Cell Migration Assay

The migration behaviour of human mesenchymal cells treated with alendronate
conjugated SDF1a loaded liposomes for 24 h was studied in a 24-well transwell using
polycarbonate membranes with 8 pm pores (Corning Costar, USA). Empty liposomes
and DMEM-low glucose were used as controls. MSCs at a density of 5 x 10° cells/ml in

100 pl of medium (DMEM + 0.5% FBS) were placed in the upper chamber of the

transwell assembly. The lower chamber contained 600 pl of liposome solution [300 pl of
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liposome solution (empty or SDF-1a loaded) + 300 ul DMEM-low glucose] or 600 ul of
DMEM-low glucose. Cells were allowed to migrate or invade for a total either 16 or 24

hours of incubation at 37°C and 5% CO, (Figure 2.1). After each incubation period, the

upper surface of the membrane was scraped gently to remove non-migrating cells and

washed with phosphate-buffered saline. The membrane was then fixed in 4%

formaldehyde for 15 minutes and stained with 4% Giemsa staining solution for 10

minutes. The number of migrating cells was determined by counting five random fields
per well under the microscope with 20X magnification and taking the mean of all 5
random field counts. Experiments were performed in sets of four. The amounts of SDF-
la released from liposomal formulation during migration assay were determined with
Human SDF-1a ELISA kit for 16 and 24 hours. Shortly, at each incubation period, the
media were collected and centrifuged at 14000 rpm at 4°C for precipitating the
liposomes using high-speed centrifuge (Eppendorf 5804R, Germany). SDF-1a released

was quantitated in the supernatant of liposomal formulation using the ELIZA kit

Mesenchymal
7 stem cells
> Membrane
insert

SDF-1 loaded
liposomes

Figure 2.1 Schematic presentation of the cell migration assay
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2.2.5 Statistical Analyis

In comparing the groups for a single parameter, one-way ANOVA test was used
with Tukey’s Multiple Comparison Test for the post-hoc pairwise comparisons (SPSS-9
Software Programme, SPPS Inc., USA). Differences were considered significant for p <
0.05.
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1 Optimization Studies with B-Lactoglobulin

3.1.1 Effects of Liposome Composition and Size

Liposomal formulations have been approved and are being used in the clinics for
many years. The in vivo stability, fate, drug loading, and release profile of liposomes
depend on several parameters. To this end, the effects of liposome composition and size
on the encapsulation efficiency and release profile were investigated.

As a model protein for stromal derived factor-1o (SDF-1a) which has a molecular
weight (MW) of 8 kDa, B-lactoglobulin with 18.4 kDa MW) was used in the
optimization studies. Large unilamellar liposomes with the model protein were prepared
by film hydration followed by the extrusion method using different combinations of
lipids. Dipalmitoyl phosphatidylcholine (DPPC; C16:0) and dimyristoyl
phosphatidylcholine (DMPC; C14:0) were chosen as phospholipids for protein loading
in liposomes due to their low transition temperatures (41°C and 23°C, respectively).
During both hydration of lipid films and extrusion steps the temperature was set to 38°C.
This was crucial due to biological activity loss of proteins above body temperature.
Large unilamellar vesicles (LUVs) of ~100 nm were prepared with extrusion using
different molar ratios of DPPC, DMPC and cholesterol (Cho) (Table 3.1).

After extrusion process liposomes were pooled from the fractions 3 through 7,

which had highest liposome amounts according to turbidity results (Figure 3.1). The
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unentrapped B-lactoglobulin was determined from collected fractions 10 through 16;

those with lowest turbidity readings.
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Figure 3.1 A representative chromatogram showing turbidity readings of pB-
lactoglobulin loaded DPPC:Cho (2:0.5) liposomes and protein amounts in the

unentrapped fractions determined by BCA protein assay.
Size analyses with dynamic light scattering (DLS) showed that the diameters of

liposomes prepared by extrusion through 100 nm filter were around 100 nm. The size

distribution of liposomes was unimodal and had a quite narrow range (Figure 3.2).
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Results

Diam. (nm) % Intensity ~ Width (nm)
Z-Average (d.nm): 1209 Peak1: 1264 100.0 29.30
Pdl: 0.190 Peak 2:  0.000 0.0 0.000
Intercept: 0.955 Peak 3;  0.000 0.0 0.000

Result quality Good

Size Distribution by Intensity
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Figure 3.2 A representative DLS result of size distribution for B-lactoglobulin loaded

LUVs prepared by extrusion through 100 nm filter.

BCA protein assay or ELISA was used to obtain the unencapsulated protein
amounts of liposomes. Initial studies showed insufficiency of BCA assay for
quantitating the entrapped protein in pooled liposome fractions due to high interference
by phospholipids. Therefore, SDS was added (as 2% final SDS concentration) to size
exclusion chromatograpy (SEC) fractions with low or no liposomes to determine
unentrapped proteins by this method without lipid interference.

B-lactoglobulin encapsulation efficiency of LUVs ranged between 68% and 71%.
As seen in Table 3.1, the addition of cholesterol to the liposome composition slightly
increased the encapsulation efficiency of LUVs in agreement with the literature. It was
indicated that the proportion of cholesterol is an important factor in liposome

formulation as it improves the maintenance of liposome integrity and stability as well as
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the entrapment of hydrophilic drug into liposomes [113]. However, DMPC addition did
not show any considerable effect beyond DPPC on encapsulation of the protein.

Table 3.1 Comparison of encapsulation efficiencies (EE%) and cumulative release of
100 nm sized LUVs for B-lactoglobulin (n=3).

Composition Cumulative Protein Release (%)
_ EE%
(m/m) mole ratio
6h 24h
DPPC:DMPC 68.0+£04
59.4+0.9 745+0.8
(1:1) *
DPPC:DMPC:Cho | 70.5+0.9
55.7+1.3 706+1.1
(1:1: 0.5) *
DPPC:DMPC:Cho
69.4+1.0 50.0£0.5 65.0+ 1.1
(2:0.2:0.3)
DPPC:Cho
(2:0.5) 71.0£0.9 495+0.1 60.6 £ 0.2

For 6 hours, all groups were statistically different from each other except
DPPC:DMPC:Cho (2:0.2:0.3) and DPPC:Cho (2:0.5). Cumulative releases were also
found significantly different among all groups for 24 hours. * :p <0.05

Apart from increasing effect on encapsulation efficiency of the LUVs,
cholesterol addition also resulted in slowing down the release of B-lactoglobulin from
DPPC:DMPC liposomes to a small extent (Table 3.1). This was also in agreement with
the literature. It was shown that inclusion of cholesterol reduced the initial release of
dibucaine from egg PC (EPC) liposomes, the effect being dependent on the EPC/Cho
molar ratio. The group has reported that incorporation of higher concentration of
cholesterol into liposomes decreased the efflux of the hydrophilic drug [114].

Cholesterol inclusion of 20 mole% of the total lipid content also decreased the

cumulative amount of B-lactoglobulin released within 24 hours (70.6%). However, this
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was still constituting a large amount of the protein making this formulation not suitable
for the aim of the study (Table 3.1). To further modify release behavior, the mole ratio
of DMPC was lowered in the liposome composition. Lowering the molar ratio of DMPC
relative to DPPC in the composition (DPPC:DMPC:Cho; 2:0.2:0.3) resulted with a
slower release without significant change in the encapsulation efficiency as compared
with the other groups (Table 3.1). DPPC has a higher transition temperature compared to
DMPC which results in higher stability and leaktightness in a wide temperature range.
Therefore, liposomes containing higher DPPC mole% relative to DMPC tend to have a
considerably more rigid membrane bilayer [60]. This property was thought to cause
lower leakage of the model protein in the present study. Based on these results, DPCC:
Cho (2:0.5) was studied as the last liposome composition. Liposomes prepared by this
composition had the highest B-lactoglobulin EE% (71.0+0.9%) and lowest 24 hour
cumulative protein release amounts (60.6 + 0.2%).

The amount of the lipid recovered in liposomes after size exclusion
chromatography was almost the same for all formulations and ranged from 73% to 79%
of the total lipid amount used (data not shown).

In order to obtain slower release apart from lipid composition, size of liposomes
was considered. The average liposome size was increased from 100 nm to 200 nm using
200 nm filters and similar encapsulation efficiencies of the model protein were obtained
(71% versus 68.5%). The release profiles of DPPC:Cho (2:0.5) liposomes of the two
sizes were compared in Figure 3.3. Doubling the liposome size resulted with a decrease
in both initial burst and cumulative % release after 24 hours which was also in good
agreement with the study of Manosnoi et al. [115]. They compared the surface charge
and size properties of tranexamic acid loaded liposomes and observed a higher release
rate constant and release amount (almost 80% of the entrapped material) after 24 hours

incubation time for the smaller liposomes.
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Figure 3.3 Effect of liposome size on the release of B-lactoglobulin from the
DPPC:Cho (1:0.5) liposomes (n=3).

The general trend for liposomes of similar composition is that increasing size
causes a more rapid uptake by RES [116-118]. It was reported that an increase in size
from 100 to 200 nm resulted in a 54% increase in clearance [119]. Hence, to overcome

this problem, PEGylation strategy was used.

3.1.2 Effects of Pegylation of Liposomes

The PEGylation of liposomes masks the positive or negative surface charge
making them almost neutral, and this results in decreased liver accumulation and
prolonged blood circulation [120]. However, it was also reported that high PEGylation
was more likely to disturb the balance of both hydrophilicity and hydrophobicity
resulting with destabilization of the integrity of lipid bilayer [121]. In contrary, it was

shown that low degree of PEGylation increased both the uptake level by the RES and the
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renal elimination rate [122]. Based on all these findings, an optimization study was
needed for determining the optimum degree of pegylation. Large unilamellar DPPC:Cho
(2:0.5) liposomes of 200 nm size with different mole percentage of MPEG-DSPE were
prepared and the effects of different degree of PEGylation on the EE (Table 3.2) and the
release properties of the model protein loaded liposomes were investigated (Figure 3.4).

Table 3.2 The effect of degree of pegylation on the encapsulation efficiency and
release properties of DPPC: Cho (2:0.5) LUVs of 200 nm size (n=3).

EE Cumulative Protein Release (%)
Composition % 2h 4h 6 h 24 h
DPPC:Cho (2:0.5) 38.8+0.3
68.5+0.3 . 45.0+0.1 |495+0.1 |60.6+0.2
DPPC:Cho (2:0.5) +
45.0+0.3
DSPE-mPEG (2%), | 71.3+0.6 61.0+0.2 | 68.8+0.3 |85.0+0.9

**

2%PEG/LUV00

DPPC:Cho (2:0.5) +
DSPE-mPEG (5%), | 79.8+0.4 | 44.0+09 |53.0+1.0 |560+0.1 |77.5+0.1
506PEG/LU V200

For all incubation periods except 2 hours, cumulative release and all encapsulation
efficiencies were found significantly different between all groups.**:P <0.05
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Figure 3.4 Effect of PEGylation on the release profiles of DPPC:Cho (2:0.5) LUVs of
200 nm size (n=3).

Faster release profiles and higher encapsulation efficiencies of the model protein
was observed with the PEGylated liposomes of 200 nm size (Table 3.2).
5%PEG/LUV o liposomes had the highest encapsulation efficiency among all groups
(79.8 £ 0.4 %). However, a faster release of the model protein was observed from both
2% and 5% pegylated liposomes in comparison to unpegylated DPPC:Cho (1:0.5)
liposomes. Due to PEG’s hydrophilic nature, PEG molecules on the surface interacts
more with the release medium and hydration process becomes faster in pegylated
liposomes resulting in a higher release [120]. Yet, the effect of PEGylation on increasing
released amounts was not in parallel with increasing its percentage as 5%PEG/LUV 2y
liposomes had a slower release profile than 2% PEGylated ones (Figure 3.4). Our results
suggested that 5% PEGylation in the liposome composition was optimal for escaping
from RES in vivo and at the same time obtaining good encapsulation efficiency and a
slower release for the 6 h period. Most of the studies related with stealth liposomes in
literature involved 5% PEGylation. In a study with PEGylated anionic liposomes for

amitryptyline overdose treatment [123] the optimal amount of PEG-modified lipid
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incorporated into liposomes was found to be 5% as in our study. Also, it was reported
that 5 mol% PEGylation of liposome was optimal for a nanocarrier, judged by the
reduction of RES uptake level and the maintenance of the stability of the liposomal
structure [124].

3.2 Preparation and Characterization of SDF-la Loaded Pegylated

Liposomes

In the light of all optimization results, DPPC:Cho (2:05) liposomes with 5%
PEGylation and 200 nm average size were selected to be used for preparing alendronate
conjugated bone marrow targetted SDF-1a delivery system. MLVs were treated with 4
cycles of freeze-thawing before extrusion for a more homogenous distribution. SDF-1a,
was shown to be potent at a concentration of 30 ng/ml on hematopoietic progenitor cells
in various in-vitro studies [66, 89]. It was also indicated by other researchers that 10 - 25
ng/ml SDF-1a loaded PLGA microspheres (loading efficiency 75 + 1%) were sufficient
to migrate the endothelial progenitor cells [109]. It was also reported that higher
chemotactic index values were reached for a higher dose of SDF-1a (300 ng/ml) on the

migration assays conducted with CD34" mononuclear cells [87].
3.2.1 Size of SDF-1a Loaded and Pegylated Liposomes
A representative size distribution result of SDF-la loaded, 5% PEGylated

liposomes (SDF1a-5%PEG/LUV o) prepared using 200 nm filter was shown in Figure

3.5. Size distributions were unimodal and had an average diameter value of 208.6 nm.
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Results

Diam. (nm) % Volume  Width (nm)
Z-Average (d.nm): 208.6 Peak 1: 213.8 100.0 44.27
Pdl: 0.018 Peak 2: 0.000 0.0 0.000
Intercept: 0.944 Peak 3: 0.000 0.0 0.000
Result quality Good
Size Distribution by Volume
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Figure 3.5 Representative size distribution result for SDF1o-5%PEG/LUV,, obtained
by DLS analysis.

3.2.2 Encapsulation Efficiency and Release Profiles of SDF-1a Loaded and
Pegylated Liposomes

ELISA was used to determine the encapsulation efficiency and release profile of
SDF1a-5%PEG/LUV 0. Encapsulation efficiency of these liposomes was found as 39.5
+ 0.5%. In order to minimize the loss of biological activity of SDF-1a during liposome
preparation, another set of liposomes was prepared without any freeze-thaw cycles. This
modification significantly improved the encapsulation efficiency to 50.1 £ 0.6%, as
expected.

The encapsulation efficiencies of SDF1a-5%PEG/LUV, was signifiantly lower
than their B-lactoglobulin loaded counterparts. This result could be due to different
methods used for protein amount determination. ELISA method relies on the specific
interaction between protein and antibody. Thus, only biologically active SDF-la
molecules can be detected with ELISA. However, the colorimetric BCA assay does not

require maintenance of three dimensional protein structure since it relies on the complex
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formation between peptide bonds of the protein and Cu*? ions of BCA solution. There
are many studies related with the development of liposomal delivery systems for protein
drugs and growth factors. While encapsulating hydrophilic molecules, it is known that
with the higher lipid concentration and/or with the larger liposomes, higher
encapsulation efficiency results are obtained [118]. Our 200 nm sized liposomes had
significantly higher encapsulation efficiency than the other growth factor loaded
liposome studied (i.e., nerve growth factor -NGF-, hepatocyte growth factor -HGF-,
etc.), either due to difference in their sizes or structure. For a 100 nm sized PEGylated
liposomal delivery system for encapsulating NGF was shown to have 34% encapsulation
efficiency [125]. In another study, the encapsulation efficiency of 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) liposomes for hepatocyte growth factor was
reported as 32.38% and the size of these liposomes was given as 91.56 nm [126].
Similarly, a different study group was able to encapsulate only 35% of recombinant
epidermal growth factor into giant DPPC:Chol liposomes (700-2000 nm) [127].

The release profiles of SDF1a-5%PEG/LUV g liposomes are given in Figure 3.6.
In Figure 3.6a, it is clear that liposomes prepared with or without freeze-thaw cycles
showed similar cumulative release profiles. Initial (6h) release percentages were 18.4 +
0.6% and 16.6 = 1.0% of the total encapsulated amount, respectively which were
significantly lower than those observed for p-lactoglobulin loaded liposomes (Table
3.2). This decrease could be due to the lowering of the initial total protein amount from
500 ug (for model protein) to 500 ng (for SDF-1a) during hydration step which resulted
with a higher concentration gradient causing an increase in the diffusion of the protein.

For the total release amount (Figure 3.6b), liposomes prepared without freeze-thaw
cycles released higher amount of SDF-1a at the end of each time point due to their
lesser activity loss during preparation. After 6 hours, 1 ml of liposome (w/o freeze-thaw)
suspension released 10.3 + 0.2 ng SDF-1a while freeze thawed ones released only 8.7 +

0.1 ng indicating loss of bioactive structure due to protein denaturation with this process.
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Figure 3.6 Release profiles as (a) cumulative % release and (b) total release amounts of
SDF1a-5%PEG/LUVyy prepared with 4 freeze-thaw cycles and without any freeze-
thaw cycle (n=3).
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3.3 Conjugation of Alendronate to DSPE-PEG(2000)

Alendronate was conjugated to DSPE-PEG(2000)-Carboxylic Acid using
carbodiimide chemistry. An amide bond was formed between carboxylic group of
DSPE-PEG and amino group of alendronate. After final dialysis of conjugated lipid
against water for 24 hours, 60.0 + 4.5% of the total lipids were recovered.

3.3.1 FTIR Analysis
For verifying the alendronate conjugation to lipid, FTIR analysis was performed.
In Figure 3.7, spectrums of DSPE-PEG, alendronate, alendronate conjugated DSPE-

PEG, and alendronate- DSPE-PEG mixture without conjugation are shown. For FTIR

analyses, same amounts of lipids were used in the samples.
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Amines show their N-H bondings between 3300 and 3500 cm™. Here, the peak for
N-H bond (primary amine group) was observed at 3477 cm™ for both alendronate and
alendronate-DSPE-PEG mixture. This peak could not be observed in the spectrum of the
conjugated lipid. Together with this loss, a very sharp increase at 1623 cm™ due to C=0
stretching of a NH-C=0O group was observed indicating the increasing amide bond
formation in the alendronate conjugated lipid. This peak was also observed for DSPE-
PEG due to amide bond between the carboxyl group of PEG and the amino group of
DSPE. [128]. The increase in this peak illustrated that coupling reaction resulted with
the formation of amide | bonds between alendronate and DSPE-PEG. This increase was
also coupled with a decrease in the peak at 1736 cm™assigned to the stretching
vibrations of the interfacial C=0 groups of the ester bonds at the carboxyl end of the
head group of DSPE-PEG-COOH confirming the new amide bond formation [129].
Characteristic peaks for the DSPE-PEG were also observed in the spectrums, namely at
1088 cm™, C-O-C vibrations were presented for lipid, mixture and conjugated lipid. The
bands observed between 1240 cm™ and 1359 cm™ were also the indicators of CH,
vibrations of the acyl groups of the phospholipids [130].

Conjugation efficiency was calculated using the amide bond formation, which can
be seen as an increase at 1623 cm™ on the conjugated lipid spectrum. Same amounts of
lipids were used for the analysis, so areas under the peaks gave rough information about
the efficiency of conjugation. 34.5 + 4.6 % of the original lipid was found conjugated
with alendronate. This efficiency result is close to those in a study conducted with
alendronate conjugated PLGA nanoparticles (38%). In another study, 30-35% of mean
conjugation yield was suggested for PLGA-ALE nanoparticles [112]. Also, by weighing
the initial amount of lipid and the finished alendronate-conjugated product, it was found

that 69.0 £+ 2.5% of the starting lipid was recovered.
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3.3.2 Encapsulation Efficiency and Release Profiles of SDF-1a Loaded and
Targetted (Alendronate Conjugated and Pegylated) Liposomes

After conjugation of alendronate into DSPE-PEG(2000)-Carboxylic Acid were
successfully performed, targetted liposomes with different mole% of alendronate
conjugated DSPE were prepared, DPPC: Cho (2:0.5) liposomes with either 2.5%
alendronate conjugated lipid + 2.5% DSPE-mPEG(2000) or with 5% alendronate
conjugated lipid were prepared. These targetted liposomes were named 2.5%ALE-
PEG/LUVy,p and 5%ALE-PEG/LUV,q, accordingly. Encapsulation efficiencies of
2.5%ALE-PEG/LUV o and 5%ALE-PEG/LUVy liposomes, which were found as 51.2
+ 0.8% and 48.3 £ 0.3% for SDF-1a, respectively, had similar values with those of
untargetted liposomes (50.1 + 0.6%). Release profiles of targetted SDF-lo loaded
liposomes are presented in Figure 3.8.

At the end of 24 hours, the total amount of released SDF-1a was 24.4 + 0.7 ng
and 21.8 £ 0.4 ng for 2.5%ALE-PEG/LUV;y and 5%ALE-PEG/LUV;y liposomes
which were efficient values for stimulating stem cells to migrate to endosteal niche for
the homing process. It was observed that non-targeted (Figure 3.7) and targeted
(alendronate conjugated) (Figure 3.8) SDF-1a loaded liposomes had similiar cumulative

release profiles and total amount release versus time graphs with model protein.
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Figure 3.8 Release profiles and total release amounts of SDF-1a loaded a) 2.5%ALE-
PEG/LUV g0, b) 5%ALE-PEG/LUV 9 liposomes (n=3).
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3.3.3 Surface Charge and Size of Targetted Liposomes

Representative results for size distribution of targeted SDF-1a loaded PEGylated
liposomes are shown in Figures 3.9 and 3.10. Size distrubutions were unimodal with
average size of 219.6 nm and 224.3 nm for 2.5%ALE-PEG/LUV;y, liposomes and
5%ALE-PEG/LUVy liposomes, respectively. These values were very close to the value
measured for the non-targeted liposomes (Figure 3.5). Alendronate conjugation to the
pegylated lipid may be the reason for the increase observed in the diameter of the

liposomes [58].

Results
Diam. (nm) % Volume  Width (nm)
Z-Average (d.nm): 2196 Peak 1: 226.3 100.0 51.03
Pdl: 0.0086 Peak 2: 0.000 0.0 0.000
Intercept: 0.950 Peak 3: 0.000 0.0 0.000

Result quality Good

Size Distribution by Volume
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Record 16: L-5% 1

Figure 3.9 Representative size distribution DLS result for 2.5%ALE-PEG/LUV

liposomes .
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Results

Diam. (nm) % Volume
Z-Average (d.nm): 2243 Peak 1: 2243 100.0
Pdl: 0.113 Peak 2: 0.000 0.0
Intercept: 0.938 Peak 3: 0.000 0.0

Result quality Good
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Size {d.nm}

Record 150: 1

Figure 3.10 Representative size distribution DLS result for 5%ALE-PEG/LUV gy

liposomes.

Zeta potential distrubitions of targetted (2.5%ALE-PEG/LUV, and 5%ALE-
PEG/LUVyq liposomes) and non-targeted liposomes (5%PEG/LUVy,q) are given in
Figures 3.11-3.13. Alendronate conjugated liposomes had more negative potential
values (-18.9 mV and -21.9 mV) than non-targeted liposomes (-7.44 mV) due to the
conjugation of alendronate to DSPE-PEG. Additional negative potential value was
expected from the two phosphonate groups of sodium alendronate trihydrate [131] and
zeta potentials of liposomes became more negative with the increased ALE conjugated

lipid content.
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Results

Mean (mV) Area (%) Width (mV)
Zeta Potential (mV): -7.44 Peak1: -145 64.0 10.5
Zeta Deviation (mV): 14.0 Peak 2: 6.48 36.0 5.89
Conductivity (mSfcm): 4.23 Peak 3: 0.00 0.0 0.00
Result quality
Zeta Potential Distribution
400000 < c e
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Total Counts
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-200 -100 0 100 200
Zeta Potential (mV)

== Record 40: U-1 1

Figure 3.11 Zeta potential distribution of non-targeted LUVs (5%PEG/LUV ).

Results
Mean (mV) Area (%) Width (mV)
Zeta Potential (mV): -18.9 Peak1: -189 100.0 531
Zeta Deviation (mV): 5.31 Peak 2: 0.00 0.0 0.00
Conductivity (mSfcm): 1.41 Peak 3: 0.00 0.0 0.00
Result quality g
Zeta Potential Distribution
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Figure 3.12 Zeta potential distribution of 2.5%ALE-PEG/LUVyy liposomes
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Results

Mean (mV) Area (%) Width (mV)
Zeta Potential (mV): -21.9 Peak1: -21.9 100.0 5.31
Zeta Deviation (mV): 4.39 Peak 2: 0.00 0.0 0.00

Conductivity (mS/cm): 1.48 Peak 3: 0.00 0.0 0.00
Result quality :

Zeta Potential Distribution
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Figure 3.13 Zeta potential distribution of 5%ALE-PEG/LUV liposomes .

3.3.4 Targetting Efficiency of the Alendronate Conjugated Liposomes

HA affinity of the targeted and non-targeted liposomes was compared to evaluate
targetting potency of the liposomes. At the end of 2 hours of incubation with HA
particles, HA affinities of non targeted (6.0 = 1.0 %) and targeted liposomes (10.9 +
0.2% for 2.5%ALE-PEG/LUVyy liposomes, 18.8 = 0.9% for 5%ALE-PEG/LUVg
liposomes) were significantly different (Figure 3.14). After 24 hours, the difference
between targetted and nontargetted liposomes became more significant. Nontargeted
liposomes showed 30.0 + 0.3% affinity while alendronate conjugated-targeted liposomes
using either 2.5% or 5% alendronate conjugated DSPE-PEG in the composition had 61.9
+ 0.8% and 79.9 £0.7% affinity after 24 hours, respectively (Figure 3.14). By the end of
the 6 hours, 5%ALE-PEG/LUV,, showed 67.7 + 0.6% affinity, which was higher than
the affinity, observed for 2.5%ALE-PEG/LUV after 24 hours (61.9 + 0.8%). The HA
affinity observed for the targetted liposomes were significantly higher than the HA
affinity observed for alendronate conjugated PLGA-PEG copolymer nanospheres (50%)

in the study of Choi et al [112]. The nanospheres were prepared from alendronate
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conjugated (80% in preparation mixture) and unconjugated PLGA-PEG (20% in
preparation mixture).

In order to verify the data observed by changes in turbidity with time; aliquots
were collected from the supernatants after centrifugation of the liposomes at the end of
each time point. These aliquots were dried under nitrogen and Stewart Assay was
performed to determine the lipid amount of each supernatant sample. Total lipid
concentration was 100 uM at the beginning of this experiment. HA affinities of targeted
and non-targeted liposomes calculated from phospholipid amounts are shown in Figure
3.15.

100 S
90 - : ;_i_'l
80 -
£ 70-
_':‘__," 60 -
= 50 - non-targeted liposomes
< 40 - :
S 30 - {_*—| ltargetedhposomes
4 201 3 2.5%ALE-PEG/'LUV200)
10 1 ltargetedhposomes
A - (3%ALE-PEG/LUV200 )
2
Time (h)

Figure 3.14 HA
PEG/LUVzoo) and

measurements (n=3). *P <0.05
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affinity (%) of targeted (2.5%ALE-PEG/LUV,y and 5%ALE-
non-targeted (5%PEG/LUVyy) liposomes determined by turbidity
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Figure 3.15 HA affinity (%) of targeted (2.5%ALE-PEG/LUV,y and 5%ALE-
PEG/LUV,) and non-targeted (5%PEG/LUVyy) liposomes calculated from the
phospholipid amounts (n=3). *P <0.05

Even though an increase in the HA affinity was observed for both types of
liposomes, significantly higher HA affinities of the targeted liposomes were evident as
shown in Figures 3.14 and 3.15. Especially, at the end of 24 hours, the percent affinity
was more than twice of the value calculated for the non-targeted liposomes. After 6
hours of incubation, HA affinity percentages of 2.5%ALE-PEG/LUV 3y liposomes were
found 50.0 £ 0.2% versus 52.2 + 0.6% for targeted liposomes and 24.0 + 0.8% versus
25.3 + 0.4% for non-targeted liposomes by the two different methods (Figures 3.14 and

3.15) as mentioned above. The results were consistent for these methods
Thus, it might be suggested that with the succesful conjugation of alendronate to

the phospholipids a liposomal delivery sytem with good bone targeting potential was

developed.
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3.3 5 Morphology of Liposomes by Transmission Electron Microscopy

Transmission electron microscopy (TEM) was used to study the morphology,
lamellarity and size of the targeted and non-targeted 200 nm sized liposomes. In Figure

3.16, single targeted and non-targeted liposomes are presented.

b)
Figure 3.16 TEM images of a) a single empty non-targeted liposome (5%PEG/LUV ),
b) single empty targeted liposome (ALE-5%PEG/LUV )

Liposome sizes measured from TEM images were around 200 nm, as determined
by DLS. Alendronate conjugated ones were slightly larger than unconjugated liposomes
verifing the size distribution results. TEM images showed that the prepared liposomes
were unilamellar.

In Figure 3.17, general view for targeted and non-targeted liposomes are shown.
Less aggregated structures were observed for targeted liposomes. This was thought to be
due to the extra negative -charge coming from the structure of alendronate (phosphonate
groups). The negative surface potential causes a repulsion between these liposomes
thereby resulting in less aggregation. It was also observed that aggregation changed the
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shape of liposomes from spherical to polyglonal shapes (Figure 3.17b). This case is
common when the fusion is taking place in the aggregated liposomal structure [132].

Figure 3.17 TEM images showing the general view of a) empty targeted liposomes
(ALE-5%PEG/LUV,q), b) aggregated empty non-targeted liposomes (5%PEG/LUV )

3.4. In Vitro Cell Culture Studies

Mesenchymal stem cells (MSCs) were isolated from the bone marrow of healthy
donors at Hacettepe University Faculty of Medicine Bone Marrow Transplantation Unit
after their consent. Figure 3.18 presents the phase contrast images of MSCs. MSCs have
small cell bodies with an elongated shape (tall and thin cell processes) [133]. MSCs usen
in this study had the characteristic morphology (Figure 3.18). Cells were passaged up to

4™ passage in order to reach the desired cell number to perform the migration assay.
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Figure 3.18 Phase contrast micrographs of a) first passage human mesenchymal stem
cells b) human mesenchymal stem cells at confluency (4™ passage) (20X)

3.4.1 Migration Assay

Transwell migration assay was performed to test whether SDF-1a released from
the liposomes enhanced the migration of MSCs toward the SDF-1a gradient after 16 and
24 hours of incubations. Representative images of migrated MSCs towards the lower
chamber filled with SDF-1a loaded 5%ALE-PEG/LUV32y +DMEM, empty 5%ALE-
PEG/LUV90+DMEM and only DMEM are shown in Figure 3.19.
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b)

Figure 3.19 Representative images of transmigrated MSCs in response to a) SDF-1a
released from 5%ALE-PEG/LUV,y liposomes b) DMEM-low glucose c¢) empty
liposomes (5%ALE-PEG/LUVyy) after 16 hours (Star marks show transmigrated
MSCs)
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c)

Figure 3.19 Representative images of transmigrated MSCs in response to a) SDF-1a
released from 5%ALE-PEG/LUV,y liposomes b) DMEM-low glucose c¢) empty
liposomes (5%ALE-PEG/LUVyy) after 16 hours (Star marks show transmigrated
MSCs) (continued)
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b)

Figure 3.20 Representative images of transmigrated MSCs in response to a) SDF-1a
released from 5%ALE-PEG/LUV, liposomes b) DMEM-low glucose c) empty
liposomes (5%ALE-PEG/LUVyy) after 24 hours (Star marks show transmigrated
MSCs)

63



c)

Figure 3.20 (cont) Representative images of transmigrated MSCs in response to a) SDF-
la released from 5%ALE-PEG/LUV g liposomes b) DMEM-low glucose c) empty
liposomes (5%ALE-PEG/LUV) after 24 hours (Star marks show transmigrated
MSCs) (continued)

It can be observed from Figures 3.19 and 3.20 that the number of cells migrated
toward SDF-1a released from liposomes was remarkably higher than those in other
wells. The average number of transmigrated MSCs toward the SDF-la releasing
liposomes was more than twice higher than the number of migrating MSCs toward tboth
empty liposomes and medium only. The transmigration assay results suggested that
liposomes released biologically active SDF-1a and this resulted with enhancement of the

ability of MSCs to transmigrate across 8 um pores.
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Figure 3.21 Average number of transmigrated MSCs. Results are mean values of five
different fields from four independent experiments. *P <0.05

Cumulative SDF-1a (%) release from liposomes was 44.9 £ 1.4% and 50.3 +
0.8% at the end of 16 and 24 hours, respectively. 24 hour cumulative percent release was
found higher than the findings for the release in PBS medium (Figure 3.8b). In PBS,
liposomes released 44.1 £ 0.5 % of the encapsulated while in the presence of serum
(almost 0.1% FBS for the total volume of upper and lower chambers) release increased
by a 6%. It was also reported that serum addition mimicks the in-vivo conditions for in
vitro release studies and in result with fastening the release from liposomal delivery
systems [135,134].
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CHAPTER 4

CONCLUSION

ALE-5%PEG/LUV,5 was found as a promising bone-marrow targeted drug
delivery system. The use of alendronate conjugated DSPE-PEG2000 in the liposomal
formulation resulted with high affinity towards HA (i.e., 67.7% after 6h and 77.9% after
24h). In vitro release and cell migration studies showed that the amount of SDF-1a
released from the liposomes was sufficient to increase the transmigration of human bone
marrow mesenchymal stem cells. SDF-1a loaded and alendronate conjugated liposomal
delivery system has been reported for the first time in literature. Our liposomal system
can be considered as an effective vehicle to improve homing efficiency after
transplantation by providing local SDF1-a release in the endosteal niche of the bone
marrow. This gives the opportunity of using limited amount of transplanted marrow in a
better efficiency and young donors would become more available for BMT. Also, the
use of cord blood, where the stem cell amount is limited, for BMT can be applicable.
However, further studies including migration assays with hematopoietic stem cells and
in-vivo distribution analysis for the liposomal system are suggested and are being
planned to be tested the efficacy of the system in detail.

This alendronate conjugated liposomal delivery can also be considered as a bone
targetted delivery system for providing efficient treatment for bone-related diseases such
as osteoporosis or for treating large and difficult fractures by recruiting host
mesenchymal stem cells towards defect site SDF-1a encapsulated liposomes can serve

as an efficient tool for curing osteogenesis imperfecta by attracting MSCs to the
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endosteum region in order to heal the bone fractures. Also, it can be used as an
additional treatment for diseases like osteopetrosis which uses BMT for the cure.
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