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ABSTRACT

The global number of elderly people has been increasing, and the world can now be
considered an ageing society. One of the most concerning health problems in the elderly
is a musculoskeletal disease, in which fractures and osteoporosis are the most common
problems. The deteriorating bone quality in the elderly is a limitation for treatment and
patient recovery. Several drugs and biomolecules have been studied for enhance
osteoblast properties and differentiation. The secretory leukocyte protease inhibitor
(SLPI), which is a serine protease inhibitory protein, has been reported to enhance
osteoblast cell adhesion, proliferation, and differentiation. However, the application of
SLPI in real clinical settings is limited due to its short half-life in circulation and the fact
that it can be destroyed by circulating protease enzymes. Therefore, the application of
nanoparticle encapsulation might beneficial for SLPI delivery. This study aims to
fabricate liposome nanoparticles encapsulating recombinant human SLPI, or rhSLPI
(rhSLPI-LNPs) for augmenting the half-life and enhancing human osteoblast
differentiation. The liposome nanoparticles (LNPs) were fabricated by the thin film
hydration method. Encapsulation of thSLPI was performed by adding 0.33 pg/mL rhSLPI
in ultrapure water to the thin film lipid, and then thSLPI-LNPs formed into vesicles. The
morphology of LNPs was observed by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The morphology of both blank-LNPs and

g



rhSLPI-LNPs showed a spherical shape and a rough surface. The shell of thSLPI-LNPs
showed an onion-like structure. The size, PDI, and zeta potential of blank-LNPs or
rhSLPI-LNPs were measured by the Zetasizer. The results showed that the size of both
blank-LNPs and rhSLPI-LNPs was approximately 120 nm, the PDI was 0.08 £+ 0.008 and
0.075 % 0.006, respectively and the zeta potentials were -64.47 + 1.12 mV and -51.98 +
0.90 mV, respectively. The rhSLPI encapsulation was confirmed by ELISA. The results
showed that liposome nanoparticles could encapsulate rhSLPI. The %EE of rhSLPI-LNPs
was 18.313 £+ 0.24%. The percentage of release was determined by ELISA. The result
showed that rhSLPI was released at less than 1%. Additionally, proteinase
inhibition activity was investigated, and the experimental results demonstrated that it still
possesses the ability to inhibit protease activity. The rhSLPI-LNPs increased cell
proliferation at concentrations of 1 and 10 pg/mL. For cytotoxicity, thSLPI-LNPs
treatment did not cause any toxicity to the human osteoblast cell line (hFOB 1.19). In
addition, pre-incubation of hFOB 1.19 with rthSLPI-LNPs could significantly enhance
osteoblast adhesion when compared with the untreated group. Finally, osteoblast
differentiation was observed by qRT-PCR. The results showed that rhSLPI-LNPs
enhanced Runx2, Collal, and Ocn mRNA expression. In conclusion, this is the first study
showing that rhSLPI-encapsulated liposome nanoparticles (rhSLPI-LNPs) are
biocompatible with human osteoblast cells and could enhance human osteoblast cell

adhesion and differentiation.
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CHAPTER 1

Introduction

1.1. Background and problems

Currently, the world has entered an ageing society, the situation which is more than 10
percent of the population aged 60 years and older [1, 2]. Therefore, maintaining the health
of the ageing population becomes the most important concern for the government to
support. One of the leading causes of mortality and morbidity in older people is accidents.
Falls cause 70 percent of accidental mortality in those 75 years of age and older, affecting
sexes and all racial and ethnic groups [3]. The cause of the fall, particularly in elders, is a
decline in vision and hearing and a loss of balance in the body. The most common
problem encountered after falls is broken bones or fractures, which can lead to death or
disability in elderly patients and also increase the cost of treatment [4]. It has been
reported that the treatment cost of a fractured bone while hospitalised is approximately
10,075 USD, and one year of follow-up and health care is approximately 43,669 USD
[5]. Another reason that fractures could easily occur in the elderly is the osteoporosis.
Osteoporosis is a skeletal disease that occurs in the bones of the whole body and is a
defect in maintaining bone mass and strength, increasing the risk of bone fracture [6]. The
treatment of fractures can be treated by using a plaster cast to immobilise the bone or by
surgically inserting metal rods or plates to keep the bone together while waiting for the
bone healing process to be accomplished [7]. However, in the elderly, the bone healing
process seems to be more difficult and slower than in healthy youth [6]. Therefore, any
strategies to enhance the bone healing process are an interesting and challenging research

question.



Bone healing is a recovery process that requires several material types, including bone
cells, collagen, and matrix [2]. This process can be divided into four phases [8]: hematoma
formation, fibrocartilaginous callus formation, bony callus formation, and bone
remodelling. These processes take weeks or months to complete and may fail or take
longer to heal [9]. Again, any strategies to enhance the bone healing process are an
interesting and challenging research question. Intervention with new drugs or agents to

treat bone cells and enhance bone cell activity seems to improve bone healing.

Secretory leukocyte protease inhibitor (SLPI) is an 11.7 kDa non-glycosylated protein.
SLPI is mainly secreted from epithelial cells and immune cells as well [10]. The important
function of SLPI is to inhibit serine proteases, including elastase and cathepsin G from
the neutrophil, chymase, and tryptase [10]. Previous studies showed that SLPI can
improve the differentiation and mineralization of osteoblast cells [11, 12] and enhance
osteoblast cell adhesion on titanium surfaces [11]. Therefore, SLPI could have therapeutic
potential for enhancing bone healing. One of the clinical limitations of using recombinant
human SLPI as a therapeutic agent is its short half-life in circulation [10]. The pre-clinical
study in animal models revealed that the half-life of recombinant human SLPI in
circulation ranged from 10-60 min, while the half-life of recombinant human SLPI in
humans ranged from 10-120 min [13]. Therefore, any strategies to improve the stability

and extend the half-life of SLPI in the system could provide greater therapeutic benefit.

Several advantages of nanoparticles as peptide drug carriers have been listed, for
example, reducing the enzymatic digestion and aggregation of peptide drugs and
increasing transmembrane absorption. Nowadays, several types of nanoparticles have
been studied [14]. In this study, liposome nanoparticles have been interesting. The
liposome nanoparticle is a colloidal spherical structure form of the lipid molecule. The
components of the liposome structure was mimicked the natural membrane of the human
cell. In addition, the properties of the liposome are biocompatibility, biodegradability,
and carrying a large drug payload [15]. Growing evidence of liposome nanoparticles

suggests their benefits as drug delivery carriers. However, the efficiency of liposome



nanoparticles for rhSLPI delivery as a peptide drug, especially for osteoblast

differentiation has never been investigated.
1.2. Objective

1.2.1.To prepare thSLPI encapsulated liposome nanoparticles (rhSLPI-LNPs) for
rhSLPI delivery.

1.2.2. To determine an in vitro effect of rhSLPI encapsulated liposome

nanoparticles on osteoblast adehesion, proliferation, and differentiation.
1.3. Hypothesis
1.3.1. The liposome nanoparticles (LNPs) could encapsulate rhSLPI.

1.3.2. The rhSLPI-LNPs are able to induce osteoblast adehesion, proliferation, and

differentiation.
1.4. Research scope

The present study performs rhSLPI-nanoparticles by loading recombinant human
secretory leukocyte protease inhibitor (thSLPI) into liposome nanoparticles. Determine
the cell adehesion, proliferation, and differentiation of human osteoblast cells line (hFOB

1.19).



CHAPTER 2

Literature Review

2.1. Bone

Bone is an active metabolic connective tissue [2], which is a framework for supporting
and a place for the attachment of muscles to body movement, protection of vital internal
organs and bone marrow, and accumulation of minerals or mineralization, especially
calcium and phosphorus in the form of hydroxyapatite ([Ca3(PO4);]Ca(OH),) [16]. Bone
can be classified in several ways, including shape, location, size, or density. For this
study, bone was classified by shape: there are long bones, short bones, flat bones,

Irregular bones, and sesamoid bones (Figure 1).
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2.2. The structure of bone

The general structure of bones can be divided into two types: cortical and cancellous
bones [16]. Despite the fact that they have the same basic matrix composition, they differ
in three keyways: density or porosity, three-dimensional structure, and metabolic activity.
These three characteristics have a significant impact on their function and physiology [2].
Bones are made of a hard cortical component and a “spongy” cancellous or trabecular
component. The main structural component that gives cortical bone strength is “the
osteon”. Cancellous trabecular packets are arranged to maximise surface area for nutrient
diffusion, exposure to circulating cytokines, and hormones, which are important in bone
and mineral homeostasis. The periosteum is an important component covering the
external surface of cortical bone, which provides attachments for ligaments, an additional
vascular supply, and osteoprogenitor cells important in the initial stabilisation of the

fracture callus [2, 16, 17] (Figure 2).



Figure 2. The general structure of bone [2].



2.3. Composition of bone
2.3.1.Matrix

The bone matrix is 90 percent of the component of the total bone volume. It
is made up of four major components: an inorganic or mineral matrix (65
percent), an organic matrix (20 percent), and lipids and water (less than 15
percent). The inorganic bone matrix retains 99 percent of the calcium, 85
percent of the phosphorus, and 40 to 60 percent of the magnesium and salt in
the body. The inorganic matrix, mostly hydroxyapatite, is responsible for the
majority of bone strength, stiffness, and resistance to compressive stresses.
Bone becomes soft, pliable, and spongy when the inorganic matrix is
removed; an example is osteomalacia or rickets caused by a vitamin D
deficiency. Collagen type I makes about 90 percent of the organic matrix
released by osteoblasts, although it also contains proteoglycans,
glycoproteins, and growth factors. Bone morphogenic proteins (BMP),
additional transforming growth factor-f (TGF-£) family factors, interleukin-
1, interleukin-6, osteocalcin, osteonectin, and bone sialoprotein are among
these growth factors. All of these elements have a role in bone formation,
mineralization, and remodelling. The organic matrix gives bone its shape and
offers tensile resistance. Osteogenesis imperfecta (Figure 3), which causes

hard, brittle bones, is a well-known organic matrix abnormality [2, 17].

2.3.2.Cells

Bone cells represent 10% of total bone volume. They are made up of two
types of stem cells: osteoprogenitor cells from the mesenchymal stem cell
lineage that transform into osteoblasts and osteocytes, and osteoclasts

from the hematopoietic stem cell [2, 17].



The osteoprogenitor is a stem cell of bone canals, endosteum, periosteum, and
marrow that develops into bone-forming cells. Vascular pericytes may also
supply them. Until they receive stimuli to migrate to a site, proliferate, and
develop into osteoblasts, osteoprogenitor cells remain undifferentiated. [2,

17].

Osteoblasts line on surfaces of bones and are densely packed together. They
consider the bone-forming cells, which produce and release organic bone
matrix. The enzyme alkaline phosphatase (ALP), which is released by active
osteoblasts, reveals their activity. They can become osteocytes, remain
quiescent osteoblasts lining bone, or revert to the osteoprogenitor cell line
once triggered. Bone morphogenic proteins (BMP) and other members of the
transforming growth factor-p (TGF-f£) family are important mediators of

osteoblast development and activation [2, 17].

Osteocytes are 90 percent of bone cells. They are osteoblasts that dwell in
vacuoles termed lacunae and are surrounded by an organic matrix. Once
encased in a matrix, they generate cytoplasmic projections that go into the
bone and contact adjacent osteocyte cell processes, allowing direct
communication. Osteocytes regulate calcium homeostasis and preserve the
bone matrix. The parathyroid hormone can also cause them to resorb bone

directly [2, 17].

Osteoclasts are large multinucleated cells that reside in Howship's lacunae,
which are shallow depressions on bone surfaces. They can also reside in deep
resorption cavities called cutting cones throughout the remodelling and bone
healing processes. Bone-resorbing cells are known as osteoclasts. They
adhere to the bone matrix through a brush boundary and acidify it, facilitating
matrix phagocytosis. Only mineralized bone can be resorbed by osteoclasts.
The receptor activator of NF-xB ligand, osteoprotegerin, interleukin-1,

interleukin-6, macrophage colony-stimulating factor, parathyroid hormone,



1,25-dihydroxy vitamin D, and calcitonin are only a few of the known agents

and cytokines that regulate osteoclast development and activity [2, 17].
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Osteogenesis Imperfecta

Healthy Bone Brittle Bone

Articular cartilage Articular cartilage
Periosteum Growth plate Periosteum Growth plate
Spongy bone Compact bone Spongy bone Compact bone

Epiphysis Diaphysis Epiphysis Epiphysis Diaphysis Epiphysis

Figure 3 The Osteogenesis Imferfecta. a) Comparison of healthy bone and brittle bone
[18]; b) X-ray films showed characteristics of bone abnormality caused by disease [19].
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2.4. Bone formation

Osteoprogenitor cells, also known as mesenchymal stem cells, develop into immature
osteoblast cells and osteoblast cells to produce bones [2]. Osteoblast cells are important
in the formation of bone matrix, the synthesis of bone matrix protein, the secretion of
alkaline phosphatase (ALP) indicated to active osteoblasts, and the increasing of
mineralization. whereas osteoclasts are responsible for bone resorption. Additionally,
osteoblasts are physical and metabolic indicators [20]. Osteoblast differentiation
enhances bone mass. Collagen type 1, runt-related transcription factor 2 (Runx2), osterix
(OSX), osteopontin, and osteocalcin (OCN) are involved in the osteogenic genes and
proteins that osteoblast cells express after cell differentiation. Runx2 is a transcription

factor that regulates the differentiation of osteoblasts into bone production [21].

2.5. Bone resorption

The bone matrix and the hydroxyapatite crystals contained within the sealing zone were
acidified and proteolyzed by osteoclasts, resulting in bone resorption [22]. The
mobilisation of hydroxyapatite crystals by digestion of their collagen connections is the
initial step in bone matrix resorption [23]. The remaining collagen fibres are then
degraded by cathepsins or active collagenases, with the residues being internalised or
carried across the cell and discharged at the basolateral domain. Both locally acting
cytokines and systemic hormones affect osteoclast activity. Calcitonin, androgens,
thyroid hormone, insulin, PTH, IGF-1, interleukin (IL)-1, CSF-1, and PDGF37
osteoclastic receptors (RANK) have been discovered [16, 22, 23] (Figure 4).
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2.6. Bone remodelling

Bone remodelling is the process by which osteoclasts and osteoblasts replace old bone
with new bone [24] (Figure 5). Bone cells in normal adults maintain a balance between
bone resorption and formation. There are many variables that influence bone remodelling,
including cytokines, hormones such as calcitonin and calcitriol, growth hormone,
glucocorticoids, parathyroid hormone, thyroid hormone, and the active form of vitamin
D [23]. Quiescent, activation, resorption, reversal, creation, and mineralization are the six
phases of bone remodelling. The first phase begins with the breakdown of existing bone
by osteoclast cells, followed by the replacement of osteoblast cells with new bone.
Finally, osteoblast cells accumulate calcium in the osteoid matrix, after which they

transform into osteocytes and the bone enters the resting phase [2, 16].
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2.7. Imbalance of bone formation and bone resorption

In adults, the mechanisms of bone cells, such as osteoblast cells and osteoclast cells,
normally maintain a balance between bone creation and bone resorption. Nevertheless,
bone mass is not stable in the human bone, resulting in decreased bone mass and
decreased bone synthesis while increasing bone resorption [24]. The bone remodelling
system is affected by an imbalance of osteoblast and osteoclast activity. Furthermore, the
most powerful element affecting the imbalance of the bone mechanism is growing older
[5]. As a result, the bone mass density (BMD) of elderly people may decrease, resulting

in decreased bone strength and leading to bone fractures after a fall or other accident.

Osteoporosis is a skeletal disorder that occurr in elderly people [6], particularly those who
are postmenopausal or senile. Furthermore, secondary osteoporosis results from a
metabolic abnormality of the skeleton, which results in a lower peak of bone mass in
patients. Chronic illness, medications, endocrine, idiopathic, diet, and cancer are all
potential causes of secondary osteoporosis [24]. Osteoporosis is characterised by a loss
in bone mass, a reduction in mechanical strength, and an increased risk of bone fracture
[6]. Elderly people with less physical activity are more prevalent to bone fractures. As a
result, osteoporosis is a serious disease that can cause mortality and morbidity in the

elderly, as well as high medical costs for treatment and monitoring.

2.8. Secretory leukocyte protease inhibitor (SLPI)

The secretory leukocyte protease inhibitor (SLPI) is an 11.7 kDa non-glycosylated protein
that is a member of the whey-acidic protein (WAP) family, and the SLPI gene is on
chromosome 20q12 13.2 [10, 26, 27]. SLPI is expressed in various types of cells,
including epithelial cells and immune cells such as macrophages, neutrophils, and mast
cells [28]. The SLPI protein has a boomerang-like structure and consists of two domains.
1: comparable structures; 2: four disulfide bridges connecting the polypeptide segments

of each domain (Figure 6) [29]. Two domains of SLPI are WAP II (C-terminal), which
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has the ability to inhibit protease enzyme, and the protease-inhibiting region localised
between residues 67-74, and the antimicrobial ability is on the WAP I (N-terminal)
domain (Figure 7) [10].
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Figure 6. The structure of SLPI protein showed the polypeptide chain of human SLPI
and its disulfide connection [29].
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Figure 7. a) amino acid sequence of SLPI; b) 3D structure of SLPI that represent WAP 1
(N-terminal) and WAP (C-terminal) domains [10].
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2.9. The function of SLPI in normal physiology and Diseases
2.9.1. Anti-inflammation

To counteract the effects of proteases secreted by innate immune cells, SLPI
can decrease the creation of proinflammatory cytokines and the consequent
recruitment of immune cells. Extracellular SLPI interferes with
lipopolysaccharide (LPS) binding to soluble CD14 and the migration of LPS
from CD14 into cell membranes; cytosolic SLPI suppresses degradation of
the NF-kB inhibitor alpha (IB) to suppress TLR2 and TLR4 activation, and
SLPI competes with p65 for NF-«kB in the nucleus [27]. The ability of SLPI
to inhibit NF-kB signalling is the independent anti-protease activity of the
protein, as amino acid substitutions in the C-terminal domain disrupt the anti-
protease function of SLPI and it did not affect LPS-induced nitric oxide and
tumour necrosis factor-alpha (TNF-a) production by macrophages [10]. SLPI
alters the balance of cellular cytokine production by reducing the synthesis of
proinflammatory cytokines by activated monocytes (TNF-a; IL-8), dendritic
cells (DCs; TNF-a; IL12p70), macrophages (TNF-a; nitric oxide), and
epithelial cells by blocking NF-«xB signalling (IL-8) [30].

An in vivo information suggests that SLPI regulates CD4+ T cells indirectly
via dendritic cells. SLPI expression in DCs reduces the production of
microbiota-induced IL-12p70, monocyte chemoattractant protein 1 (MCP1),
and IL-6 in lymph nodes draining the nasal mucosa, preserving T cell-
mediated mucosal tolerance to innocuous proteins found at the highly
colonised nasal mucosal surface [31]. Furthermore, by blocking NF-xB
signalling, SLPI was generated by tonsillar epithelial cells decreases

immunoglobulin class switching in activated B cells [32].
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2.9.2. Antimicrobial activity

SLPI has antibacterial, antifungal, and antiviral activities against Escherichia
coli, Staphylococcus aureus, Pseudomonas aeruginosa, Staphylococcus
epidermidis, Candida albicans, and Aspergillus fumigatus are all susceptible
to SLPI. SLPI is also the only salivary protein with action against the human

immunodeficiency virus type 1 (HIV-1) at physiological concentrations [33].

The N-terminal domain has antibacterial and antifungal properties, whereas
the C-terminus has less antibacterial activity [10]. As a result, SLPI's
antibacterial action is most likely unrelated to its antiprotease activity. The
processes by which SLPI kills bacteria, however, remain unknown. SLPI
binds to bacterial mRNA and DNA in Escherichia coli, inhibiting translation
and halting bacterial development. Furthermore, SLPI's cationic character
may allow it to adhere to and disrupt bacteria's anionic cell membrane [34].
The result of amino acid changes that impair SLPI's protease inhibitor
efficacy have no effect on its anti-HIV-1 action, SLPI can prevent HIV-1
transmission through a mechanism unrelated to its antiprotease activity. SLPI
attaches to human macrophages through annexin II, a cofactor implicated in
HIV-1 infection, and inhibits HIV-1-macrophage interactions. SLPI also
prevents the host membrane proteins phospholipid scramblase 1 and 4 from
interacting with CD4, the major HIV-1 receptor on T cells and macrophages

[27].
2.9.3.Prevention of cell destruction

Serine proteases, particularly neutrophil elastase, are significantly inhibited
by SLPI[10]. Proteases are secreted by leukocytes to help them move through
the extracellular matrix of tissues and destroy phagocytosed bacteria. To
reduce collateral tissue damage, endogenous protease inhibitors block the

activity of these proteases. Some protease inhibitors ('systemic antiproteases')
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are generated by the liver, whereas others (‘alarm antiproteases') are created
locally and activated by bacterial products and inflammatory cytokines [35].
Human alarm antiproteases SLPI and Elafin (also known as peptidase
inhibitor 3 or skin-derived antileukoproteinase) have been widely studied
[36]. The region responsible for the protease inhibitory activity of SLPI is
located on its C-terminal domain. SLPI is the major inhibitor of neutrophil
elastase in the cytoplasm of neutrophils and is the only elastase inhibitor that
has been identified in saliva. SLPI retains its capacity to inhibit neutrophil
elastase when cross-linked to fibronectin or elastin by tissue
transglutaminase-2 and plasma factor XlIlla. In addition, SLPI inhibits the
production of matrix metalloproteinases (MMPs) by monocytes [37] and can

also prevent the formation of neutrophil extracellular traps (NET) [38].

2.10. Role of SLPI in different systems

2.10.1. Skin

SLPI is expressed and upregulated by human keratinocytes [34]. The main
feature of SLPI in the skin is wound healing. There are reported that in the
wounding skin of slpi knockout mice, wound healing is delayed due to
increased elastase activity, neutrophil, and monocyte accumulation, and TGF-
B activation [27]. In addition, SLPI promotes wound healing by inhibiting
neutrophil elastase from converting progranulin, which is an epithelial growth
factor that prevents TNF-a from neutrophil activation to granulin peptides as
well [27, 39]. The microbial activity in the skin was not unclear but SLPI has
the ability to kill microorganisms including skin-associated bacteria such as

Staphylococcus aureus, and S. epidermidis [10, 27].
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2.10.2. Respiratory tract

SLPI protein in the lung is expressed by bronchial epithelial cells, alveolar
neutrophils and macrophages [40]. In the upper respiratory tract, SLPI
function in anti-elastase activity. However, in the peripheral airspaces, ol-
antitrypsin (A1AT) is more prevalent and most SLPI protein is inactive. In
comparison to the superficial epithelium, SLPI mRNA is expressed at 30-fold
higher amounts in human airway submucosal glands. TGF- suppresses SLPI
synthesis in airway epithelial cells, but neutrophil elastase and defensins
promote it. In alveolar epithelial cells, IL-1f and TNF-a increase SLPI
expression. SLPI is also found in lung connective tissue and is exclusively
linked with elastin fibers, suggesting that SLPI shields these fibers against the

clastase destruction [27].

2.10.3. Gastrointestinal tract

SLPI prevents intestinal tissues against protease destruction and excessive
inflammation by reducing both intestinal epithelial cells and dendritic cells in
mucosa-draining lymph nodes to microbial stimulation. Although SLPI has
been shown to be against intestinal pathogens including Salmonella
typhimurium. In addition, SLPI enhances oral mucosa tissue healing through

processes similar to those found in the skin [41].

2.10.4. Cardiovascular system

The function of SLPI in the cardiovascular system involve in
ischemia/reperfusion damage protection in cardiac transplantation has been
documented. SLPI knockout hearts were transplanted immediately or
incubated for 10 hours in a cold preservation solution, otherwise known as
cold ischemia (CI). The findings revealed that SLPI deletion hearts exposed

to CI had reduced myocardial contraction, which is linked to increased
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cardiac protease enzyme production. At day 10, the inflammation, myocyte
vacuolization, and cellular necrosis in SLPI-/-hearts were all considerably
higher. When rhSLPI was introduced to the preservation solution, myocardial
contraction in SLPI -/-hearts improved, protease enzyme expression dropped,
and TGF-expression decreased as well [42]. In 2018, Nichawat Paiyabhroma
reported that SLPI can protected cardiac fibroblast in I/R injury conditions in
vitro. Signal transduction is important in I/R damage and responses. Several
protein kinases and cellular apoptotic regulatory proteins have been
implicated in the etiology of I/R damage. The p38 MAPK, Bax, Bcl-2, and
caspase cascades have all been identified as mediators of cellular death in the
context of I/R damage. Overexpression of SLPI in cardiomyocytes or
treatment of isolated hearts with SLPI could drastically reduce cell death,

damage, and infarct size [43].

2.10.5. Roles of SLPI in bone

The functions of SLPI in bone are enhanced cell viability, differentiation of
mice preosteoblast cells, and mineralization by upregulated expression of
alkaline phosphatase. In 2016 Baik-Dong Choi represented that SLPI can
promote differentiation and mineralization of MC3Tc-E1 preosteoblast on
titanium surfaces [12]. In addition, Soon-Jeong Jeong was studied about
adhesion of osteoblast cells on titanium surfaces and the results showed that
SLPI can enhance osteoblast adhesion and cell survival on titanium surfaces
by stimulation of cytoskeleton modification and focal adhesion through focal
adhesion kinase (FAK) pathway and ERK1/2 gene for promoting cell mitosis
[11]. Therefore, previous studies showed that SLPI could have therapeutic

potential for enhancing bone healing.
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2.11. The clinical limitations of SLPI

It has been shown that SLPI has a limited half-life in circulation as a therapeutic agent
[13]. The half-life of recombinant human SLPI in circulation was studied by injection of
35 Sulphur-labelled secretory leukocyte protease inhibitor (SLPI) in four dogs, and the
result showed that SLPI was cleared to urine in 10-60 min, whereas the half-life of human
SLPI in humans was shown to be 10-120 min by intravenous injection of 125 lodine-
labelled SLPI in three human volunteers [13]. And one of the clinical limitations of SLPI
was that it was digested by protease enzymes, including Cathepsins B, L, and S, which is
cysteine proteases produced by macrophages, fibroblasts, and epithelial cells in the lung
[44]. Therefore, any strategies to improve the stability, extend the half-life, and protect of

SLPI against urine clearance or protease enzymes.

2.12. Nanoparticles

Nanoparticles (NPs) are defined by the NNI (National Nanotechnology Initiative). The
size of NPs ranges from 1 to 1000 nm in at least one dimension [45]. NPs are being
investigated for potential medical applications. NPs can be used as carriers to deliver
medication molecules to cells or tissues within the body. NPs can be engineered to have
specific surface properties that enable them to selectively target cells, which are used to
deliver drugs to kill cancer cells while avoiding healthy cells, thereby increasing drug

efficacy and decreasing adverse effects [46].

2.13. Classification of nanoparticles
classification of nanoparticles based on their composition
2.13.1. Polymeric-based nanoparticles

Polymeric nanoparticles (NPs) can be synthesised from the monomers or

polymers of natural or synthetic materials, allowing for a wide range of
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conceivable structures and properties [47]. Polymeric NPs can be fabricated
by various techniques, such as emulsification, nanoprecipitation, ionic
gelation, and microfluidics [48-50]. The polymeric nanoparticles have
variable drug-delivery capacities, the drug molecules can be encapsulated
within the core of NPs, in the polymer matrix, chemically conjugated to the
polymer, or bound to the surface of NPs [51]. This allows for the delivery of
various types of molecules, including hydrophobic and hydrophilic
compounds, as well as cargos with varying molecular weights, such as small

molecules, biological macromolecules, proteins, and vaccines [51, 52].
2.13.2. Inorganic nanoparticles

Inorganic nanoparticles were performed with inorganic materials such as
dendrimers, and inorganic nanocarriers such as silica, magnetic, and gold
nanocarriers can be used to encapsulate and deliver drugs to target sites [53].
Inorganic nanoparticles have been widely studied for their potential use in
drug delivery systems due to their unique properties, such as their small size,
biocompatibility, stability, and protection against drug degradation [54].
However, In addition, inorganic NPs, such as dendrimers, can stimulate the
immune response and cause toxicity, which limits their use in certain

applications [14].
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2.13.3. Peptide-based nanoparticles

Peptide-based nanoparticles were performed from fragments of naturally
occurring proteins or peptides. Since the majority of proteins or peptides NPs
are frequently used as targets for cell surface receptors or used as a shell to
protect the drug molecule from degradation [14, 55]. The advantages of body
protein or peptide NPs are low immunogenicity, biocompatibility,
biodegradability, and mimicking of a body protein [56]. Peptides are a

beneficial instrument for the development of drug delivery systems [57].

2.13.4. Lipid-based nanoparticles

Lipid-based nanoparticles (NPs) are most typically spherical structures
comprising lipid bilayers surrounding internal aqueous compartments [58].
As a delivery system, lipid-based NPs have several advantages, including
formulation simplicity, self-assembly, biocompatibility, the ability to deliver
large cargoes, and a range of physicochemical properties that can be
controlled to modulate their biological characteristics [57]. One of the subsets

of lipid-based NPs that we are interested in 1s liposome nanoparticles.
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2.14. SLPI encapsulated nanoparticles

Previous studies demonstrated the models and effects of SLPI-encapsulated nanoparticles
(Table 1). In 2009, Gibbons A. et al. used SLPI-encapsulated liposome nanoparticles to
protect against cathepsin L digestion [59]. In 2011, Gibbons A. et al. fabricated SLPI
liposome nanoparticles in asthma models to reduce the rate of clearance into the blood
circulation and increase lung residence time after post-inhalation [60]. In 2019, Hill M.
et al. reported alginate/chitosan nanoparticles to deliver SLPI for pulmonary applications
by using Tobramycin and SLPI to be antimicrobial and increasing the efficacy of drug
delivery over prolonged periods [61]. In 2020, Tarhini M. et al. reported human serum
albumin (HSA) nanoparticles encapsulating SLPI for antibacterial and anti-neutrophil
elastase (Anti-NE) activity. It has been demonstrated that encapsulated SLPI still

maintains its antibacterial and anti-NE properties [62].
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Table 1 Previous studies of the SLPI encapsulated nanoparticles

Nanoparticles Conc. SLPI Size of NPs  Encapsulated efficiency o
Applications References
(mg/ml) (nm) (%)
Liposome 0.33 153.6 74.1+2.97 Asthma model [60]
Protection of SLPI from enzyme
Liposome 0.001 153.6 74.1£2.97 o [59]
digestion

Alginate/Chitosan 25 437.5 - Antibacterial and antiinflammation [63]
HSA 1.5 127 - Antibacterial activity [55]
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2.15. Liposome nanoparticles

Liposomes are colloidal spherical structures synthesised by amphiphilic lipid molecules
in solution, including phospholipids, self-assembling. One or more lipid bilayers
(lamellae) arranged around an internal aqueous core, with the polar head groups oriented
to the inner and outer aqueous phases, make up the liposomal membrane. Liposomes have
the unique capacity to load and distribute compounds with varying solubilities due to their
well-organised structure. Internal aqueous core with hydrophilic molecules, lipid bilayer
with hydrophobic molecules, and water/lipid bilayer interface with amphiphilic
molecules (Figure 8). The amphiphilic phospholipids mimic the natural cell membrane,
which allows the nanoparticle to penetrate into the intracellular space and enhance
cellular uptake [15]. The properties of liposome nanoparticles are biocompatibility,

biodegradability, non-toxic molecules, and non-immunogenicity [64].
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2.16. Classification of liposome nanoparticles

Liposomes are classified by the number and size of lipid bilayers, or lamellae [15]. The
liposomes can be classified as unilamellar vesicles (ULV), multilamellar vesicles (MLV),
and multivesicle vesicles (MVV) (Figure 9). Unilamellar vesicle (ULV) is a liposomal
nanoparticle that presents a single bilayer and is suitable for hydrophilic drug or peptide
encapsulation. ULV can be divided into 2 types: small unilamellar vesicle (SUV), which
1s 20-100 nm, and large unilamellar vesicle (LUV), which is larger than 100 nm [65].
Multilamellar vesicles (MLV) are the liposomal nanoparticles; there are lamellae that are
stacked in lamellar vesicles by an onion-like structure. In addition, MLV is suitable for
lipophilic drug encapsulation, and the size of MLV is larger than 500 nm [15].
Multivesicular vesicles (MVV) consist of several small lamellar vesicles inside a single
lipid bilayer. The size of MVV is larger than 1000 nm and is suitable for large volumes
of hydrophilic drug loading [65].
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Suv LUV MLV MVV

Figure 9. The classification of liposome nanoparticles based on lamellarity. SUV (Small unilamellar vesicles), LUV (Large
unilamellar vesicles), MLV (Multilamellar vesicles), and MVV (Multi vesicular vesicles) [15].
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2.17. Method for liposome nanoparticles fabrication

There are numerous techniques for the fabrication of liposome nanoparticles. Size,

lamellarity, and encapsulation efficiency (EE) are some of the ultimate properties of

liposomes that can be influenced by various techniques. Methods to produce liposomal

formulations can be classified as either conventional or advanced. In the following

section, several of these techniques will be discussed.

2.17.1. Conventional methods

2.17.1.1.

21712

Thin film hydration

The thin film hydration method was first reported by Bangham et
al. in 1967 [66]. This is the first method that was initially used for
liposome production. In this basic procedure, the mixture of lipids
and cholesterol is dissolved in an organic solvent, typically
chloroform, ether, or methanol, and then evaporated to produce a
thin lipid film in a round-bottom flask. The obtained thin lipid
film is hydrated using an aqueous solvent, resulting in the
formation of liposomes. The advantages of this method are the
production of larger and more heterogeneous liposomes, a high
capacity for entrapment, biocompatibility, and simplicity. Despite
its simplicity, the thin film hydration method can result in some
batch-to-batch variability. Moreover, The thin film hydration
method can occasionally result in liposome aggregation or fusion
during the rehydration step [15, 67].

Reverse phase evaporation

Reverse phase evaporation is an alternative technique for
preparing liposomes. The initial procedure is similar to that of
thin film hydration. Phospholipids are dissolved in an organic
solvent to form a film, which is then evaporated to remove the
solvent. Re-dissolving the film in an organic solvent, which

is typically diethyl ether and/or isopropyl ether, and then adding
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2.17.13.

2.17.14.

an aqueous phase results in the formation of an oil-in-water
emulsion. Sonication is used to generate inverted micelles,
resulting in a homogeneous emulsion. The final evaporation of
the organic solvent under reduced pressure produces a viscous
substance from which a liposomal suspension is produced [15,
67, 68]. The advantage of this method is its high encapsulation
efficiency [69]. However, The compounds to be encapsulated are
exposed to sonication conditions and even organic solvents,
which are disadvantages [70]. Additionally, this method is
reported as a time-consuming [15].

Solvent injection technique

The liposomes can be fabricated using the solvent injection
technique. This technique involves the rapid injection of lipids
dissolved in an organic solvent, including ethanol or ether, into
an aqueous medium, leading to the formation of liposomes [71].
The advantages of this method are reproducibility, rapid
implementation, scalability, and the absence of lipid degradation
or oxidative alterations [67]. However, there are some limitations
to this method, including heterogeneity of liposomes, very low
EE of hydrophilic compounds, and incomplete removal of ethanol
from the liposomes, which is the most concerning point [15].
Detergent removal

Detergent removal is an additional known method for fabricating
liposomes. Liposomes are produced when detergent is used to
dissolve lipids, resulting in the formation of defined mixed
micelles. As the detergent is subsequently removed via column
chromatography or dialysis bags, phospholipid molecules self-
assemble into liposomes. Phospholipids form homogeneous
unilamellar vesicles with an advantageously large encapsulated

volume [15, 69]. The disadvantages of the detergent removal
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method include the presence of detergent residues in the final
liposomal formulation, the possibility of an interaction between
the detergent and the encapsulated compound, and the fact that

this technique is time-consuming [72].

2.17.2. The advance methods

21721.

21722

Freeze drying method

Liu et al developed the lyophilization monophasic solution
method for preparing liposomes [73]. The lipid and substance are
dissolved in tert-butyl alcohol at 45°C, while the lyo-protectant
dissolves in water at 45°C. The two obtained solutions are
combined to create a third identical monophasic solution, which
is then filtered and freeze-dried to produce proliposomes. First,
the sample is frozen at -40°C, and then it is desiccated at room
temperature. Upon hydration, the sample produces liposomes
with a mean dimension of 100-300 nm [58, 73]. The advantages
of this method are increased stability, simplicity, and its used in
commercial-scale production. However, the limitation is the time-
consuming process [74].

Supercritical anti-solvent (SAS) method

SAS is the optimal technique due to its simplicity, low solvent
residue, and application to drugs with limited solubility in SCFs
(antisolvents). Using an atomized nozzle, the drug solution is
poured onto the supercritical fluid in the form of tiny droplets
using this technique. Liposomes are obtained by hydrating
an aqueous solution with water. Supercritical carbon dioxide
functions as an antisolvent for the solute but is miscible with
organic solvents. Compared to liposomes generated by
conventional methods, the liposomes obtained are devoid of an

organic solvent [74, 75].
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2.1723. Depressurization of an Expanded Liquid Organic Solution
Suspension Method (DELOS)
In this method, phospholipids are dissolved in organic solvent at
the required temperature and pressure, and then the solution is
added to a cosolvent vessel containing supercritical CO;. In
addition, a nozzle is used to depressurize this solution in order to
generate liposomes. The advantage of this technique over the
PGSS method is that thermosensitive materials can be used to
produce liposomes, as this method does not require high
temperatures and is carried out at low working pressures. The
advantages of this method are simplicity and suitability for
temperature-sensitive drug molecules. However, this method has
the limitation that solution residues are frequently retained in the

liposome nanoparticles [74, 76].
2.18. Rationale of thesis

The imbalance of bone formation and bone resorption in elderly people leads to decreased
bone mass. Decreased bone mass in elderly people leads to fragility and fractures, which
may result in disability or mortality. The treatment of a bone fracture can be treated by
using a plaster cast to immobilise the bone or by surgically inserting metal rods or plates
to keep the bone together while waiting for the bone healing process. However, an elderly
patient has an imbalance of bone formation and resorption. As a result, an elderly patient

takes longer or is more complicated to treat.

The secretory leukocyte inhibitor (SLPI) is a serine protease inhibitor. SLPI also enhances
osteoblast cell differentiation and mineralization. However, the limitation in clinical
usage of SLPI is due to its short half-life in blood circulation and can be digested by
protease enzymes including cathepsin B, L, and S. Therefore, any strategies to improve
the stability, extend the half-life, and protect SLPI against urine clearance or protease

enzymes.
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The nanoparticles were chosen to enhance SLPI stability. The nanoparticle is able to carry
and release SLPI into osteoblast cells to improve cell differentiation and mineralization.
In this thesis application, we aim to develop liposome nanoparticles to encapsulate

rhSLPI and its effect on human osteoblast differentiation.

Previous studies showed that the optimum dose of SLPI that could enhance osteoblast
differentiation and adhesion was 1 pg/ml [12]. Moreover, in the previous studies, SLPI
concentrations were prepared in different concentrations (Table 1). [60]. Therefore, in
this thesis proposal application, thSLPI will be encapsulated into liposome nanoparticles

and will be determined for its ability to enhance human osteoblast differentiation.
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CHAPTER 3

Research Methodology

This chapter presents the methodology of this research, including materials and methods.

The details of each topic are described below.

In this thesis, the conceptual framework of the study is presented in Figure 10. This study
aims to fabricate liposome nanoparticles (LNPs) for delivering recombinant human
secretory leukocyte protease inhibitor (thSLPI) and determine an in vifro effect of
rhSLPI-liposome nanoparticles (thSLPI-LNPs) on human foetal osteoblast 1.19 (hFOB
1.19) cell line adhesion, proliferation, and differentiation. This study plan is divideed into

two different aims, including
Aim 1. To prepare liposome nanoparticles to encapsulate rhSLPI (rhSLPI-LNPs)

The rhSLPI-loaded liposome nanoparticles (rhSLPI-LNPs) were fabricated by the thin
film hydration method (Figure 10a). Then, the physical characteristics of rhSLPI-LNPs
were assessed, as shown in Figure 10b. The determination of morphology was performed
by scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
The determination of particle size, zeta potential, and polydispersity index (PDI) was
measured by a Zetasizer. The quantification of encapsulated rhSLPI protein in LNPs and
released rthSLPI was measured by enzyme-linked immunosorbent assay (ELISA). The
protease inhibitory activity was observed by the casein protease inhibition assay. The

stability of rhSLPI was observed by Zetasizer.

Aim 2. To determine an in vitro effect of rhSLPI-LNPs on osteoblast cell adhesion,

proliferation, and differentiation
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The human foetal osteoblast 1.19 (hFOB 1.19) cell line was used as an in vitro model to
determine the effect of rhSLPI-LNPs. The effect of thSLPI-LNPs on osteoblast toxicity,
proliferation, and adhesion was determined by the MTT cell viability assay. The effect of
rhSLPI-LNPs on osteoblast cell differentiation was assessed through gene expression by
quantitative reverse transcription polymerase chain reaction (q-RT-PCR), as shown in

Figure 10c.
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Figure 10. The experimental design will be divided into 3 parts: a and b) the experimental design for aim 1: liposome
nanoparticle preparation and characterization, ¢) the experimental design for aim 2: in vitro effect of rhSLPI-LNPs on osteoblast cell

differentiation.
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3.1. Chemicals and Reagents

Recombinant human secretory leukocyte peptidase inhibitor (rhSLPI) was purchased
from Sino Biology Inc. (Beijing, China), and Dulbecco’s modified Eagle’s medium
(DMEM): Ham’s F-12 media, foetal bovine serum (FBS), and trypsin-EDTA were
purchased from Gibco BRL; Life Technologies Inc. (New York, USA). Dexamethasone,
L-2-ascorbic acid, and B-glycerophosphate were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Fast 5-Bromo-4-color-3-indolyl and nitroblue (BCIP/NBT), alkaline
phosphatase substrate (ALP), and phosphate buffer saline (PBS) tablets were purchased
from Amresco (Ohio, USA). The 1,2-Dioleoyl-sn-Glycero-3-[Phospho-L-Serine]
(DOPS) and Cholesterol (Chol) were purchased from Aventi Polar Lipid (Birmingham,
AL, USA). Chloroform, methanol, and  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). (St. Louis, MO, USA).

3.2. Cell and cell culture

The human foetal osteoblast 1.19 (hFOB 1.19) cell line is an adherent osteoblast cell that
was obtained by transfection of limb tissue with the temperature-sensitive expression
vector pUCSVtsAS58 and the neomycin resistance expression vector pSV2-neo [77]. The
cells provide homogenous, rapid proliferation and can be a model for studying cell
differentiation and osteoblast functions [77]. The hFOB 1.19 cell was purchased from
American Type Cell Culture (ATCC CRL-11372™), Cells were cultured with a 1:1
mixture of Ham’s F12 Medium and Dulbecco’s Modified Eagle’s Medium, with 2.5 mM
L-glutamine (without phenol red), supplemented with 10% (v/v) foetal bovine serum
(FBS), 5,000 units/ml of penicillin, and 5000 pg/ml of streptomycin (Gibco®). For
culture conditions, the hFOB 1.19 cells were cultured at 37°C with 5% carbon dioxide
(CO») and 95% air.

The cells were subculturing or trypsinisation when they reached 70% confluency or over.

For subculture, the cultured media was discarded and washed with sterile phosphate
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buffer saline (PBS). Then, 0.25% (w/v) pre-warm trypsin-0.53 mM EDTA (Gibco®) was
added and incubated until the cell detached from the culture surface and floated in the
culture medium. After that, a complete medium was added to neutralise trypsin activity.
The cell suspension was transferred to a sterilised centrifuge tube and centrifuged at 125
x g at 25°C for 5 min. Then the supernatant was discarded, and the cell pellet was
resuspended with 1 ml of complete medium. Finally, the suspension cells were transferred

to a new tissue culture flask [77].

3.3. Preparation of recombinant human secretory leukocyte protease inhibitor

encapsulated liposome nanoparticles (rhSLPI-LNPs)

The fabrication of rhSLPI-liposome nanoparticles (rhSLPI-LNPs) was performed
according to the previous report by Aileen M. Gibbons et al. [59]. The rhSLPI-LNPs were
prepared by the conventional thin film hydration method (Figure 11). To prepare 2 mL of
rhSLPI-LNPs, the mixture of 7:3 DOPS and Chol, which is 2,800 uL of 5.67 mg/mL
DOPS and 1,200 uL of 1.145 mg/mL Chol by volume, was dissolved in 2:1 by volume
chloroform and methanol. Then the solvent was removed by a rotary evaporator into a
thin film on the flask. Rehydration was performed by adding 1,340 uL of ultrapure water
and 660 uL of 0.33 pg/ml of rhSLPI [60]. While LNPs rehydration buffer was performed
by 2,000 uL. Next, DPOS: Chol thin film was rehydrated with rehydrating buffer.

Homogenization of fabricated LNPs and thSLPI-LNPs to obtain smaller size liposomes
was extruded through a mini-extruder with a 100 nm polycarbonate membrane filter for
11 times; during this step, the temperature must be kept at 60-80°C. Non-encapsulated
rhSLPI was removed by centrifugation at 15,000 rpm for 3 h at 4°C. After that, the pellet
was resuspended with 2 mL of ultrapure water. Finally, the concentration of LNPs was
measured by weighing the power obtained after freeze-drying. The weight of the LNPs
or thSLPI-LNPs can be calculated by first weighing the cortical tube, then 200 uL of
LNPs or rhSLPI-LNPs were added to the cortical tube and freezing it at -80°C overnight.
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Then the cortical tube was put in a freeze-drying machine until the sample was dry.
Finally, the cortical tube was weighed and calculated in milligrammes per millilitre

(mg/mL).

44



0.33mg/mL rhSLPI
in ultra-pure water
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Figure 11. Schematic diagram demonstrating the fabrication of liposome nanoparticles by thin film hydration method [59].
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3.4. Determination of physical characteristics of rhSLPI-LNPs

3.4.1.Determination of morphology by field emission scanning electron

microscopy (FE-SEM) and transmission electron microscopy (TEM)

The morphology of nanoparticles was observed by FE-SEM. Firstly, the
LNPs in ultrapure water were dropped on the copper tape and air-dried. The
LNPs were put in a desiccator overnight to remove the solution residue. Then,
the blank-LNPs were coated with gold for 30 sec under a vacuum. Finally,
blank-LNPs were observed under an acceleration voltage of 15.0 kV by FE-
SEM (JSM-6700F, JEOL, Japan) at the Faculty of Science, Chiang Mai
University. The thSLPI-LNPs were coated with platinum to a thickness of 3
nm. Finally, thSLPI-LNPs were observed under an acceleration voltage of
15.0 kV by FE-SEM (CLARA, TESCAN) at Maejo University. It is noted
that the morphological assessment of blank-LPNs and rhSLPI-LNPs was
performed using different FE-SEM facilities due to the availability of the

instrument.

A shell of LNPs was observed by TEM (JEM-2100 Plus, JEOL, Japan). LNPs
were dropped on the copper grid and air-dried. Then, the copper grid was put
in a desiccator overnight. After that, LNPs were stained with 3% (w/v) uranyl
acetate for 15 sec. After incubation, the stain was removed with filter paper
and incubated until dry in the dark. Finally, LNPs were observed under an

acceleration voltage of 100 kV.
3.4.2. Determination of nanoparticle size and polydispersity Index (PDI)

The particle size and polydispersity index (PDI) of LNPs were determined by
Zetasizer (Malvern, England) (Figure 12a). The LNPs were poured into a
disposable cuvette (ZEN004) (Figure 12b) and measured for size and PDI
using a Zetasizer (Malvern, England) at the Faculty of Pharmacy, Chiang Mai

University.
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3.4.3. Determination of zeta potential of nanoparticles

The zeta potential of LNPs was measured using a Zetasizer (Malvern,
England) at the Faculty of Pharmacy, Chiang Mai University. The LNPs were
poured into the folded capillary cuvette (DTS1070) (Figure 12c).

3.4.4. The stability of LNPs upon storage
The rhSLPI-LNPs were in ultrapure water and stored at 4°C. The stability of
rhSLPI-LNPs was observed by changes in size and zeta potential after being
stored at 4°C for 3 months.
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Figure 12. The equipment of Zetasizer. a) a Zetasizer analyser (Malvern), b) a
disposable cuvette (ZEN004) for size and PDI measurement, and c) a folded capillary
cuvette (DTS1070) for zeta potential measurement.
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3.5. Determination of rhSLPI by enzyme-linked immunosorbent assay (ELISA)

The quantitative analysis of thSLPI peptide concentration was performed by using an
enzyme-linked immunosorbent assay (ELISA) commercial kit (Sandwich ELISA) (The
SimpleStep ELISA®, Abcam, England), which was pre-coated with a specific monoclonal
for SLPI. Initially, 50 pl/well of samples were added to the well. Then, 50 pul of cocktail
antibody (capture and detector antibodies diluted in Antibody Diluent 4BI) was added to
the microplate. After incubation for 1 h at room temperature, the solution was discarded,
and the microplate was washed with 350 pul of 1X Wash Buffer three times. Then, 100 ul
of TMB Development Solution was added to each well and incubated at room temperature
for 10 min. After incubation, 100 pl of Stop Solution was added to each well. The
absorbance was determined by the spectrophotometric method at O.D. 450 nm. The

concentration was calculated from the standard curve.

3.6. Determination of encapsulated rhSLPI concentration

The 100 uL of LNPs were broken with 100 uL of 70% ethanol and vortexed for 15 sec.
Then 0.1 uL of the mixture was diluted with 999.9 uL of ultrapure water, for a final ratio
of 1:10,000 by volume.

The concentration of encapsulated rhSLPI was measured by an enzyme-linked
immunosorbent assay (ELISA) commercial kit (Sandwich ELISA) (The SimpleStep
ELISA®, Abcam, England). The absorbance was determined by the spectrophotometric
method at 450 nm, and the rhSLPI concentration was calculated. The rhSLPI

concentration was calculated as the percentage of encapsulation efficiency (%EE).
The encapsulation efficiency was calculated using the following formula [78] :

Amount of drug encapsulated
Total of initial drug

% Encapsulation efficiency = x 100

49



3.7. Drug releasing assay

The determination of released rhSLPI was measured by ELISA. In the first step, 100
ng/mL of rhSLPI-LNPs were obtained by diluting 14 uL of 11 mg/mL rhSLPI-LNPs with
1,486 uL of phosphate buffered saline (PBS). Next, the releasing step was performed by
incubating the LNPs mixture at 37 °C for 10, 30, 60, 120, 240, and 360 min with shaking
at 400 rpm. At the end of each incubation time, rhSLPI-LNPs were centrifuged at 15,000
rpm for 3 h. Then, the supernatant was collected, and the rhSLPI concentration was
measured by ELISA. The concentration of thSLPI was calculated as a percentage of the
cumulative release. The concentration and percentage of release were compared with the

control group, which is lysed rhSLPI-LNPs.
3.8. Determination of anti-protease inhibition activity

The anti-protease inhibition property of rhSLPI-LNPs was determined by a casein
protease inhibition assay, which is against the casein digestion of trypsin [79]. Trypsin is
a protease enzyme, and one of its substrates is casein, which is a protein that was extracted
from mammalian milk. When the proteolysis of the enzyme occurs, the casein is digested
into small peptides that cannot be spun down at 12,000 rpm, and when measuring the
absorbance at 280 nm, a certain level of protein concentration was observed. But when
incubated with thSLPI, which has the property of being a protease enzyme inhibitor, if
rhSLPI could inhibit the digestion of casein after spinning down at 12,000 rpm, the

protein concentration in the supernatant should be reduced.

First, the thSLPI-LNPs were broken by mixing a ratio of 1:2 with 70% ethanol. Then, co-
incubation of 50 ul of thSLPI-LNPs and 50 pl of 1000 U/mg trypsin at 37°C for 1 h. After
incubation, 200 pl of 1% (w/v) casein was added and incubated at 37°C for another 30
min. Finally, 250 ul of 5% trichloroacetic acid (TCA) was added and centrifuged at
12,000 rpm for 15 min. Then, the supernatant was collected and the absorbance measured
at 0.D.280 nm. The inhibition was compared with the control group, which has no

rhSLPI-LNPs, and calculated as a percentage of inhibition.
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3.9. MTT cell viability assay
3.9.1. The principle of MTT cell viability assay

The 3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide
(MTT) assay is based on the cellular reduction of MTT to purple-coloured
formazan crystals by viable cells. So, the concentration of formazan
crystal is related to the concentration of the living cell [80]. The MTT was
converted by mitochondrial or cellular plasma enzymes like mitochondrial
dehydrogenase, oxidase, and peroxidase using NADH or NADPH as an
electron donor to convert MTT to water-insoluble formazan (Figure /3)
[81]. The water-insoluble formazan crystal could be dissolved by a variety
of solvents, including acidified isopropanol, dimethyl sulfoxide (DMSO),
or organic solvents. The soluble formazan was measured by

spectrophotometry at O.D. 570 nm [82].
3.9.2. Determination of cell viability

The hFOB 1.19 cells were seeded into a well plate and incubated at 37 °C
with 5% carbon dioxide (CO;) and 95% air overnight. After incubation,
cells were treated with drugs or agents. After stimulation, culture media or
agents were removed, and 150 uL of 0.5 mg/mL MTT solution was added
to each well and incubated at 37 °C in the dark for 2 h. Then the MTT
solution was discarded, and 150 uL of DMSO was added to solubilize
formazan. The absorbance of formazan was measured by
spectrophotometry at a wavelength A570 nm. Finally, the relative
percentage of cell viability was calculated as the difference in viable cells

compared to the negative control.
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Q Mitochondrial reductase
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tetrazolium bromide (MTT) Purple colored formazan

Figure 13. The conversion of MTT into purple-coloured formazan crystals by
mitochondrial enzymatic activity [81].
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3.10. Determination of cytotoxicity of LNPs

The cytotoxicity of LNPs was determined by the MTT cell viability assay. The hFOB
1.19 cells were seeded into a 96-well plate at a concentration of 2.5 X 10° cells/mL in 200
ul and incubated at 37 °C with 5% carbon dioxide (CO») and 95% air overnight. After
incubation, cells were treated with thSLPI-LNPs and blank-LNPs at concentrations of
0.1, 1, 10, and 100 pg/mL in culture media for 24 h at 37 °C with 5% carbon dioxide
(CO2) and 95% air. Then, after incubation, the culture medium was discarded, and cell
viability was measured by the MTT cell viability assay as mentioned in 1.9. The

cytotoxicity was calculated as a relative percentage of cell viability.

3.11. Cell proliferation

The effect of rhSLPI-LNPs on osteoblast cell proliferation was determined by the MTT
cell viability assay. The hFOB 1.19 cells were seeded into a 96-well plate at 5.0 X 10°
cells/mL for 200 pl and incubated at 37 °C with 5% carbon dioxide (CO;) and 95% air
overnight. After incubation, cells were treated with thSLPI-LNPs and blank-LNPs at
concentrations of 0.1, 1, 10, and 100 pg/mL in culture media for 3 h at 37 °C with 5%
carbon dioxide (COz) and 95% air, then replaced with fresh culture media and incubated
at 37 °C with 5% carbon dioxide (COz) and 95% air for 3 days. Finally, cell proliferation

was measured by MTT assay and calculated as a relative percentage of cell viability.

3.12. Cell adhesion
3.12.1. Optimization of cell adhesion time

The optimal adhesion time of osteoblast cells was indirectly measured by
the number of adhered cells by MTT assay. The hFOB 1.19 cells were
seeded into a 96-well plate at 2.5 X 10° cells/mL for 200 ul and incubated
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3.12.2.

at 37 °C with 5% CO; and 95% air for 10, 20, 30, and 60 min. At the end
of the incubation period, the cell suspension was discarded and replaced
with fresh media. After adding new culture media, cells were incubated
for 2 h at 37 °C with 5% CO2 and 95% air for stabilisation. Then the
number of adhered cells was measured by the MTT cell viability assay.
The minimal optimal time, which is a significant difference, was used for

the determination of osteoblast cell adhesion.
Determination of osteoblast cell adhesion

The osteoblast cell adhesion was performed using the MTT cell viability
assay. The hFOB 1.19 cells were seeded into a 24-well plate at 3.0 x 10°
cells/mL for 500 uL/well and incubated at 37 °C with 5% CO; and 95%
air overnight. Next, cells were treated with thSLPI-LNPs in culture media
at concentrations of 0.1, 1, 10, and 100 pg/mL for 1 h. Then the culture
medium was discarded, and cells were trypsinized. After the
centrifugation step, the media was removed, and cells were resuspended
in 1 mL of culture media. Then cells were adjusted to 2.5 X 10° cells/mL
and seeded in a cell suspension of 200 uL/well into a 96-well plate and
incubated for 20 min at 37 °C with 5% COz and 95% air. At the end of
incubation, the culture medium was removed and replaced with fresh
culture medium and incubated at 37 °C with 5% CO> and 95% air for 1 h.
Finally, the number of adhered cells was measured by the MTT cell

viability assay.
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3.13. Determination of osteoblast cell differentiation

On day 0, the hFOB 1.19 cells at 1x105 cells/mL concentration were seeded into a 24-
well plate and incubated at 37 °C with 5% CO; and 95% air overnight. On day 1, the
culture media was removed, and cells were treated with rhSLPI-LNPs in culture media at
concentrations of 0.1, 1, 10, and 100 pug/mL at 37 °C with 5% CO; and 95% air. On day
3, the medium was removed and replaced with new rhSLPI-LNPs with culture media and
incubated at 37 °C with 5% CO, and 95% air. The cells were collected on day 7. After
that, the cells were extracted for total RNA.

3.13.1. mRNA extraction

The RNA was extracted using a commercial RNA extraction kit (PureLink®
RNA Mini Kit, Ambion). First, culture media was removed, and cells were
lysed with 0.6 mL of Lysis buffer with 1% 2-mercaptoethanol. Cells were
homogenised by passing cell lysate through a 21-gauge syringe needle. Then
70% ethanol was added to each well at one volume of the cell lysate. Next,
the amount of cell lysate was transferred to the spin cartridge and spun down
at 12,000 X g for 15 sec at room temperature, then discarded the flow-through
and reinserted the spin cartridge into the same collection tube. Next, 700 puL
of Wash Buffer I was added to the spin cartridge and spun down at 12,000 X
g for 15 sec at room temperature, then discarded the flow-through and
reinserted the spin cartridge into a new collection tube. After that, 500 uL of
Wash Buffer II was added to the spin cartridge and spun down at 12,000 X g
for 15 sec at room temperature, then discarded the flow-through, and repeated
this step once. After repetition, the spin cartridge was centrifuged at 12,000
X g for 2 min, the collection tube was discarded, and the cartridge was
inserted into a recovery tube. The 30 uLL RNase-free water was added to the
centre of the spin cartridge and incubated for 1 min. Finally, the spin cartridge
was centrifuged at 12,000 X g for 2 min to elute RNA from the membrane

into the recovery tube and collect the total RNA. Total RNA was used for
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synthesising cDNA. Before converting RNA into cDNA, the concentration
and purity of RNA were measured by a spectrophotometer (Nanodrop,
Thermo) at wavelengths of 260 nm and 280 nm. The 260/280 ratio was
determined to measure the purity of the cDNA.

3.13.2. cDNA synthesis

The mRNA was converted to cDNA by using a Tetro™ ¢cDNA Synthesis Kit

(Bioline). Firstly, the master mix was prepared, and the components are

shown in Table 2. Secondly, the mastermix was incubated at 45°C for 30 min.
After incubation, the reaction was terminated at 85°C for 5 min and chilled at
4°C. The cDNA could be stored at 4°C.Quantitative Reverse Transcription
Polymerase Chain Reaction (QRT-PCR)

The expression of Alp, Runx2, Collal, and Ocn genes was determined by quantitative
Reverse Transcription Polymerase Chain Reaction (QRT-PCR) using a SensiFAST™
SYBR® No-ROX kit (Bioline). The PCR-specific primers are shown in Table 3 The PCR
results will be normalised to GAPDH, which is an internal control and housekeeping gene

based on the 2-4ACt,
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Table 2 Reagents for cDNA Synthesis

Reagents Volume
Total RNA (3 ug) n puL
Oligo (dT)1s 1 uL
10 mM dNTP mix 1 uL
5x RT Buffer 4 uL
RiboSafe RNase Inhibitor 1 pL
TeTro Reverse Transcriptase (200u/ pL) 1 pL
DEPC-treated water Up to 20 pL
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Table 3 Specific primers for detection of mRNA by real-time PCR

Tm Annealing Temp.
Primers Sequences
°C) °0)
hOCN-F CTCACACTCCTCGCCCTAT 57
52
hOCN-R GGTCTCTTCACTACCTCGCTG 58
hALP-F CCAAGGACGCTGGGAAATCT 58
53
hALP-R TATGCATGAGCTGGTAGGCG 58
hRUNX2-F GCGCATTCCCATCCCAGTA 58
53
hRUNX2-R GGCTCAGGTAGGAGGGGTAA 59
hCOL1A1-F TCTAGACATTTCAGCTITGTGGAC 57
52
hCOL1A1-R TCTGTACGCAGGTGATTGGTG 58
hGAPDH-F GCTCTCCAGAACATCATCC 53
48
hGAPDH-R TGCTTCACCACCTTCTTG 53
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3.14. Statistical analysis

In this study, statistical analysis was calculated by using commercially available software
(GraphPad Prism version 9, San Diego, CA, USA). All data were expressed as mean =+
SEM. All comparisons were determined for significance using an unpaired t-test or
ANOVA, followed by the Tukey—Kramer test, when appropriated. A p-value of less than

0.05 was used to indicate statistical significance.
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CHAPTER 4

Results and Discussion

4.1. Physical characteristics of liposome nanoparticles (LNPs)

The morphology of LNPs was observed under the scanning electron microscope (SEM).
The results showed that both blank-LNPs and rhSLPI-LNPs had a spherical shape and a
rough surface (Figure 14). Moreover, to directly visualise the inner architecture of
particles, the transmission electron microscope (TEM) was used to observe the rhSLPI-
LNPs. The result showed that the shell of LNPs was circular in shape and presented an
inner lipid bilayer as an onion-like structure (Figure 15). The size, polydispersity index
(PDI), and surface zeta potential were measured by Zetasizer (Malvern). The size of
blank-LNPs and rhSLPI-LNPs was 116.8 £ 0.23 nm and 121.5 £ 0.61 nm, respectively
(Figure 16a). The size of blank-LNPs and thSLPI-LNPs showed no significant difference.
The PDI of blank-LNPs and rhSLP1I-LNPs was 0.08 £ 0.008 and 0.075 £ 0.006,
respectively, without significant difference (Figure 16b). The zeta potential of blank-
LNPs and rhSLPI-LNPs was -64.47 £ 1.12 mV and -51.98 £ 0.90 mV, respectively
(Figure 16c). The zeta potential of thSLPI-LNPs was significantly higher than that of
blank-LNPs (p<0.001). In addition, the stability of rhSLPI-LNPS was observed, after
storing the nanoparticles in ultrapure water at 4°C for 90 days, by Zetasizer. The size of
rhSLPI-LNPs was 116.2 £ 0.81 nm (Figure 16d), while the surface zeta potential was
-50.4 £ 1.24 mV (Figure 16e). Both thSLPI-LNPs size and zeta potential were not
significantly different when compared to the blank LPNs.
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Blank-LNPs

rhSLPI-LNPs

Figure 14. Morphology of nanoparticles by Scanning electron microscope (SEM) a,b) blank-LNPs; c,d) rhSLPI-LNPs.
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Figure 15. Morphology of the nanoparticles shell was observed by transmission electron microscope (TEM).
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Figure 16. Characterizations of nanoparticles. a) size; b) PDI; ¢) zeta potential, The stability of rhSLPI-LNPs. c) size; d) zeta
potential. *** p <0.001 (t-test)
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In this current study, a recombinant human secretory leukocyte protease inhibitor
(thSLPI) was the candidate therapeutic protein for improving osteoblast cell
differentiation. Previous studies showed that SLPI is capable of enhancing MC3T3
osteoblast cell adhesion on titanium surfaces through the focal adhesion kinase/paxillin
signalling pathway [11]. However, SLPI has a short half-life and can be excreted by the
kidneys or digested by blood circulation protease [13]. Therefore, protecting the SLPI
protein by using nanoparticle encapsulation could be one of the most challenging issues.
The liposome nanoparticle is one of well-known nanoparticles for drug delivery, that has
been shown to be able to encapsulate peptides [60], offer biocompatibility, and prevent
the digestion of protease enzymes [59]. Therefore, liposomes were selected as the peptide
carrier to encapsulate recombinant human SLPI (rhSLPI) protein for enhancing osteoblast
differentiation. This study is the first study to examine of rhSLPI liposome nanoparticle

encapsulation to enhance human osteoblast cell differentiation.

The physical characterization of the LNPs was observed by SEM, TEM, and Zetasizer
after the fabrication. SEM was used to characterise the morphology of the LNPs. The
morphology of both blank-LNPs and thSLPI-LNPs showed a spherical shape and a rough
surface (Figure 14). The shell of rhSLPI showed a circular shape of the lipid bilayer
(Figure 15). From the results, the thSLPI-LNPs appeared as vesicles, which might be

capable of encapsulating drugs or proteins for delivery.

The size of LNPs was determined by Zetasizer. The size of both LNPs was approximately
120 nm, which was no different in size due to both LNPs being filtered by a mini extruder.
However, the size of thSLPI-LNPs was smaller than in the previous study (153.6 = 2.47
nm), which is due to the pore size of the filter in the extrude step [59]. In this study, 100
nm of filter pore size was used, whereas the previous study used a 200 nm pore size filter.
Thus, this is the reason that the size of LNPs in this study was smaller than reported in
the previous study. However, the size of the particles in the current study was still larger
than the size of the filter pore. Nanoparticle size reduction does not eliminate particles
larger than the filter pore. Rather, it reduces the size and homogeneity of large particles

by forcing them through the filter. Moreover, there was reported that the suitable size of
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LNPs for drug delivery ranges between 50 and 200 nm, depending on the route of
administration [71]. In addition, it was mentioned that LNPs smaller than 50 nm are
rapidly excreted by renal clearance, whereas larger than 200 nm of LNPs are strongly
opsonized and removed from the blood circulation via the macrophages of the
reticuloendothelial system (RE system) [83]. The rapid elimination of the particle results
in the activity or fusion of LNPs with the cell, which may not be sufficient to stimulate
cell differentiation. The polydispersity index (PDI) of nanoparticles is used to indicate
the heterogeneity of nanoparticles based on their size. The international standard
organizations (ISOs) reported that PDI values near 0.00 are considered monodisperse
nanoparticle samples, whereas PDI values greater than 0.7 are considered polydisperse
nanoparticle samples [67]. Thus, the PDI of blank-LNPs (0.08 + 0.008) and thSLPI-LNPs
(0.075 £ 0.006) values were lower than 0.7, suggesting that both blank-LNPs and rhSLPI-
LNPs are homogenous [84]. The zeta potential of thSLPI-LNPs was -51.98 + 0.90 mV
(Figure 16c), similar to the previous study, where the SLPI encapsulated liposome
nanoparticles (-58.80 £ 1.1458 mV) [59]. The negative charge of the LNPs is generated
from the phosphate group of dioleoyl phosphatidylserine (DOPS) [85], which is the major
component of LNPs. It has been known that the zeta potential is used to predict the
stability of the nanoparticles; the optimal range of the zeta potential value is higher or
equal to -35 mV or lower or equal to +35mV, which represents less ability for particle
aggregation [15]. In the current study, the stability of rhSLPI-LNPs was observed by
measuring their size and zeta potential after storing them at 4°C for 90 days in DI water.
The result showed that rhSLPI-LNPs could be able to retain their stability for 3 months,
which is consistent with a previous study that showed particles stored at 4°C were stable
for at least 5 months in a PBS solution [86]. For clinical applications, typically, the
preservative agent for therapeutic agents, drugs, or vaccines encapsulated in liposome
nanoparticles is not utilised in clinical settings. However, it must be kept in lyophilized

form and dissolved prior to use [87].
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4.2. Determination of rhSLPI encapsulated concentration

The rhSLPI-LNPs were disrupted by 70% ethanol for the absolute release of the
encapsulated molecules. The released-rhSLPI level from LNPs was determined by
Enzyme-linked immunosorbent assay (ELISA). The result showed that the rhSLPI
concentration of thSLPI-LNPs was 61.23 + 0.8 pg/mL, which was significantly higher
than that of blank-LNPs (0.00 £ 0.00 pg/mL; p<0.001) (Figure 17). From the result, the
encapsulated concentration was calculated into the percentage of encapsulation efficiency
(%EE) of 18.313 + 0.24% as shown below. In addition, the concentration of rhSLPI in
LNPs was calculated. The concentration of thSLPI encapsulated by 0.1, 1, 10, and 100
pg/mL rhSLPI-LNPs was calculated to be 0.6, 5.6, 55.7, and 556.6 ng/mL, respectively.

Amount of drug encapsulated
X

%Encapsulation efficiency = 100

Total of initial drug

) 1 61.23 pg/mL
%Encapsulation efficiency TNLY AT x100=18.313%
pg/m
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Figure 17. The concentration of encapsulated thSLPI. *** p <(0.001 (Unpaired t-test)
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The result of LPNs encapsulation confirms that rhSLPI was successfully encapsulated by
LNPs. It was suggested from the previous study that the rhSLPI could be encapsulated in
the middle part or internal aqueous core of the LNPs, due to the properties of hydrophilic
proteins [67]. Since the protein is located in the core of LNPs the protein might reduce
excretion by the kidneys and digestion by blood circulation proteases [15]. Although
rhSLPI-LNPs could encapsulate thSLPI, the percentage of encapsulation efficiency was
lower than in the previous study, which used a similar experimental design (%EE 74.1 +
2.97%) [59]. The explanation for this discrepancy could be due to the method of SLPI
measurement. The previous study determined SLPI in samples using reverse-phase High-
Performance Liquid Chromatography (RP-HPLC), which used water and acetonitrile
with 0.1% trifluoroacetic acid as a mobile phase, whereas in our current study, the
immunological technique (ELISA) was used to determine rthSLPI concentration. From
this point, it might be the reason why %EE is significantly different compared with this
study. The measurement of SLPI concentration by HPLC is suggested as an indirect
measurement of protein concentration, which uses the principle of movement of
substances based on hydrophobicity into the analyzer, which might interfere with
interferences [88]. One of the limitations of the HPLC technique for measuring protein
concentration in biological samples is that high concentrations of lipids could interfere
with protein measurement and influence the specificity of the technique [89]. However,
ELISA, which is an immunological technique based on the interaction of specific
antibodies with target molecules, is considered a method to directly measure SLPI
concentration with high specificity for rhSLPI protein, and there was no interference from
the nanoparticle solution. In addition, the fabrication of particles of different sizes from
previous studies might have an effect on the particles' capacity to contain rhSLPI.
Moreover, previous studies have demonstrated that the synthesis of particles by the thin
film hydration method might give slightly different %EE value [67, 90]. In addition, the
encapsulation capacity of the LNPs could be improved by decreasing the concentration
of thSLPI at the fabrication step since the capacity of LNPs might be sufficient for low
concentration. From this point, it is necessary to investigate the optimal concentration of

protein incorporation into nanoparticles.
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4.3. Drug releasing

The drug-releasing study was performed with 100 mg/mL of rhSLPI in PBS and
incubated for 10, 30, 60, 120, 240, and 360 min at 37°C. The concentration of released-
rhSLPI was measured by ELISA. The results showed that the concentration of released-
rhSLPI at 10, 30, 60, 120, 240, and 360 min was 0.0093 + 0.008, 0.0058 + 0.005, 0.021
+ 0.017, 0.026 £+ 0.013, 0.027 4+ 0.008, and 0.051 % 0.035 pg/mL, respectively. These
rhSLPI concentrations were significantly lower than those of the control group, which
was completely ruptured by 70% ethanol to release entire amounts of encapsulated
rhSLPI (61.23 + 0.8 pg/mL) (Figure 18a) (p<<0.001). The released-rhSLPI concentration
was calculated as a percentage of accumulative releasing. The results showed that after
incubation at 10, 30, 60, 120, 240, and 360 min, the releasing is 0.015 4+ 0.01%, 0.0095
+ 0.008%, 0.034 + 0.027%, 0.043 + 0.022%, 0.045 + 0.013%, and 0.083 + 0.06%,
respectively (Figure 18b), which is less than 1%.

The percent release of thSLPI-LNPs in this study was less than 1% after incubation for
360 min, which is inconsistent with the previous study (73% within 4 h) [60]. The
difference between the previous study and our current study might be due to the different
methods to assess the release of the protein. The previous study used the dialysis method
and immersed the dialysis bag into PBS and stirred it with a magnetic stirrer at 100 rpm
at 37°C. whereas in this study, the rhSLPI-LNPs were stirred on an orbital shaker at 100
rpm at 37°C, with no effect of the force from the magnetic bar on the nanoparticles. From
this point, it might be the reason for the different abilities to release of rhSLPI. Moreover,
Due to the reason that the protein is positively charged though the LNPs are negatively
charged, the protein attached to the surface of the LNPs might be unable to be released
from the LNPs.

Since rhSLPI is limited in blood circulation, which has a short half-life and can be

digested by circulation protease enzymes [13]. For this reason, the inability of the protein
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to be secreted from the LNPs may be able to reduce the above limitation of the rhSLPI

and increase the chances of the rhSLPI reaching the target cell.

Although the rhSLPI-LNPs could less release of thSLPI protein, the biological effects
might still be able to proceed. This might be due to the biological effects of thSLPI, which
could activate intracellular mechanistic pathways. The mechanism of liposome
nanoparticle-cell interaction mainly occurs by fusion with the plasma membrane, which
is liposomal lipid merged into the cell membrane, and the content or drug being delivered
into the cytoplasm [91]. The liposome nanoparticles may bind to the surface of the cell
membrane and cause a locally high concentration of liposomal contents, resulting in
decreased liposome stability and leakage of liposomal contents to the cell surface. Under
the influence of passive diffusion or transport, these substances are then transported
across the cell membrane and taken up by the cell [92]. The LNPs could be uptaken by
endocytosis, including pinocytosis, phagocytosis, clathrin-mediated endocytosis, and

non-clathrin-mediated endocytosis [93].

In addition to its ability to inhibit proteases, it has been reported that SLPI has a direct
effect that can reduce injury and apoptosis independently of its anti-protease activity [94].
Additionally, SLPI might have a direct beneficial effect on bones. However, it must be
proven with the recombinant anti-protease-deficient mutant SLPI in order to demonstrate

that its properties on bone cells might not require the ability to inhibit the enzyme.

Delivery of thSLPI by LPNs might rather fuse to cell membrane and release the rhSLPI
into the intracellular compartment. Therefore, the less releasing of rhSLPI might not

matter when it could provide sufficient intracellular deliverly of rhSLPI.
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Figure 18. Release profile of rhSLPI-LNPs. a) the concentration of rhSLPI compared with control. *** p <0.001 (ANOVA); b) the

percentage of accumulative released-rhSLPI.
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4.4. Anti-protease inhibition activity

Anti-protease inhibition activity was performed by a casein protease inhibition assay. The
results showed that hSLPI-LNPs significantly reduced the percentage of protease activity
compared to blank-LNPs (65.63 + 1.86 % of thSLPI-LNPs vs. 100 + 3.90 % of blank-
LNPs; p<0.001) (Figure 19).

According to the results, the thSLPI protein retains its proteolytic inhibitory properties
after the fabrication process. The existence of the anti-protease property might increase
the efficiency of rhSLPI-LNPs for clinical applications such as reducing tissue
destruction from protease enzyme [27]. In this study, the anti-protease activity of thSLPI
was observed from encapsulated rhSLPI molecules to verify the intact anti-protease
activity of SLPI. The results showed that thSLPI from encapsulated LPNs was still able
to inhibit the protease activity of serine protease Trypsin, which contradicts the findings
of previous experiments in this study indicating that very little thSLPI is secreted. Before
measuring the rthSLPI ability in this experiment, the thSLPI-LNPs were broken by 70%

alcohol, allowing the protein to completely flee into the solution.
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4.5. The cytotoxicity of LNPs

The cytotoxicity of LNPs was determined by incubating human osteoblast hFOB 1.19
cells with blank-LNPs or thSLPI-LNPs for 24 h. After incubation, the cytotoxicity was
determined by the MTT cell viability assay. The results showed that all concentrations
(0.1, 1, 10, and 100 pg/mL) of both blank-LNPs (98.58 + 8.62%, 104.20 + 10.10%,
100.70 £+ 5.76%, and 90.58 + 8.30%, respectively) and thSLPI-LNPs (100.90 + 5.24%,
103.20 + 12.98%, 109.00 + 12.06%, and 91.96 + 7.15%, respectively) were not
significantly reduced in cell viability compared with the control (untreated) groups
(100.00 + 10.96%). However, treatment with 100 pg/mL of blank-LNPs and rhSLPI-
LNPs reduced the relative percentage of cell viability to less than 95% (90.58 + 8.3%,
and 91.96 £ 7.2%, respectively).

After the successful encapsulation of thSLPI into LNPs, the cytotoxicity was investigated
by the MTT cell viability assay. The results showed that both blank-LNPs and rhSLPI-
LNPs are non-toxic to osteoblast cells, which is consistent with previous studies [59].
According to the experimental results, the rhSLPI-LNPs might be safe in real clinical
usage. Although both blank-LNPs and rhSLPI-LNPs had no statistical significance to the
control group but 100 pg/mL of blank-LNPs and rhSLPI-LNPs caused less than 95% cell
survival (Lethal dose 5, LD5) since under typical conditions, approximately 5% of cells
per day die. There has been reported that high concentrations of LNPs slightly affect cell
survival. The excessive lipid content increases LNPs fusing to cells, resulting in decreased

cell membrane stability and cell death [95].
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Figure 20. The cytotoxicity assay by the relative percentage of cell viability (ANOVA).

75



4.6. Cell proliferation

The cell proliferation effect of thSLPI-LNPs was determined by the MTT cell viability
assay. The results showed that 1 and 10 pg/mL of thSLPI-LNPs (126.70 £+ 21.75%, and
123.4 + 15.95%, respectively) were significantly higher compared with blank-LNPs
(99.54 £ 13.11%, and 97.43 + 8.90%, respectively) (Figure 21). However, 0.1 and 100
png/mL of both blank-LNPS (106.3 + 10.33%, and 91.45 + 7.37%, respectively) and
rhSLPI-LNPs (126.2 + 13.72%, and 105.50 + 10.04%, respectively) showed no

significant difference.

Although rhSLPI-LNPs at concentrations of 0.1 and 100 pg/mL increased cell
proliferation higher than the control. However, it was found that all concentrations of
rhSLPI-LNPs had a higher effect on cell proliferation than the control, but there were no
statistically significant differences. Less than 1 pg/mL of rhSLPI-LNPs might not contain
enough rhSLPI to promote cell proliferation. On the other hand, rhSLPI-LNPs at a
concentration of 100 pg/mL, which did not show a statistically significant difference, may
be due to an excessive concentration of LNPs causing cytotoxicity and cell death [95].
Previous studies reported that SLPI promotes cell proliferation via stimulating the
Ras/MAPK signalling pathway, which is a cell survival pathway to increase the
phosphorylation of ERK1/2 in ovarian cancer cells [11, 96]. In addition, SLPI is involved
in promoting the phosphorylation AKT signalling pathway, which is an intracellular
signalling pathway that promotes cell growth, cell survival, and cell proliferation, there
has been reported that phosphorylation AKT was decreased after the knockdown of SLPI
gene [26]. In 2015, Soon-Jeong Jeong et al. reported that SLPI could stimulate osteoblast
cell proliferation through FAK/Grb2/Ras/ERK1/2 signalling pathway related to mitosis
[11]. The previous results indicated that rhSLPI-LNP might be a candidate molecule to
increase osteoblast cell proliferation. Osteoblast cell proliferation plays a vital role in
bone healing processes. Osteoblasts are the cells responsible for bone formation, and their
proliferation is essential for synthesis of new bone tissue and facilitating the repair of
fractures [97]. The proliferation of osteoblast cell is critical for bone healing as it drives

the synthesis of bone matrix, callus formation, mineralization, remodelling, and the
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production of growth factors [98]. Osteopathic rehabilitation is more difficult for the
elderly than for adults [99]. The ability of rhSLPI to increase osteoblast cell proliferation

might be useful in the treatment of bone fractures in elderly patients.
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Figure 21. Osteoblast cell proliferation after being treated with blank-LNPs and rhSLPI-
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4.7. Cell adhesion

The osteoblast cell adhesion time was optimised by the MTT assay (Figure 22a). The
results showed that 10 min was significantly different compared with 20, 30, and 60 min.
There was no significant difference between the 20, 30, and 60 min when compared
among themselves. Twenty minutes were selected for the osteoblast cell adhesion

experiment.

After optimisation, the effect of rhSLPI-LNPs on enhancing osteoblast adhesion was
performed on hFOB 1.19 cells after exposure to thSLPI-LNPs for 24 h. The results
showed that hFOB 1.19 cells after exposed to thSLPI-LNPs at a concentration of 10
ng/mL were significantly enhanced osteoblast adhesion when compared to control
untreated cells (0.1004 = 0.0098 vs. 0.0559 £ 0.0161, respectively) (p< 0.001) (Figure
22b). However, increasing the concentration to 100 pg/mL of thSLPI-LNPs (0.05441 +

0.0146) could not significantly increase osteoblast adhesion.

The adhesion of osteoblast cells plays an important role in bone fracture regeneration. It
permits callus formation, deposition of new bone matrix, communication and signalling,
osteoblast migration and recruitment, integration with existing bone, and bone
remodelling. Enhancing osteoblast adhesion and optimising adhesion-related signalling
pathways can enhance bone fracture healing [11, 100]. Moreover, the adhesion of
osteoblast cells is able to enhance the signalling pathways related to survival, such as

increased cell proliferation and decreased cell apoptosis [11, 101].

To assess the properties of hSLPI-LNPs, the adhesion assay was investigated. The results
showed that 10 pg/mL of rhSLPI-LNPs could enhance osteoblast cell adhesion compared
with the control group (Figure 22b). In addition, a greater concentration of thSLPI-LNPs
further improves cell adhesion. However, 100 pg/mL of rhSLPI-LNPs demonstrated
decreased osteoblast cell adhesion, so there might be competition when there is an over-
concentration of thSLPI, and the signal involved in adhesion might be decreased. In

addition, excessive concentrations of LNPs can result in cytotoxicity and cell death. ,

79



Nevertheless, experimental findings revealed that 10 pg/mL of rhSLPI-LNPs was

sufficient to increase the adhesion of osteoblast cells.

Previous studies reported that SLPI could promote MC3T3-E1 osteoblast cell adhesion
via stimulating the focal adhesion kinase (FAK) and paxillin signalling pathways, which
are involved in cytoskeleton modification, cell migration [27], and cell adhesion [11].

Therefore, SLPI might be the candidate molecule to enhance osteoblast cell adhesion.
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Figure 22. Cell adhesion assay was performed by MTT assay. a) The optimization adhesion time for osteoblast cells.* p < 0.05, ** p
<0.01 (Unpaired t-test); b) Osteoblast cell adhesion of rhSLPI-LNPs. *** p <(0.001 (ANOVA).
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4.8. Osteoblast cell differentiation

The expression of genes that involved in osteoblast differentiation was determined by
gRT-PCR. The hFOB 1.19 cells were treated with 0.1, 1, 10, and 100 pg/mL of rhSLPI-
LNPs for 7 days and the expression of Runx2, Alp, Collal, and Ocn gene was determined
compared with the control group (blank-LNPs). The results showed that 1 pg/mL of
rhSLPI-LNPs significantly enhanced the expression of Runx2 compared with blank-LNPs
(4.86 £ 2.60 vs. 2.19 £ 0.81, respectively; p< 0.05) while 10 and 100 ug/mL of rhSLPI-
LNPs (3.23 + 0.91 and 1.68 + 1.33, respectively) showed no significant difference
compared with blank-LNPs ( 3.78 £+ 2.26 and 1.23 + 0.18, respectively) (Figure 23a). In
term of Alp expression, there was no significant difference in Alp expression in cells
treated with all concentrations of thSLPI-LNPs (Figure 23b). For Collal expression,
treatment with 1, 10, and 100 pg/mL of rhSLPI-LNPs (5.84 £+ 1.65, 4.48 £+ 0.45, and 6.56
+ 2.81, respectively) could significantly enhance Collal gene expression in hFOB1.19
greater than blank-LNPs (1.84 £+ 0.82, 1.23 + 1.31, and 3.64 £ 0.84, respectively) (*p<
0.05, **p<0.01) (Figure 23c¢). For Ocn expression, treatment with 100 pg/mL of rhSLPI-
LNPs could significantly enhance Ocn expression greater than blank-LNPs (5.36 + 1.63
vs. 2.92 + 0.44, respectively; p< 0.05), whereas there were no significant difference at 1

and 10 pg/mL of LNPs.

When mesenchymal stem cells (MSCs) are exposed to specific signalling molecules and
growth factors that promote osteogenic differentiation, bone differentiation initiates [20].
Following the stimulation, MSCs differentiate into osteoblast, a process governed by the
Runx?2 gene, the master regulator of the bone differentiation [102]. In addition, Runx2 can
activate the expression of multiple genes implicated in osteoblast development and
function, such as collagen type I (Coll), osteocalcin (Ocn), and alkaline phosphatase
(Alp). Collagen is the primary structural protein in bone, encoding the structural proteins
Collal and Col2 that provide tensile strength and stability. The Ocn is a non-collagenous
protein produced by osteoblasts and is regarded as an indicator of osteoblast maturation.

Alp 1s an osteoblast-produced enzyme that is essential for bone mineralization [103, 104].
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As a result, the thSLPI-LNPs could enhance the expression of Runx2, Collal, and Ocn
mRNA at the varying concentrations (Figure 23). The osteoblast cells were stimulated for
only 7 days, which might be the reason that Alp expression was not significantly
differentiated. This study dispersed rhSLPI-LNPs in a complete medium, not an
osteogenic differentiation medium. Therefore, the enhancement of osteogenic gene
expression found in this study could be due to the direct effect of SLPI. From the results,

the rhSLPI-LNPS might be effective in enhancing osteoblast cell differentiation.

According to aprevious study performed by Baik-Dong Choi et al. [12], mouse
preosteoblasts MC3T3-E1 were treated with thSLPI before being cultured on titanium
discs and then stimulated with an osteogenic differentiation medium to differentiate. On
days 4, 7, and 10, gene expression was evaluated. Alp, Dspp, Dmpl, Bsp, and Col I
mRNA, which are differentiation markers of bone differentiation were observed. The
results showed that SLPI increased the expression of Alp, Dspp, Dmpl, Bsp, and Col I
mRNA expression in MC3T3-E1 cells compared with the untreated group. The mRNA
expression of Alp, Dspp, and Col I had significantly increased levels on day 4, while
Dmp-1 and Bsp mRNA expression was significantly higher on day 7 compared with the
untreated group. According to the results of the previous study, seven days to evaluate
mRNA expression after SLPI treatment is sufficient for determining a statistically
significant difference. However, other studies investigated the differentiation of
osteoblast cells with an osteogenic differentiation medium and determined at 7, 14, and
21 days. Although in our study, the osteogenic differentiation medium was not used to
stimulate osteoblast differentiation since we desired to establish the effect of SLPI on
differentiation without differentiating stimulating factors from the osteogenic

differentiation medium.

The advantages of rthSLPI treatment could improve bone proliferation, adhesion, and
differentiation. In addition, thSLPI also provides several beneficial effects, including
anti-inflammation, anti-microorganism, reduction of cell death, and improved wound
healing [10, 27, 105-107]. Using rhSLPI for enhancing bone healing by improving bone

adhesion and differentiation not only benefit bone cells but also has other benefit such as
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reducing inflammation, preventing infection, and a shortened time for wound healing.
Moreover, it also helps to reduce inflammation from the immune response or reduce the

chance of infection due to the properties of the SLPI protein.
Limitations of study and suggestions

In this current study, there are several limitations. The encapsulation of rhSLPI showed
that only 61.23 + 0.8 pg/mL of rhSLPI was encapsulated. This concentration of thSLPI
seems very low when compared with the protein concentration used in the preparation
method (0.33 mg/mL), which is only 18.313% of the loaded protein concentration. This
concentration was much lower than the concentration of rhSLPI shown to enhance mouse
osteoblast cell (MC3T3-E1) adhesion and differentiation, which was 1 pg/mL rhSLPI
[11, 108]. However, our results showed that although the concentration found in the LPNs
was much lower, it could efficiently enhance human osteoblast cell adhesion and

differentiation.

In stability examinations, nanoparticles' physical properties were measured by Zetasizer.
However, the ability of thSLPI to inhibit protease after 3 months of storage at 4°C in DI

water was not evaluated.

In this study, the cytotoxicity of LNPs was determined by the MTT assay. However, in
the investigation of the toxicity of medical devices according to ISO 10993-5:2009, in
addition to measuring cell death with MTT, changes in cell morphological characteristics

such as size must be observed under a microscope.

Due to the limitation of facility availability, blank-LNPS and rhSLPI were determined for
their morphology using different devices. Moreover, the shell of blank-LNPs was not
observed by TEM. From this point, it might cause unclearly defined characteristics of the

LNPs.

In this study, we did not perform the intracellular uptake of LNPs since this study requires

the use of fluorescein-labelled SLPI peptides. This substance cannot be synthesised in our
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lab and could be a time-consuming process. A previous study reported that rSLPI-
fluorescein encapsulated liposomes were determined by fluorescence microscopy [59].

Therefore, this point could be considered a suggestion for further study.

In addition, this study showed the in vitro effects of rhSLPI-LNPs, which might lack
clinical impact. For future studies, ex vivo and in vivo models should be performed to

observe the real physiological effect of rhSLPI-LNPs.
Future perspective of the study

It is inevitable to accept that an in vitro model of the determination of rhSLPI-LNPs in
the hFOB 1.19 cell is not represent a model that closely related to real physiological
conditions of bone adhesion and bone differentiation, as well as assessment of the clinical
applications of rhSLPI-LPNs in bone fracture treatment. Future studies concerning the in
vivo effect of thSLPI-LNPs on bone healing, particularly in an experimental animal
model, should be performed. Moreover, the ex vivo and in vivo effects of thSLPI-LNPs
on bone healing in comorbidity models such as the ageing model, diabetic model, or
osteoporosis model should also be performed, which will provide more information on
the clinical usefulness of rhSLPI-LNPs. An in vivo study on rthSLPI has not previously
been reported this matter. However, it was discovered that there was a comparative study
by Xue Feng et al. [109], who investigated the effect of Water-Soluble Matrix Protein
(WSMP) from specific oyster shells on in vitro and in vivo proliferation, differentiation,
and mineralization of osteoblast cells and its activity against osteoporosis. In an in vitro
model, MC3T3-El has investigated the proliferation effect, differentiation markers
including Alp, Ocn, and Bmp-2, and mineralization activity after being treated with
WSMP. In addition, an in vivo study was observed in osteoporosis rats, which
investigated tartrate-resistant acid phosphatase (TRAP), which is an indicator of
osteoclast activity, and Bone alkaline phosphatase (BALP). The OCN expression
indicates osteoblast differentiation was determined. Moreover, Bone mineral density

(BMD) and bone mineral content (BMC) of bone recovery were also observed.
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Figure 23. The mRNA expression of cell differentiation. a) Runx2; b) Alp; c) Collal; d) Ocn. * p <0.05, ** p <0.01 (ANOVA).
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CHAPTER 5

Conclusion

The previous studies showed that rhSLPI-encapsulated liposome nanoparticles have been
reported in asthma models and prevention of protease digestion models. In addition,
rhSLPI has been reported to be encapsulated in other types of nanoparticles, including
liposome alginate/chitosan, and human serum albumin. However, there are no reports of
liposome nanoparticles encapsulating thSLPI that enhance bone proliferation, adhesion,
and differentiation. Thus, this is the first study to show that rhSLPI-encapsulated
liposome nanoparticles (thSLPI-LNPs) are biocompatible with human osteoblast cells.
This could improve an in vitro human osteoblast cell proliferation, adhesion, and
differentiation. In this current study, 10 pg/mL of rhSLPI-LNPs was found to represent
the optimal concentration for enhancing osteoblast cell proliferation and adhesion.
Meanwhile, the optimal concentration for enhancing osteoblast differentiation could not
be concluded. However, it could be concluded that rhSLPI-LNPs have the ability to
enhance osteoblast cell differentiation. For applications in real clinical use, rhSLPI-LNPs
could be a candidate for use in orthopaedic surgery, such as coating the nanoparticles on
metal for metal implantation or dental implantation in dentistry. In addition, the thSLPI-
LNPs might be combined with calcium phosphate cement (bone cement), which has been
used to repair the fractures or replenish bone tissue after surgery, which might increase

healing efficacy.
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