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Bone is a tissue that heals by itself, unless the defect is too large (critical size). Today,
novel regenerative medicine approaches have emerged as an alternative to treat such defects.
This thesis explores alternative therapeutic strategies for bone tissue engineering which are
biocompatible and clinically translatable. Many types of scaffolds that can act as reservoirs
for growth factors such as rh-BMP-2 have been developed for bone tissue engineering in the
past. However, the role of cross-linking chemistries that are employed to make hydrogels on
the integrity and function of the loaded growth factors is not well understood. In this thesis, we
have explored the influence of cross-linking chemistry on rh-BMP-2 integrity and bioactivity
both in-vitro and in-vivo. These studies have demonstrated that thiol-Michael addition crosslinking chemistry greatly affects the integrity and bio-functionality of the loaded protein BMP-2
and leads to poor bone formation in an in-vivo rat model. On the other hand, hydrogels
employing hydrazone chemistry did not significantly affect the integrity and bioactivity of
BMP-2, which lead to a superior bone formation in-vivo. Since the high dose of rh-BMP-2 is
known to confer many side effects, alternative ex-vivo strategies involving transient transfection
of BMP-2 expressing plasmid DNA and silencing of anti-osteogenic genes using siRNA are
developed. Our optimized method involves rapid transfection of hMSCs in suspension (5
minutes) with plasmid DNA followed by centrifugation and encapsulation in a hydrogel not
only reduced cytotoxicity but also lead to efficient osteoblast differentiation of stem cells.
Furthermore, this thesis presents the role of ECM-derived polymer HA in interacting with
siRNA and trafficking across the plasma membrane, presumably through CD44 receptors
and successfully silencing the target gene in-vitro. We explored the potential of such a noncationic transfection method to deliver functional siRNA (anti-Pleckho-1 siRNA) in MSCs and
compared it with commercially available cationic lipid LipofectamineTMRNAiMAX, using our
optimized suspension transfection method. Our novel ex-vivo strategy employing HA hydrogels
enabled efficient silencing of BMP-2 signaling pathway antagonist Pleckho-1 while avoiding
the cytotoxicity issues in 3D, which further qualifies them for potential clinical application for
cell-based therapies.
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Scope of the thesis

Bone tissue damage is a huge global health care burden. It is estimated that
every year over 4 million bone transplantations are being performed. Autologous bone transplantation is a surgical method that is currently widely used
for bone tissue repair; however, this method is laden with several limitations
such as donor site morbidity, limited availability of bone grafts. This has led
the scientific community to look for alternative therapeutic solutions through
tissue engineering approaches which combines knowledge of different biocompatible materials, chemistry, and biomedicine. The interdisciplinary nature of tissue engineering often needs a close collaboration between biologists,
chemists, and medical doctors in order to address burgeoning problems such
as bone tissue loss.
Bone tissue, in general, has the remarkable regenerative capacity, however,
in many situations, the healing process often needs additional assistance with
different therapeutic interventions. Tissue engineering offers several biomaterials that combine different ortho-biologics which assist in inducing bone
formation and remodeling. Despite the availability of many biomaterials that
can be used for bone repair, only a few are able to enter clinical trials. The
poor clinical translation is due to biocompatibility issues exerted by currently
available biomaterials.
This thesis mainly focuses on developing clinically translatable strategies
for bone regeneration, which includes developing scaffolds for cell-free therapies, and cell-based therapies. There are several growth factor-based hydrogels developed to differentiate stem cells for bone tissue engineering. Recombinant bone morphogenetic protein-2 (BMP-2) is one of such growth factors,
a commercially approved product for bone repair applications. However, the
influence of carrier’s chemistry on the bioactivity of rhBMP-2 is poorly understood. Therefore, in Paper I the influence of two different chemistries of
cell-free HA hydrogel carriers on rhBMP-2 are presented. The in-vitro and invivo characterizations have demonstrated that hydrogel chemistry indeed influences the bioactivity of rhBMP-2, which further influences bone formation.
However, clinical application of rhBMP-2 is associated with several side effects such as post-operative swelling, infection, ectopic bone formation, and
even cancer. To address this issue, in Paper II clinically translatable novel exvivo gene therapy strategy for three-dimensional transfection of human mesenchymal stem cells (hMSCs) with a plasmid expressing BMP-2 is presented.
This involves transient plasmid transfection of hMSCs with the assistance of
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lipofectamine transfection reagent for a shorter incubation time of 5 minutes
prior to HA hydrogel encapsulation. Thorough in-vitro evaluation has shown
that our strategy not only minimizes toxicity but also promotes osteoblast differentiation of embedded hMSCs. Later part of this thesis is focused on developing clinically translatable strategies to deliver ortho-biologics that mainly
employ RNA interference (RNAi) technology mediated by small interfering
RNA (siRNA). Since the breakthrough of RNAi, a Nobel winning technology,
many siRNAs, and microRNAs (miRNAs) of therapeutic importance have
been discovered. However, toxicity exerted by current cationic-based transfection reagents such as lipofectamine, and compromised stability of these
small RNAs have posed as major barriers for their clinical translation. To address these issues, in Paper III strategies for optimizing native HA, an anionic
polymer as a delivery vehicle for siRNA are presented. Extensive invitro studies have demonstrated that native HA can interact with siRNA, enhances its thermal melting stability. These studies also present how native HA
can act as a delivery vehicle for siRNA and assists in RNAi in cancer cells as
well as hard to transfect hMSCs. Finally, efficient and non-toxic siRNA delivery method using either HA or commercially available cationic lipid
Lipofectamine RNAiMAX in three-dimensional cell cultures is presented in
Paper IV.
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1. Introduction

1.1

Molecular mechanisms of bone formation

Bone is a highly dynamic and heterogeneous tissue that consists of bone cells
at various developmental stages. These cells include stem cells, pre-osteoblasts, osteoblasts, osteoclasts, osteocytes, and macrophages. Bone cells communicate with the surrounding extracellular matrix (ECM), that is majorly
composed of collagen type 1 fibers and minerals such as hydroxyapatite crystals, calcium, and phosphate, provides mechanical support to the bone1-2.

1.1.2 Stem cell niche of bone
Stem cells are clonal, self-renewing while displaying the potency and the ability to produce differentiated cells. Stem cell niche is the surrounding microenvironment which integrates internal and external signaling factors which
orchestrates the balance between stem cell self-renewal and differentiation.
The internal part of the bone known as cavity that is packed with soft bone
marrow (BM), blood vessels along with hematopoietic stem cells (HSCs)2 that
produce all types of blood cells, mesenchymal stem cells (MSCs) that can differentiate into multiple cell types such as osteoblasts, osteoclasts, chondroblasts, chondrocytes, adipocytes, hepatocytes, neurons, and cardiomyocytes
etc3. High degree of the vasculature is considered as an important hallmark of
stem cell niches in several tissues including bone marrow where MSCs were
identified to reside very close to blood vessels larger than 10-100 µm in diameter4. This has led to speculations that the conserved anatomical placement of
MSCs facilitates their easier transportation to sites of injury through the bloodstream. It is now more evident that stem cell homing is prevalent at the sites
of injury, cancer, and stroke5. Extracellular matrix (ECM) is another key component of stem cell niche that greatly influences the stem cell differentiation
fate. Almost every cell in the body comes in contact with one or other ECM
components and interact with cells through cell surface receptors such as integrins which plays a crucial role in mechano-transduction and dictates the
cell shape, differentiation, and proliferation6. ECM is mainly composed of
proteins, polysaccharides, and water. However, the composition of ECM is
highly dynamic varies with the tissue type7. ECM acts as a mediator of several
signaling pathways that ultimately determine the stem cell migration, and differentiation by releasing growth factors whenever required during the process
17

of bone homeostasis. For instance, transforming growth factor (TGF)- β that
is bound to ECM has been identified to be released soon after activation of
“bone- eating cells” known as osteoclasts. The released TGF- β then activates
MSCs and directs them to migrate to the bone resorptive surfaces and differentiate into “bone making cells” known as osteoblasts. A balance between osteoblast and osteoclast signaling cross-talk is important for a normal bone formation and remodeling process, which is presented more thoroughly in the
following section.

1.1.3 Bone formation and remodeling
Bone is a unique and multifunctional connective tissue that has the capacity
to regenerate and remodel by itself. ECM and bone cells are two key components of bone tissue that are in close association with each other in the process
of bone remodeling. ECM of bone functions as a reservoir of both organic
phase (20-40%), and a mineral phase built by hydroxyapatite crystals (5070%) that provides rigidity and mechanical support to the bone, water (510%), and lipids (< 3%)3. Collagen type I fibers dominate the organic phase
to confer elasticity and flexibility to the bone. Along with collagen type I fibers, the organic phase is also composed of key non-collagenous proteins such
as cytokines, proteoglycans, and growth factors8. Besides its supportive and
protective role, bone also functions as a repository for inorganic ions. For instance, bone plays a crucial role in calcium homeostasis in the body9. Bone
tissue comprises three anatomically and functionally distinct parts: compact
bone, trabecular bone, and bone marrow. The compact bone, also known as
cortical bone is the outer layer that forms concentric rings of lamellae made
of tightly filled collagen fibrils that are organized in perpendicular planes to
confer rigidity that is required for the mechanical support. Whereas, the inner
layer is porously organized sponge-like bone known as trabecular bone, also
known as cancellous bone that surrounds the bone marrow. Trabecular bone
turnover is relatively greater than in cortical bone and plays a crucial role in
transferring mechanical loads from articular surfaces to the cortical bone. In
contrary to cortical bone, high water content and low calcium levels are characteristic of trabecular bone10.
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Figure I. Illustrative image of different types of bone tissues.

Direct or indirect ossification plays important role in the process of bone formation during embryonic development. Most of the cranial bones, flat bones
of the face, color bones are also known as clavicles are formed by direct ossification of undifferentiated mesenchymal connective tissue. The process of
direct differentiation of MSCs to osteoblasts in the connective tissue is also
referred to as intramembranous ossification9, 11. Some of these MSCs of the
embryonic skeleton also differentiate into specialized structures known as capillaries. These early osteoblasts come together to form an ossification center,
secrete an uncalcified matrix known as osteoid that comprises of precursors
of collagen and other growth factors12. As the ossification progresses, mineralization of the matrix leads to the calcification or hardening which acts a reservoir for mature osteoblasts by matrix entrapment. These entrapped cells further differentiate into specialized cells known as osteocytes. Thereafter, cells
in the surrounding connective tissue start differentiating to become a new
batch of osteoblasts at the edges of the newly developing bone12. Trabecular
matrix originates as a result of the union of several osteoid groups around the
capillaries. Osteoblasts on the surface of the trabecular bone form a cellular
layer known as periosteum, which secretes components required to make a
compact bone (Figure I) while trabecular bone is hugely vascularized and
abridged into bone marrow. Newly developing bone is continuously remodeled by the action of osteoclasts in a well-orchestrated manner12. On the other
hand, load-bearing bones, bones at the base of the skull, and long bones are
developed through a specialized process known as endochondral ossification,
where MSCs first produce soft bone known as hyaline cartilage by
19

differentiating themselves into chondroblasts, followed by replacement of
haphazardly structured collagen fibrils with fragile woven bone. Thereafter,
fragile woven bone is substituted with the fully developed, mature, and strong
lamellar bone9, 12.
In adults, growth and constant remodeling of bone endure in line with the
mechanical load, and alterations in the calcium concentrations, and comprehensive intrinsic signaling cascades that occur as a result of complex endocrine and paracrine factors. Bone remodeling process is tightly regulated and
balanced by bone-yielding cells osteoblasts, and bone-resorbing cells osteoclasts9.
Osteoblast differentiation involves a number of important transcription factors including RUNX2, osterix, and almost all major developmental signaling
pathways including BMP, WNT and Notch. Mesenchymal progenitor cells,
preosteoblasts, osteoblast, bone-lining cells, and osteocytes are observed at
different stages of osteoblast differentiation. Together, these group of cells is
termed as “osteoblast lineage cells”. Osteoblasts are polarized, possessing
strong basophilic cytoplasm, relatively bigger Golgi apparatus and rich in mitochondria; are capable of producing huge amounts of extracellular proteins
such as osteocalcin, alkaline phosphatase (ALP), type I collagen also termed
as osteoid that acts as a platform for accumulation of calcium phosphate which
then paves the way to create a composite material having both organic and
inorganic components. This composite material is uniquely hard as well as
lightly weighted. Expression of transcription factor SOX9 is necessary for
chondrogenesis. SOX9 expression is observed even in mesenchymal progenitors that produce osteoblasts, however, its expression is not observed in mature osteoblasts13. On the other hand, RUNX2 expression is indispensable for
differentiation of osteoblasts during intramembranous as well as endochondral
ossification. RUNX2 expression is vital and also dictates the functioning of
mature osteoblasts in producing bone matrix14. Osterix, another transcription
factor that works downstream to RUNX2 has been identified to be crucial in
osteoblast differentiation and function during embryogenesis as well as during
the postnatal period. Activating transcription factor 4 (ATF4) plays important
distinct functions in osteoblast lineage cells via direct regulation of the expression of bone matrix protein osteocalcin (OCN), which is crucial for bone formation. In addition, ATF4 expression in chondrocytes has been reported to
stimulate IHH in order to differentiate osteoblasts15. Activating protein 1
(AP1) transcription factor family members have been reported to influence
osteoblast differentiation. For instance, FOS-related antigen 1 (FRA1), an AP1 family protein, and naturally occurring isoform of AP1, ΔFOSB have been
identified to augment bone formation through autonomous activation of osteoblast differentiation16-17.
Osteocytes are completely differentiated osteoblasts spared from apoptosis
that accounts for ≈ 95% of all bone cells; are integrated into the bone matrix.
During this process of integration or entombment of osteocytes into the bone
20

matrix, they lose ≈ 70% of cell organelles and cytoplasm and form like stellar
structures with numerous extensions known as “osteocyte processes” that
maintain direct linking with osteocyte processes of surrounding cells as well
as with the osteoblasts on the bone surface. Space where the osteocyte bodies
are occupied is known as lacunae, whereas, osteocyte processes are contained
within the specialized channels known as canaliculi. Together it forms the lacunar-canalicular network that brings the micro-porosity to the bone. This interconnected network between osteocytes resembles the neuronal network that
can process and transfer the information with the surrounding environment or
to the distant site18. Initially, it was believed that osteocytes respond solely to
mechanical stimulus, however, it is now evident that they even sense metabolic signals and mediate several signaling pathways thereby significantly
contributing to the structure and function of bone19.
Macrophages are another set of unique mononuclear cells of myeloid descent; are well known for their role in fighting invading pathogens during infections through inflammatory reactions. Besides their function in immune response and inflammation, macrophages are also involved in diverse biological
processes such as iron, glucose, lipid, and amino acid metabolism in a tissuespecific manner20-21. Macrophage population that resides in bone are termed
as “osteal macrophages” are known to play a distinct role in bone formation
and homeostasis. Anatomically, osteal macrophages are located in proximity
to osteoblasts and provide support in bone formation and osseous injury repair22-23. On the other hand, macrophages have been reported to differentiate
into osteoclasts in order to maintain bone formation and homeostasis. This
starts with the monocytic macrophage lineage commitment from hematopoietic stem cells (HSCs) followed by proliferation of pre-osteoclasts and eventual differentiation into osteoclasts24.
Osteoclasts are large multinucleated and specialized exocrine cells that enzymatically degrade ECM proteins and dissolve bone minerals; originate from
fusion of mononuclear cells of hematopoietic descent. Differentiation of osteoclasts mainly depends on the receptor for macrophage colony stimulating
factor (MCSF), c-fms signaling which overexpresses receptor activator of nuclear factor kB (RANK) in the mononuclear precursor cells. The attachment
of ligand, RANKL to its receptor RANK initiates osteoclast precursors to differentiate into osteoclasts25. RANK along with the activation of immunoreceptor tyrosine activation-based adaptors DAP12 (DNAX-activating protein
of 12 kDa), and FcRγ (Fc receptor γ chain) control expression of important
osteoclast genes such as dendritic cell-specific transmembrane protein (DCSTAMP), cathepsin K, tartrate-resistant acid phosphatase (TRAcP), matrix
metalloproteinase 9 (MMP-9) and β3 integrin and assists in fusion of precursor cells to form a mature multinucleated osteoclast26.
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1.2

Key signaling cascades involved in bone
development

Bone formation and homeostasis involve a complex network of several developmental signaling cascades. Signaling pathways that are crucial in bone formation during embryonic development and postnatal life are briefly discussed
in the following section.

1.2.1 Hedgehog signaling
Hedgehog (HH) signaling pathway is essential for endochondral ossification,
and osteoblast differentiation in the perichondrium. It is also involved in intramembrane ossification during embryonic development. Moreover, crosstalk between HH and WNT signaling pathways control cartilage development,
endochondral bone formation, and synovial joint development27. This pathway is initiated with the binding of HH proteins to the cell surface receptor
Patched homolog 1 (PTCH1), which then activates seven-pass transmembrane
protein known as Smoothened (SMO) that regulates gene expression through
activation and de-repression of transcription factors that belong to GLI family,
especially GLI1, GLI2, and GLI328-29. Hedgehog proteins, especially Indian
Hedgehog (IHH) are abundantly expressed by pre and early hypertrophic
chondrocytes inside the primordial endochondral cartilage. This facilitates
chondrocytes and perichondral cells to differentiate into osteoblasts in the endochondral skeleton30.

1.2.2 Notch signaling
The Notch signaling pathway is known to play vital roles in development and
safeguard many tissue types including bone in a situation-dependent manner;
is required for maintenance and differentiation of osteoblasts and osteoclasts.
Role of the Notch signaling is highly dependent on the differentiation state of
the cell during skeletal development. The Notch signaling pathway is one of
the multitudes of signaling pathways that assist in proper regulation of the
activity of osteoblasts and osteoclasts that assists in proper remodeling and
homeostasis of bone31. Notch signaling happens in a cell-cell interaction dependent manner which starts when single-pass transmembrane ligands, Jagged1 (JAG1), Jagged2 (JAG2), Delta-like 1(DLL1), Delta-like3 (DLL2),
Delta-like4 (DLL3) comes in contact with neighboring cell surface Notch receptors32. This binding causes γ-secretase complex mediated proteolytic
cleavage of Notch receptor which ultimately leads to release of Notch intracellular domain (NICD), and its consequent translocation to the nucleus.
NICD then interacts with the RBPjκ/CBF1, a DNA binding protein to build
an activator complex that includes Mastermind-like (MAML), and several
other transcriptional co-activators which results in the activation of target
22

genes named hairy and enhancer of split (HES), and HES related with YRPW
motif (HEY). Thereafter, HES and HEY influence expression of several other
genes33 that ultimately regulate osteoblast and osteoclast differentiation in a
context-dependent manner13, 31. Mutations in Notch2 protein has been identified as a causative of a rare autosomal dominant disorder Hajdu-Cheney Syndrome which is characterized by craniofacial dysmorphology and radiographic deformities, especially Wormian bones, acro-osteolysis, and osteoporosis. Hearing defects, short stature, cardiovascular malfunctions, polycystic
kidneys are other pathological conditions attributed to Hajdu-Cheney Syndrom31.

1.2.3 WNT/ β-catenin signaling
WNT family consists of 19 secreted glycolipoproteins that play crucial roles
in cell fate decisions, cell proliferation, and cell polarity. Any aberrations in
the WNT signaling often result in disease development in humans34. WNT
proteins play a decisive role in regulating osteoblast lineage cells. WNT pathway starts with the involvement of several cell surface receptors. In the absence of WNT, minimal levels of β-catenin are observed. This is due to the
action of β-catenin destruction complex that is composed of adenomatous polyposis (APC), axin, and GSK-3β along with many other co-factors. This destruction complex in the absence of WNT phosphorylates β-catenin at its serine/threonine residues which allow its polyubiquitination and ultimate proteasomal degradation. In the presence of WNT, its ligands further activate
many downstream intracellular signaling pathways. This starts with binding
of WNT to the Frizzled receptors, and co-receptors, low-density lipoprotein
receptor-related protein 5 (LRP5) or LRP6 in order to stabilize β-catenin in
the cytoplasm. During this process, Dishevelled binds to the Frizzled receptor
along with FRAT1 and recruit members of the β-catenin destruction complex,
axin, and GSK-3β. Ultimately, dismantles the destruction complex and prevents phosphorylation of β-catenin. Consequently, it leads to cytoplasmic accumulation of β-catenin levels. Thereafter, β-catenin translocates to the nucleus. In the nucleus, β-catenin interacts with lymphoid enhancer binding factor (LEF1), T cell factor (1, 3, and 4) in order to activate expression of target
genes and enhances proliferation and differentiation of osteoblasts35. Moreover, parathyroid hormone (PTH) and BMP signaling pathways are also known
to interact with the WNT signaling pathway, thereby playing significant roles
in bone formation and homeostasis36.

1.2.4 BMP signaling
Bone morphogenetic proteins (BMPs) are a unique set of growth factors that
belong to Transforming Growth Factor β (TGF- β) superfamily of proteins;
essential for proper maintenance of all organ systems in the body including
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bone. BMP signaling is not only important for cellular growth, apoptosis, and
differentiation during embryonic development but also plays a significant role
in adult tissue homeostasis including fracture repair, proper remodeling of the
vascular system, and regulation of joint integrity. Deficiency of BMPs or malfunctioning of usual BMP signaling usually leads to adverse pathological conditions in the human body. Some of the most prominent skeletal pathologies
attributed to malfunctioning of BMP signaling are osteoarthritis (OA), Osteogenesis imperfecta (OI) or brittle bone disease, Cleft palate (CP), Fibro-dysplasia ossificans progressive (FOP) among others37. Out of seven type I receptors (ALK1-7), three of them will allow BMP binding: type 1A activin receptor (ActR-1A/ALK2), type 1A BMP receptor (BMPR-1A/ALK3), and type
1B BMP receptor (BMPR-1B or ALK6). On the other hand, three of the four
type II receptors are known to interact with BMPs. These include type 2 BMP
receptor (BMPR-2), type 2 activin receptors (ActR-21&2B). However, only
BMPR-1A, BMPR-1B, and BMPR-2 are exclusive to BMPs, whereas, other
receptors such as ActR-1A, 2A, and 2B are specific for activins which are part
and parcel of TGF- β superfamily. The canonical BMP signaling pathway
starts with the binding of BMP to its cell surface receptors to form a heterotetrameric complex that is composed of two dimers of type I and II receptors
of serine/threonine kinases (Figure II).

Figure II. BMP-2 signaling pathway.
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Formation of the hetero-tetrameric complex will differ with type I and type II
receptors, and it is largely dependent on the binding protein. For instance,
BMP2, and BMP4 selectively bind to type I receptors and consequently recruit
type II receptors, whereas, BMP6 and BMP7 prefer to interact with type II
receptors and then recruits type I receptors in order to form hetero-tetrameric
complex. Thereafter, type II receptors that are constitutively active, phosphorylates type I receptor at GS domain. Upon activation by transphosphorylation,
type I receptor further phosphorylates downstream substrate proteins referred
to as receptor-regulated Smads1, 5, and 8 (Smad1/5/8). Thereafter, Smad1/5/8
forms a complex with other co-factors such as Smad4 and translocate to the
nucleus and regulates gene expression37. Smad1/5/8 translocation to the nucleus as a result of BMP-2 mediated signaling, for instance, upregulates
RUNX2 during osteoblastic differentiation of MSCs and plays a pivotal role
in bone formation38. BMP signaling pathway is tightly regulated through a
feedback mechanism involving inhibitory Smads: Smad3, Smad6, and Smad7
(smad3/6/7)37. In addition, many other extracellular, intracellular and membrane modulators influence BMP signaling pathway by either acting as agonists or antagonists. Some of the most prominent extracellular modulators include Crossveinless2, Twisted gastrulation, Chordin, Cerberus, DAN family
of proteins and Noggin. Mostly these antagonists block the BMP signaling
pathway through competitive binding. For example, Noggin blocks the binding of BMP2 protein to its ligand, thereby blocking the normal BMP2 signaling pathway, which results in reduced bone mass37. In some cases, though the
extracellular BMP2 signaling is successful in initiating the cascade, it is negatively regulated by intracellular modulators such as phosphatases, receptor
internalization blocking FK506-binding proteins 1A and 12 (FKBP1A or
FKBP12), Pleckho1 or CKIP-1 protein37, 39. Interestingly, abundant expression of Pleckho1 is seen in the aging population, which is linked to the inhibition of bone formation. Recently, it has been reported that an increase in
Pleckho1 protein leads to suppressed Smad mediated BMP signaling in osteoblasts, ultimately reducing bone volume during aging39.

1.2.5 FGF signaling
Fibroblast growth factor (FGF) signaling has been reported to be crucial for
normal bone growth and aberrations in the pathway will generally lead to disease development40. FGF family consists of group of 22 proteins in both humans and mice that are involved in miscellaneous biological roles41. FGF mediated signaling pathway is initiated upon its binding to the target receptor,
Tyr kinase fibroblast growth factor receptor (FGFR1-4), which further phosphorylates many signaling molecules that mediate respective signaling pathways in the downstream. These molecules include mitogen-activated protein
kinase (MAPK), STAT1, phosphoinositide 3-kinase (PI3K), and PKC42.
FGFR mutations lead to improper functioning of the pathway that results in a
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wide variety of congenital skeletal diseases in human beings43. In an adult
mouse model, reduction in the bone volume was attributed to the reduced proliferation of pre-osteoblasts and decreased the functioning of osteoblast as a
result of the lack of growth factor FGF2. Similarly, FGF18 knockout has been
reported to produce defective mature osteoblasts. Interestingly, FGFR1 at the
beginning of the developmental phase plays a vital role in osteoblast differentiation which is completely independent of RUNX2 expression, however, in
the mature osteoblasts FGFR1 acts as an antagonist and inhibits the mineralization activity13. On the other hand, FGFR2 positively regulates proliferation
of pre-osteoblast and function of mature osteoblasts. Though the finite molecular details are still elusive, it is evident that different receptors of FGF have
wider roles in pre-osteoblast proliferation and osteoblast differentiation and
their functioning13.

1.3

Current therapeutic interventions & limitations

1.3.1 Bone grafts
Bone grafts facilitate and increase the repair process which however depends
on given conditions. Healing capacity of bone grafts is largely reliant on their
intrinsic properties, formulation, and application. Bone grafts possess osteoinductive, osteoconductive, and or osteogenic properties through which they enhance the natural bone healing process44. The osteoconductive ability of a
bone graft renders vascular development, perivascular tissue, and allows
MSCs at the site of administration. Calcium sulfate, calcium phosphate cement are examples of the most commonly used osteoconductive bone grafts
used for the repair process. On the other hand, osteoinductive grafts allow
MSC recruitment to the site of administration, and consequently differentiate
into either chondroblasts or osteoblasts in the process of new bone formation
which is facilitated by growth factors such as BMPs, platelet-derived growth
factor (PDGF), FGF, vascular endothelial growth factor (VEGF)45. Osteogenesis is the process of forming new bone with the assistance of either host or
graft donors’ cells such as osteoblasts, MSCs, and osteocytes. For transplantation, it is ideal to use freshly extracted bone marrow transplants, autografts
or allografts. In order to enhance osteogenesis, transplanting cells can be obtained locally or from another site of the body. For instance, to repair tibial
nonunion, bone grafts from iliac crest can be applied. On the other hand, in
the talar neck fracture repair, bone grafts can be obtained locally from the extraction of calcaneus cancellous45. Though autologous bone grafting, the process of transplanting bone grafts obtained from one anatomical site to the other
for bone repair is considered as the “golden standard” in orthopedic surgery,
it is laden with several limitations including, limited availability of grafts, donor site pain, infections, and blood loss. As a second option, allografts are
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being used in the orthopedic surgery due to their abundant availability in various forms. Though allografts are osteoconductive, their osteoinductive property is limited to demineralized bone matrix (DBM). Moreover, allografts are
in general less efficient in bone healing when compared to autologous bone
grafts. In addition to inferior healing, allografts also pose a potential risk of
disease transmission and infections. However, currently available allografts
and autografts are not just enough to meet the growing clinical demand with
additional complications of aging and obesity46. As alternative several synthetic bone substitutes have emerged for orthopedic applications. These include calcium phosphate (CaP) based materials such as CaP cement, ceramics,
hydroxyapatite (HAp) and others47. Due to their potency in compression, and
osteointegration and relatively sluggish biodegradation among other positive
sides of CaP substitutes, they have become a popular option for orthopedic
surgeons. Though CaP substitutes, for instance, Norin display several folds
higher compressive strength than cancellous bone, their strength in-vivo is
compromised and is mostly inferior to cancellous bone as they are very brittle
and do not efficiently sustain shear or tensile forces in addition to compressive
forces45. Synthetic calcium-based bone substitutes, on the other hand, are attractive as free from risks such as donor site morbidity, and infections. However, their ability to repair fractures is limited due to their strict osteoconductive property. In addition, synthetic calcium-based bone grafts are less expensive and widely available than both auto, and allografts. Synthetic bone substitutes allow mixing other additives like antibiotics, collagen, growth factors
and MSCs which enhances the materials ability to effectively repair fracture
healing45.

1.3.2 Scaffolds for bone regeneration
Though there are many types of scaffolds that are being developed for bone
tissue engineering48, so far only collagen-based scaffolds have been heavily
explored through human clinical trials. Collagen is another biomaterial and
growth factor which is known to facilitate vascular ingrowth, mineral deposition49. A clinical study comprising ten patients with volumetric bone defects
treated with porous collagen I scaffold having MSCs and bone marrow aspirate/concentrate and observed for 3-years. The study has concluded that porous collagen I scaffold with MSCs and bone marrow concentrate can be employed for local application, which can serve as a promising alternative to autologous bone grafting approach50. Two separate clinical studies aimed at understanding the safety and effectiveness of collagen sponge loaded with
recombinant bone morphogenetic protein (rhBMP-2) in fracture repair. These
studies have revealed that rhBMP-2 as a safe material for the clinical application. Together these studies have also demonstrated that collagen sponges
loaded with rhBMP-2 can be used for the treatment of type-III exposed tibial
fractures51-52. In a recent clinical study, mineralized collagen was tested as an
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alternative to autograft for podarthral joint fusion with internal fixation. In this
study, the fusion site was compressed with commercially available mineralized collagen BonGold® Bone Sponge, Bone Putty and observed for 13 weeks
post-surgery. As a result, a complete medial fusion was achieved. This study
has claimed that mineralized collagen can function as an excellent alternative
to allograft for podarthral applications53. Collagen in its original form with Nand C- terminal telopeptide constituents induce antigenicity. The low immunogenic derivative of collagen is therefore achieved by deletion of N- and Cterminal telopeptide components54. A two-year follow-up clinical study in humans employing atelocollagen gel encapsulating chondrocytes to treat fullthickness defects of cartilage in knees has shown promising results55. A study
employed atelocollagen in order to repair cartilage defects in-vivo animal as
well as the human clinical trial involving 17 patients. This study has concluded
by stating “rapid regeneration of cartilage was demonstrated in the in-vivo animal study, and patients showed significant clinical improvement”56.

1.4

Biologics for bone tissue engineering

1.4.1 Growth factors
1.4.1.1 Bone Morphogenetic Proteins (BMPs)
Currently, there are many recombinant BMP (rh-BMP) products that are commercially available in large quantities. BMPs of different kinds are known for
their ability to induce chondrogenesis, osteogenesis, angiogenesis, can act as
a biomarker, and tumor suppressors associated with several pathologies which
include gastrointestinal cancers. Among many BMPs discovered till date,
BMP-2, BMP-4, BMP-6, BMP-7, BMP-9, BMP14 are known to endorse osteogenesis. Especially, BMP-2 and BMP-7 are much efficient in promoting
direct local neovascularization. Early studies demonstrated that BMP2 and
BMP-7 can robustly induce osteoblast differentiation of MSCs. After large
multicentered randomized clinical studies, BMP-2 and BMP-7 were certified
for clinical application since the year 2002, and 2001 respectively by US FDA.
However, clinical application of rh-BMP2 has been reported to cause a wide
range of side effects including inflammation, the formation of ectopic bone,
bone resorption, incorrect adipogenesis, and swelling of the cervical spine. As
a result, FDA issued a warning against the clinical use of BMP-257. Notwithstanding, a recent multicenter randomized phase 4 clinical trial (ClinicalTrials.gov identifier: NCT00853489) involving 30 human subjects to treat critical-sized tibial defects employing rh-BMP-2 soaked on an absorbable collagen sponge compared to the autogenous iliac crest bone graft application. Results indicated that both rh-BMP2 and bone graft have shown similar fracture
healing output at 12 months post-surgery observation. Out of 16 participants
administered with rhBMP-2 during the study, 3 patients have suffered from
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infections. On the other hand, none of the 14 participants involving autogenous iliac crest bone graft surgery have encountered any infection. Despite
reports of BMP-7 for its success in spinal fusion58-59, a large-scale randomized
multicenter clinical study conducted on 295 human subjects has concluded
that allografts are much superior to BMP-7 in repairing spondylolisthesis with
one-level posterior decompression. This has led to BMP-7 premarket entry
rejection by US FDA in the year 2009 which blocked it from its clinical application60. Together this indicates that rh-BMPs use in the clinic is still debatable, and further extensive research is needed to gain a better picture. This
also signifies that alternative therapeutic methods are in urgent need to meet
the clinical demand at present and in the future.

1.4.1.2 Vascular Endothelial Growth Factor (VEGF)
For a proper endochondral ossification, vascularization of the cartilage is absolutely essential. Only after this key step, other growth factors such as BMPs
can participate in promoting or healing bone at the fracture site. Vascular endothelial growth factor (VEGF) is a growth factor expressed in various cells
including normal and sick cells to influence circulatory system development
during embryogenesis which is also referred to as vasculogenesis, and expansion of blood vessels also referred to as angiogenesis45. VEGF is also associated with several other roles in normal regulation of our physiology as well as
during pathophysiology of diseases; plays a crucial role in fracture healing.
When a fracture occurs, it leads to hematoma and soft callus formation. This
is followed by VEGF mediated local endothelial cells to cause vascular invasion and consequent hypertrophic cartilage formation45. VEGF is initially released by inflammatory cells, platelets and by hypertrophic chondrocytes in
the fracture site, particularly the callus. Though higher concentrations of
VEGF have been reported to enhance healing of long bone fractures in rodent
models, its direct role in fracture healing in humans is largely unknown. Other
growth factors include BMP-2, BMP-7, fibroblast growth factors, and matrix
metalloproteinases (MMPs) are known to play a vital role in the process of
angiogenesis and thus greatly influence fracture healing45.

1.4.2 Parathyroid hormone
Parathyroid hormone (PTH) is a well-characterized endocrine hormone that is
known to play a vital role in regulating calcium and phosphate levels in our
body. Even lower doses of exogenous administration of PTH has been shown
to anabolically influence bone metabolism45. PTH increases overall bone mass
by exploiting the bone production by osteoblasts and bone resorption by osteoclasts. Recombinant human parathyroid hormone (rhPTH), also known as
Teriparatide, when administered as a daily pulsatile injection has shown to
augment bone mineral density in femoral necks and lumbar spine of
29

osteoporotic patients45. In addition, this daily administration of rhPTH has also
been demonstrated to lower the overall fracture risk. In addition, animal studies have shown that derivatives of PTH could augment bone fracture repair
process by speeding up the process of callus formation while maintaining optimal quantities45. Previous studies also demonstrate that PTH not only enhances bone remodeling but also increases the strength of the callus by positively regulating RUNX2 and OSX in order to stimulate osteoblast differentiation. It is also known that MSCs in presence of rhPTH have been shown to
demonstrate enhanced osteoblast differentiation45. A 21-month clinical trial
comprising women with low BMD and previous history of vertebral fractures
has demonstrated that teriparatide administration significantly lowered vertebral fractures by 65% and non-vertebral fractures by 35% when compared to
placebo, however not through an inferior threat of hip fractures. Teriparatide
administration right after bisphosphonate treatment has demonstrated that it
holds the anabolic nature, while its effect is slightly diminished. However,
when Teriparatide is discontinued after its approval period of 2-years, its benefits are drastically dropped, therefore it is highly recommended that the discontinuation should be followed with the administration or application of an
antiresorptive agent. Finally, while there are more than a million humans users, only one documented evidence of osteosarcoma development upon Teriparatide administration is known till date61.

1.4.3 Small molecular drugs
There are a number of small molecular drugs (SMDs) that are approved by
FDA for treating several other human diseases which can be potentially applied to heal orthopedic problems. These small molecular drugs are gifted with
several advantages when compared to protein growth factors used for bone
repair and regeneration. These include affordability, availability, stability, low
or almost no immunogenicity, minimal or no toxicity, no contamination with
bacterial cells, and lower dose requirements of SMDs to induce bone regeneration. SMDs that are with regenerative capacity is considered as a feasible
choice for applications in tissue engineering as they are capable of directing
stem cell differentiation. Currently, a handful of SMDs are approved for treating other health problems and some of them have relevance to the orthopedic
application. These include simvastatin, retinoic acid, rapamycin, doxycycline,
alendronate, dexamethasone, vitamin C, and vitamin D362. Statins are a group
of medicinally important molecules initially employed for suppressing the activity of HMG-CoA reductase which is crucial for cholesterol production in
the liver; also able to anabolically influence bone metabolism. For instance,
simvastatin (C25H38O5) has been shown to stimulate osteoblast differentiation
of stem cells and increased matrix mineralization. Moreover, simvastatin has
also shown to increase cancellous bone density, compressive strength when
applied locally in animal models62. Alendronate (C4H13NO7P2) is a kind of
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bisphosphonate used for post-menopausal women suffering from osteoporosis; inhibits the activity of osteoclasts, and enhances BMP-2 production. However, bisphosphonates are known to inhibit the bone remodeling process. On
the other hand, several randomized clinical trials have shown that bisphosphonate administration lowers risk of fractures. However, bisphosphonate administration does not warrant complete safety as it is associated with rare atypical
femoral fractures, and osteonecrosis of the jaw61. All-trans-retinoic acid
(ATRA) has been shown to augment ALP activity in stem cells. ATRA loaded
PLGA scaffolds has been reported to significantly increase bone formation
after two weeks of implantation in an in-vivo model. Further research is required to test the clinical suitability of ATRA for bone tissue engineering. Recently rapamycin, an immunosuppressant has gained popularity in influencing
osteoblast differentiation of MSCs and mineralized bone nodules. Administration of FK-506 an analog of rapamycin has been associated with enhanced
ALP levels and robust expression of osteoblastic genes, and bone nodule development. The mode of administration of FK-506 is the key determinant of
the outcome. FK-506, when administered systemically, it leads to osteopenia
in rodents and humans. However, local administration of FK-506 has been
demonstrated to augment osteogenic differentiation. On the other hand, higher
concentrations FK-506 are much favorable for bone formation, and relatively
lower concentrations in the range appropriate for immunosuppression are associated with inhibition of osteogenic differentiation62. Doxycycline, a tetracycline is a noted antibiotic SMD; at lower concentrations can differentiate
human osteoprogenitor cells to osteoblasts as potent as BMP-2 protein. Further in-vivo studies demonstrated its dual role of anti-bacterial and osteogenic
characteristics by concurrently fight infections while healing oral infrabony
defects. Thus, doxycycline is an interesting small molecular drug with a huge
potential for applications in bone repair and regeneration62. Other SMDs such
as Vitamin C, Vitamin D3, and Dexamethasone have been shown to enhance
osteogenesis both in-vitro and in-vivo. Moreover, Vitamin D3 is a well-known
small molecule that assists the body in absorbing calcium and thus plays an
important role in overall bone remodeling. However, further research is
needed for successful application of these SMDs in clinical orthopedics62.

1.4.4 Stem cell therapy
A wide range of biomaterials and synthetic growth factors have emerged for
tissue engineering applications with the advancement of modern technology.
These include several biological constructs that mimic extracellular matrix
which in turn facilitates interaction with cells. Development of such constructs
needs a comprehensive understanding of cellular profile, extracellular matrix
components, and material properties of a specific tissue of interest. Use of
cells has always been the first priority in tissue engineering. Particularly, use
of lineage-specific osteoblasts, chondrocytes, or directly using progenitor
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cells63. Pluripotent mesenchymal stem cells are isolated from synovium, adipose tissue, and bone marrow possess the ability to differentiate into several
mesodermal lineages. The ease of isolation, culturing, and production of large
quantities of stem cells in-vitro helps their clinical translation for various tissue engineering applications such as allogenic transplantation. In addition,
MSCs, such as those isolated from bone marrow possess the ability to retain
the pluripotency, proliferation characteristics even after many passages of cell
culture in-vitro. During allogenic transplantation, MSCs doesn’t trigger any
mixed lymphocyte reaction when comes in contact with allogenic contributor
lymphocytes. Moreover, MSCs can subdue an active mixed lymphocyte reaction. As described in the earlier sections of this thesis, many growth factors
have been designated to induce cell differentiation that leads to many different
mesodermal lineages, and endorse their proliferation63. Administration of definite single doses of growth factors generated through recombinant DNA technology, has been shown to effectively heal segmental bone as well as cartilage
defects. However, in a clinical setup, continuous supply of growth factors is
necessary for a desired outcome. On the other hand, leakage of growth factors
poses a great deal of hazardous problems. For example, leakage of osteoinductive growth factors lead to heterotopic ossification. As an alternative, modification of MSCs in such a way that they produce abundant quantities of desired growth factor through transduction of specific genes or silencing factors
or proteins that usually block the usual production of growth factors63. Such
modification of MSCs is possible either through transduction of desired genes
or through RNA interference, which are discussed in detail in the subsequent
sections of introduction part this thesis.
MSCs extracted from bone marrow or adipose tissue can differentiate into
osteoblast lineage with the assistance of dexamethasone, beta-glycerophosphate, and ascorbic acid. Transplantation of tricalcium phosphate ceramics
(TCP), and hydroxyapatite encapsulating MSCs into the subcutaneous compartments has been implicated to successfully develop into bone and repair
the defect site. In another study, human MSCs incubation in porous ceramic
scaffold prior to intra-peritoneal transplantation into athymic nude mice has
led to development of dense layers of lamellar bone. Interestingly, many osteoblast cells have been identified as a thick layer on the surface of the implanted ceramic. There are many other approaches being currently used to deliver MSCs for bone repair. These methods include direct injection of MSCs
to the fracture site, and or with the assistance of scaffold as explained above.
Deliver of MSCs can be carried out either systemically or through local injections along with other tissue engineering methods reported earlier64. Systemic
injection method is already in practice for already many years to treat osteoporosis and other bone fractures. However, several practicalities that determine the success rate of the systemic injection of MSCs. These practicalities
include, the source and kind of cells used, carrier, concentration of cells used,
status of cell differentiation, duration of treatment, and most importantly the
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route of injection. Both bone marrow-derived MSCs as well as adipose tissuederived MSCs are considered as suitable cell types for bone repair and regeneration. Adipose tissue contains stromal vascular fraction (SVF) that is opulent in MSCs, pre-adipocytes, many other progenitor cells, cytokines, and inflammatory cells. SVF can be obtained by proper processing of the adipose
tissue. Both experimental and clinical studies have proved that SVF is superior
to adipose tissue-derived MSCs alone in bone repair and regeneration. This is
later assumed that the advantage of SVF is attributed to the various growth
factors, and cytokines which actively support viability, proliferation, and differentiation of adipose tissue derived stem cells while gauging the bone tissue
repair and regeneration64. In the past, many clinical studies involving direct
injection of the bone marrow aspirate concentrate that is rich of MSC to the
site of defect has shown promising outcome. The bone marrow aspirate concentrate (BMAC) is usually obtained from iliac crest, tibia, sternum etc64. Direct injection of MBACs or MSCs has gained much attention in recent time,
and there are many clinical trials are being performed, and some have already
reported positive results64. For example, in a clinical study involving 20 patients with nonunion fractures were given direct injection of BMAC to the
fracture site. Results indicated that 80% of participants have shown complete
repair of the nonunion fracture after 3 months65. Though scientific community
started appreciating the usage of MSCs for fracture healing, proper understanding of the molecular mechanisms involved during the process of healing
is still lacking. Studies focused in such direction could reveal new pathways
and/or molecules that are therapeutically significant.

1.4.5 Gene therapy
Though direct usage of growth factors in the form of recombinant proteins
was thought to be the efficient mechanism in repairing the bone fracture, it is
conferred with many side effects and limitations. One of the important side
effects includes heterotopic ossification of adjacent tissues other than the fracture site. Moreover, usage of growth factors in the form of recombinant proteins is limited because of very short half-life and rapid degradation rate. Besides, implants associated with recombinant growth factors makes it even expensive practice which further adds to the global health burden. Nevertheless,
for a successful bone tissue engineering, progenitor cells, scaffolds, and
growth factors such as BMP-2 are necessary. Therefore, as an alternative to
recombinant proteins as growth factors, gene therapy strategies are developed
for bone tissue engineering. Gene therapy strategies facilitate administration
of optimal concentration of therapeutic molecules, often in little quantities in
precise and prolonged manner while minimizing any unwanted outcomes66.
Gene transfer technology enables employing specific promoters through
which one can spatially and temporally control the expression of desired
gene67-68. However, at the moment there are only few scaffolds with plasmid
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DNA that can be applied for bone repair are under clinical investigation. For
instance, gene activated matrix “Nucleostim” is made of bone graft composed
of collagen and hydroxyapatite scaffold enriched with plasmid DNA that encodes vascular endothelial growth factor A-165 (VEGF-A165) is currently being clinically tested for treating maxillofacial bone defects (clinicaltrials.gov:
NCT02293031). Another currently ongoing clinical trial which is also testing
the gene activated matrix composed of octa-calcium phosphate and plasmid
DNA that encodes VEGF for applications in treating maxillofacial bone deformities (clinicaltrials.gov: NCT03076138). Use of scaffolds containing genetically modified autologous MSCs provides an alternative solution for bone
repair in a clinical set-up. However, this method involves cumbersome cell
extraction, culturing, transfection over-night or two, and encapsulation on to
the scaffold and then implantation. Therefore, it is not only an expensive but
also a time-consuming procedure. In the past efforts were made to develop
“same-day gene therapy” by harvesting buffy coat cells from bone marrow of
rat, which were later transduced with a lentiviral vector comprising plasmid
that encodes BMP-2 protein for an hour and directly implanted to the bone
defect site which consequently yielded positive results. While this method
surely saves expenses and time, it does not warrant a smooth clinical translation as viral vectors in general pose the threat of unwanted immunological
reaction that ultimately compromises the goal of fracture healing. Besides,
adeno associated viral (AAV) vectors are known to induce minimal toxicity
and immunogenicity. AAV’s are not directly associated with any human pathologies, which makes it an attractive option for gene delivery69-70. In order
to improve safety profiles, self-inactivating viral vectors such as γ-RV and LV
technologies have been developed71-72. These improved technologies have a
great scope of clinical translation despite many hurdles that might be encountered to get a final approval for successful clinical application. Nonetheless,
at present, there is no evidence of clinical translation of any viral vector-based
gene transfer for bone regeneration. Naturally, fear of immunogenicity was
the main reason for the scientific community to look for alternative methods
or non-viral gene delivery approaches which employ either of the following:
lipids, polymers, and peptides. In order to enter the cell, these non-viral carriers ought to make complexation with the plasmid DNA of interest. Though
non-viral carriers are less superior in generating the turnover of the desired
recombinant protein, they are relatively safer and might be clinically more
relevant than viral vectors. Nucleofection, sonoporation, magenetofection,
and nucleofection are other fascinating strategies that are currently being developed for enhanced gene delivery66. So far, several BMP genes including
BMP-2, BMP-7 have been employed for preclinical testing which resulted in
increased bone repair. Adenoviral vectors are among the most popular viral
vectors that were employed to deliver BMP encoding genes in-vivo. On the
other hand, modification of therapeutically important cells such as MSCs exvivo through gene transduction or transfection and consequent implantation to
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the fracture site can serve as a best alternative therapeutic method66. As far as
safety is concerned, ex-vivo gene therapy with the assistance of non-viral vectors is considered as the best method than using viral vectors. At the moment,
cationic polymers dominate the non-viral vectors for gene delivery in-vitro.
Cationic polymers are known to induce toxicity to the cells. Moreover, the
interaction of nanocarriers to cell-surface glycosaminoglycans (GAGs) like
heparin sulfate is expected to alter their stability, and thus endocytosis73. However, Endosomal escape is a key prerequisite for cargo molecules to initiate
gene expression. In the recent past, efforts were made to improve the transfection efficiency by coating cationic DNA nanoparticles with one of the anionic
GAGs, chondroitin sulfate. These cationic nanocarriers have significantly improved transfection by displaying efficient endosomal escape74. On the other
hand, clinical application of ex-vivo gene therapy is still far from a clinical
reality as it includes cumbersome cell extraction, culture, and expansion in
compliance good manufacturing practice terms is associated a great deal of
expenses and time consumption. Most importantly, transfection of cells and
their maintenance over prolonged time periods pose several risks including
unwanted changes in cells differentiation state and infections66. Therefore, it
would be ideal to develop strategies to perform ex-vivo gene therapy in a single surgical procedure with the assistance of non-viral vectors that doesn’t
cause toxicity.

1.4.6 RNA interference therapy
The RNA interference (RNAi) is the process of post-transcriptional suppression of gene expression by short RNA molecules which includes small interfering RNA (siRNA) or micro RNA (miRNA). The major structural difference
between these two molecules lies in their complementarity to the target
mRNA strand. Both strands of siRNA are completely complementary to each
other, and to the target mRNA sequence, whereas mRNAs does not show such
complementarity. The complementarity difference of these molecules is one
of the key reasons which brings differences in their mode of action in posttranscriptional inhibition of gene expression. Thus, siRNAs silence target
genes by binding to target mRNA sequences in a completely complementary
manner and which ultimately results in mRNA degradation. Whereas, miRNAs can induce gene silencing by repressing the process of translation rather
than degrading the target mRNA. While miRNAs are known for their ability
to function as molecular switches in fracture repair75, one cannot rule out their
nature of binding to “more than one target” and multiple physiological functionalities and consequent side effects that might result in a clinical scenario76.
However, siRNAs on the other hand, are designed in such a way that they
solely bound to the target mRNA which makes it a favorable, safe, and powerful molecular tool for future clinical applications including bone fracture
repair. RNAi therapy is a very powerful tool particularly in dealing with
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pathological conditions that can’t be addressed with any other therapeutics or
drugs available77. As discussed earlier, both Noggin and CKIP-1 (Pleckho1)
block the constitutive BMP signaling pathway which results in the poor bone
formation and possibly leads to compromised healing in the process of fracture repair. RNAi can be employed to silence genes such as Noggin, and
Pleckho1 which negatively regulate bone fracture repair process. In addition,
siRNA mediated silencing of DKK-178 or GNAS179 has been shown to enhance osteoblast differentiation of MSCs. Therefore, siRNAs are therapeutically potential molecules which can be applied for bone tissue engineering and
regeneration. Though RNAi molecules are proven for their ability in enhancing bone regeneration80, their clinical translation is hampered as current delivery methods are not optimal. On the other hand, the susceptibility of siRNAs
to nuclease degradation, compromised endosomal escape, and ephemeral target gene silencing are other challenges that impede smooth clinical translation81. The negative charge of the oligonucleotides can also serve as one of the
crucial obstacles in the process of cellular delivery. However, upon successful
delivery, endosomal escape, and enters the cytosol siRNA comes in contact
with an endogenous complex known as RNA induced silencing complex
(RISC) which mediates its binding to the complementary mRNA. Thereafter,
with the help of RISC, Argonaut RNase degrades the target mRNA. In general, the antisense strand that binds RISC has been identified to be stable for
weeks. However, the stability of the RISC bound antisense strand declines
constantly as cell division progresses82. This implies that in slowly dividing
cells, siRNA that is bound to RISC has the potential to successfully induce
gene silencing by degrading several transcripts. Therefore, it believed that a
few hundred cytosolic siRNAs are enough for an efficient knockdown of the
target gene83-84. Many different materials have been offered for siRNA delivery before85. Local delivery of osteogenic siRNA Noggin through direct injection to the defect site has been reported to potentiate BMP activity and consequent enhancement of bone formation in an in-vivo mice model86. Encapsulation of Noggin siRNA and rhBMP-2 on to PLA-polydioxanone-PEG copolymer hydrogels and their consequent implantation into dorsal pouches of mice
model has resulted in significant bone repair and remodeling. The Noggin
siRNA silencing resulted in ectopic bone that demonstrated enhanced bone
mineral content which is almost same as the rhBMP-2 administration alone.
Gremlin-1, and Gremlin-2 also known to act as antagonists of the BMP signaling pathway. The siRNA mediated silencing of Gremlin-1, and Gremlin-2
have been shown to induce osteoblast differentiation of human mesenchymal
stem cells in two separate in-vitro studies87-88. Most recently, a cationic polymer, polyspermine imidazole-4,5-imine (PSI) assisted delivery of anti-Chordin siRNA into bone marrow-derived MSCs has shown to promote osteogenesis in-vitro and in-vivo89. In another study, implantation of PLGA scaffolds
containing lipidoid nano-particles (sLNP) has led to the enhanced bone formation and consequent healing of critical-sized bone defects in a mice
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model90. For this study human adipose tissue-derived stem cells (hADSCs)
were differentiated in pDA-sLNP-PLGA before implantation into the defect
site. Whereas, another study employed cationic liposome dioleoyl trimethylammonium propane (DOTAP) that was accompanying aspartate, serine,
serine as six repetitive units to carry anti-Pleckho1 siRNA to evaluate its effect
on a healthy osteoporotic rat model. This specialized DOTAP with Asp-SerSer repeats and osteogenic siRNA selectively binds to the bone forming surfaces, and consequently lead to overall enhancement of bone mass91. HP-HAPEG hydrogel system was employed to deliver microRNA-26a to the calvarial
bone defect and subcutaneous models. MicroRNA-26a with its ability to couple angiogenesis along with osteogenesis ultimately promoted bone regeneration at defect sites92. To successfully induce ectopic bone formation, PLADX-PEG polymer was used to deliver osteogenic siRNA Noggin in animal
model93. A hyperbranched polymer, PEG-H20-PEI consisting of microRNA26a was employed to successfully induce osteoblast differentiation of endogenous stem cells at the critical-sized bone defect implantation site in osteoporotic mice model. The enhanced osteoblast differentiation as an effect of microRNA-26a has resulted in successful remodeling of bone defects94. Pretransfected MSCs with anti-Smurf-1 siRNA encapsulated in electro-spun
PLGA scaffolds have demonstrated excellent synergistic calvarial, and critical
size defect healing95. Local and constant delivery of Noggin siRNA, as well
as microRNA-20a, was achieved using polyethylene glycol (PEG) hydrogels
which resulted in osteogenic differentiation of engulfed hMSCs96. In a separate study PEG hydrogels composed of microRNA-20a and hMSCs has
demonstrated to increase bone repair in clavarial defect model97. Currently,
many other microRNA scaffolds are available for potential application in bone
repair and regeneration98. As explained above many cationic polymers have
been extensively explored as carriers for targeted delivery of therapeutic
RNAi molecules for bone repair and regeneration. Though these cationic polymer-based carriers have shown appreciable efficiency in bone repair and regeneration, their clinical translation is skeptical as they often lead to toxicity.
Therefore, alternative methods for the delivery of these therapeutically important RNAi molecules are absolutely needed for a successful clinical application in bone repair and regeneration.

1.5 Strategies used for bone regeneration in this thesis
As depicted in the Figure III, we have developed clinically translatable strategies that include cell free and cell-based therapies for bone repair and regeneration. Cell free therapies include preparation and implantation of HA hydrogels with rh-BMP-2 protein. Cell based therapies include modification of
hMSCs with rapid transfection of osteogenic siRNA known as anti-Pleckho1 siRNA or BMP-2 expressing plasmid DNA in 5 to 30 mins using
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commercially available cationic lipofectamine based transfection reagents as
well as using HA and consequent encapsulation into HA-hydrogels.

Figure III. Illustrative image of cell-free and cell-based therapies used for bone regeneration applications in this thesis.
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2 Methods

2.1 General
Hyaluronic acid (HA) of different sizes (100 kDa, 150 kDa, 200 kDa, 300
kDa) was purchased from Lifecore Biomedical, LLC (USA). Polyvinyl alcohol (PVA, 10 kDa, 89% hydrolyzed) was bought from Sigma-Aldrich, Sweden. GlycosilTM comprising HA-thiol derivative and PEGDA were obtained
from ES BIO. RhBMP-2 (InductOs®) was bought from Wyeth Europe Ltd.,
Berkshire, UK. All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA) except otherwise mentioned. All solvents were of analytical quality (p.a.) and used as received. Spectra/Por 6 (3500, g/mole cut off) dialysis
membranes were obtained from VWR International. For siRNA synthesis,
solid support, and original phosphoramidites without modification (N6-benzoyl-rA, N2-isobutyl-rG, N4-acetyl-rC, rU and dT) were procured from
ChemGene Corporation (USA). For deblocking purpose, 3% trichloroacetic
acid in DCM (w/v) was used, while 0.25M 5-(ethylthio)-1H-tetrazole in acetonitrile served as an activator. On the other hand, 2,6-lutidine/acetic anhydride/THF: 8/1/1 (v/v/v) was used as Cap A, N-methylimidazole/pyridine/THF: 8/1/1 (v/v/v) as CapB and pyridine/iodine/water/THF:
90.54/9.05/0.41/0.43 (v/v/v/w) as oxidizer. All these above-mentioned reagents used for RNA synthesis were purchased from Sigma-Aldrich. For spectroscopic examination, Lambda 35 UV/Vis spectrophotometer from PerkinElmer instruments has been employed. Discovery Hybrid Rheometer (HR2) from TA Instruments have been employed to rheological measurements of
hydrogels with the aid of custom-made 8 mm diameter parallel plate aluminum.

2.2 Cell culture
Mouse stromal cell line W20-17, Human breast cancer cells (MCF-7), were
cultured in DMEM containing 10% FBS and 1% antibiotics in humidified
condition at 37 °C and 5% CO2. For HA-mediated transfections, Human osteosarcoma cells (MG-63) and human mesenchymal stem cells (hMSCs) were
cultured in complete growth medium, α-MEM consisting of 10% of FBS
(10720-106, Gibco) and 1 % antibiotics (Pen-Strep DE17-602E, Lonza) at 37
°C and 5 % CO2. For ex-vivo transfection experiments using either plasmid
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DNA or siRNA, human bone marrow-derived MSCs were maintained in complete DMEM medium (Cat#10567014; Gibco) with 10% hMSC grade fetal
bovine serum (FBS; Cat# 12662029; Gibco), 1% penicillin and streptomycin
(Pen-Strep DE17-602E, Lonza) and 5 ng/ml recombinant human fibroblast
growth factor (FGF-2) (Cat# 100-18B; PEPROTECH).

2.3 Hydrogel preparation
To find out the effect of cross-linking chemistry on the functionality of
rhBMP-2 protein in Paper I, we have prepared two different HA hydrogels
employing two different chemistries: hydrazone cross-linking chemistry, and
thiol Michael addition reaction chemistry. In order to prepare hydrazone
cross-linked hydrogel, first neutralized HA-aldehyde (HA-CHO) and HA-hydrazide derivatives were synthesized as previously described by our research
group99. Thereafter, both constituents were separately suspended in PBS (10
mM, pH 7.4) at 16mg/ml concentration, and followed by filter sterilization
via 0.45 µm syringe filter (Pall Corp, USA). Subsequently, hydrogel
preparation was done through addition of even volumes of HA-aldehyde and
HA-hydrazide in two syringes amalgamated through a connector. On the other
hand, HA-thiol Michael hydrogels were prepared as follows. First, thiol-modified HA was dissolved in degassed water at 10 mg/ml concentration. Similarly, PEGDA was separately dissolved in degassed water at a concentration
of 5 mg/ml. In order to make the final 1% (w/v) hydrogels, both HA-SH and
PEGDA dissolved in degassed water were mixed together in a 4:1 ratio (HASH: PEGDA). To achieve complete gelation, both HA-hydrazone and HAthiol Michael hydrogels were incubated overnight at 4 ºC. For encapsulation
of ex-vivo modified hMSCs and other experiments concerning hydrogels in
Paper II, and Paper IV , hydrazone cross-linked hydrogels made of HA and
PVA derivatives were used. These hydrogels were prepared as follows: First,
HA with ≈ 10% aldehyde modification, and polyvinyl alcohol (PVA) with ≈
20% hydrazide modification was synthesized as described earlier100-101. Concisely, 16 mg/mL of HA-CHO was suspended in sterile PBS deprived of Ca
and Mg, whereas, 3 mg/mL of PVA-hydrazide was suspended in DMEM medium which is exclusive of FBS. These two composites were sterile filtered
with the assistance of Acrodisc® Syringe Filter 0.8 µM Supor® Membrane low
protein binding Non-Pyrogenic (PN 4608) from PALL Life Sciences. Finally,
to make a hydrogel 60% of the 16 mg/mL of HA-CHO, and 40% of 3 mg/mL
of PVA-hydrazide solutions were mixed together in such a way that each µL
of the gel gets a total of 1000 cells. For example, to prepare a 200 µL hydrogel, 120 µL of 16 mg/mL HA-CHO solution in PBS was given 80 µL of 3
mg/mL PVA-hydrazide with 200,000 cells in cell culture medium. Likewise,
to prepare a 100 µL hydrogel, 60 µL of 16 mg/mL HA-CHO solution in PBS
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was mixed with 40 µL of 3 mg/mL PVA-hydrazide with 100,000 cells in cell
culture medium.

2.4 Rheological measurements
As a part of the investigation of the effect of cross-linking chemistry of hydrogels on the integrity and functionality of rhBMP-2 protein (Paper I), rigidity of hydrogels was measured as follows: Either, 150 µl HA-hydrazone or
HA-thiol Michael gels components are combined as explained above and
shifted to a custom-made cylindrical mould for gelation for 24 hours at 4 ºC.
Thereafter, rheological properties of the hydrogel were measured by execution
of oscillatory occurrence sweeps with a frequency ranging from 0.1 to10 Hz
at a constant strain of 1% and a normal force (0.03 mN). HA-PVA hydrogels
were prepared as explained above. Rheological characterization of HAPVA hydrogels (Paper III) was measured as described here: Prior to
mixing of the two composite materials of HA and PVA, siRNA and
RNAiMAX were given to the HA solution and pipetted for 6-7 times at
room temperature, and immediately transferred to the cylindrical mold
which was then properly covered with parafilm and incubated for 24
hours at room temperature for complete gelation. Thereafter, storage
modulus (G′) was measured as explained above.

2.5 Evaluation of integrity and bioactivity of BMP-2 invitro
2.5.1 Assessment of BMP-2 induced Smad 1/5/8
phosphorylation
Twenty-four hours before the test, 40,000 C2C12 cells were plated into each
well of 24 well plates in DMEM medium containing 10% FBS, 1% antibiotics.
In parallel, pre-treatment of 500 ng of BMP-2 was done with either 25 µg of
HA-thiol or HA-ald derivatives incubated at room temperature overnight. On
the experiment day, 100 ng of BMP-2 (positive control), 100 ng of pre-treated
BMP-2 either with HA-CHO or HA-SH were employed to stimulate C2C12
cells for 15 min. Non-treated cells were employed as the negative control. After 15 min treatment with respective BMP-2 protein, cells were lysed to extract
protein and performed western blotting to assess any changes in patterns of
Smad 1/5/8 between different groups tested.
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2.5.2 Assessment of ALP activity
In order to assess any change of BMP-2 functionality as an effect of its incubation with HA, HA-thiol, and HA-ald, ALP activity was evaluated as follows: One day prior to the experiment, 3000 W20-17 cells were seeded per
one well of a 96-well cell culture plate. In parallel, 5 µg or 10 µg HA, HA-SH
or HA-aldehyde derivatives were mixed with 500 ng of BMP-2 each followed
by incubation at room temperature for one day prior to use. On the experiment
day, the medium was replaced with DMEM comprising 5% FBS, 100 ng/ml
of BMP-2 that was pre-treated with HA or HA-derivatives. In this study, we
have used two different final concentrations of HA derivatives as 25 µg/mL,
and 50 µg/mL. However, the final concentration of BMP-2 was kept constant
as 100 ng/mL. After 3 days of incubation, the medium was replaced with 70
µl of sterile PBS. Thereafter, freezing (30 min -80 °C) and thawing cycle (30
min at 37 °C) was done for two times and collected the cell lysate. Later, we
have transferred 50 µl of the collected lysates the 96 well plates which were
later added 100 µl ALP substrate (Alkaline Phosphatase Yellow (pNPP) Liquid, and mixed properly by gentle shaking and incubated at 37 °C for 20 min.
Thereafter, 50 µl 1.0 M NaOH was added to each well to stop the reaction,
followed by absorbance reading at 405 nm using Vmax Kinetic Microplate
Reader from Molecular Devices, Downingtown, PA, USA. In order to measure the LDH activity, 50 µL LDH substrate fromCytoTox 96®Non+radio cytotoxicity, Promega was mixed with 20 µL cell lysates, followed by incubation
at 37 °C for 20 min. After, incubation, absorbance was measured at 490 nm to
determine the LDH level. The resulting LDH values were employed to normalize the ALP readings from different groups tested.

2.5.3 Assessment of BMP-2 release from HA hydrogels
To examine BMP-2 activity in two hydrogel types of different cross-linking
chemistry (HA-hydrazone hydrogels and HA-thiol-Michael hydrogels; Paper
I), while preparing hydrogels as explained above, 20 µg BMP-2 was loaded
onto each hydrogel of 200 µL volume. Thereafter, hydrogels were carefully
transferred to Corning® HTS Transwell®-24 well permeable supports HTS
Transwell-24 units w/ 0.4 µm pore polycarbonate membranes that were later
ducked in 800 µL sterile PBS. Thereafter, at day 1, 3, 5, 7, 14 post-experiment, 20 µL of the medium was collected. During these experiments, 20 µg
BMP-2 suspended in 1 mL of sterile PBS (pH 7.4) has served as a positive
control. At each time point, 20 µL of this positive control (20 µg BMP-2/ 1
mL PBS) has been considered as 100% active BMP-2. Thereafter, collected
samples were tested on W20-17 cells for their ability to induce ALP expression as a result of BMP-2 activity. LDH cell viability assessment was employed to normalize the ALP data from different groups tested. W20-17 cells
were maintained in DMEM containing 5% heat-inactivated FBS and 1% of
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antibiotics. One day prior to the experiment, 3000 W20-17 cells were plated
per well of 96-well cell culture plate. These On the experiment day, the medium was replaced with the cell culture medium containing 0.5 µL of the harvested samples in 100 µL (corresponding to 100 ng/mL BMP-2 if 100% is
released). As planned, cells exposed to 100 ng/mL BMP-2 have served as a
positive control. Consequently, cell lysates were obtained at three days post
incubation. ALP activity and LDH level were assessed as described above.

2.6 BMP-2 bioactivity in-vivo
2.6.1 Animals models and surgical procedure
Male adult Sprague Dawley rats (n = 6) were obtained from Taconic M&B,
Lille Skensved, Demark and Scanbur AB, Sollentuna, Sweden); acclimatized
to environmental conditions (45% ± 10% humidity, 21-22 °C) for a week before proceeding to surgery at Uppsala University Hospital, Uppsala, Sweden.
Before sacrifice, rats were offered ad libitum access to food and water. Guidelines of Helsinki and Uppsala committees for animal research ethics were
strictly followed while performing any animal experiments. Moreover, we
have strictly adhered to specifications of the accepted institutional ethical protocol (C114/09). In order to anesthetize rats Isoflurane was employed via an
induction chamber. Before performing in-vivo experiments, hydrogels were
incubated at room temperature for 3 hours for curing purpose. Thereafter, each
rat was administered 4 µg of BMP-2 in 200 µl HA-hydrazone hydrogel (n =
6) and HA-thiol Michael hydrogels (n = 6) subcutaneously through injections.
In order to mitigate pain, all animals were subcutaneously administered buprenorphine (Temgesic, Schering-Plough, 0.05 mg/kg) immediately after the
intervention.

2.6.2 Micro-CT examination of neo-bone
Both dynamic scanning of live animals (at weeks 1, 2, 4, 6, 8), and ex vivo
scanning of harvested bone samples was performed to examine the ectopic
bone formation stimulated by BMP-2 loaded onto two different cross-linked
hydrogels, hydrazone hydrogel, and HA-thiol Michael hydrogels. To scan live
animals, an X-ray source of 90 kV/150 µA and resolution of 36 µm was used
while 45 kV/552 µA with a resolution of 18 µm was employed for ex vivo
scanning with the assistance of SkyScan 1176 (Bruker, Kontich, Belgium).
Reconstruction of the ectopic bone of different cross-sections was done by
using NRecon (Bruker, Kontich, Belgium) with the tuning of misalignments,
correction of artifacts, as well as hardening of the beam. CTAn software
(Bruker, Kontich, Belgium) with a global threshold setting was employed to
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measure the bone tissue volume of the neo bone. Moreover, 3D-DOCTOR
4.0, Able Software was used to 3D-reconstruction of samples.

2.6.3 Histological examination of neo-bone tissue
Formalin has been employed to fix bone samples, followed by decalcification
by dipping into an electrophoresis system (Tissue-Tek Miles scientific, Histolab, Göteborg, Sweden) comprising a decalcifying solution known as Osteosoft® from Merck, Darmstadt, Germany for 24 hours at room temperature.
Thereafter, bone samples were sliced into 5 µm sections after embedding in
paraffin. Later, deparaffinization and hydration of bone slides were performed
in order to stain the representatives using hematoxylin/eosin (H&E, Merck),
Masson's trichrome (Merck) and picro-sirius red (Fluka). To dehydrate samples, these sections were immersed in gradient ethanol and xylene solutions.
In the end, mounting of sections was done with permanent medium followed
by covering with slides. Thereafter, scanning of sections was performed by an
automated image scanner (Aperio scanscope AT) aided with Aperio ImageScope Software based analysis. Polarised light microscopy has been employed for collagen observations.

2.7 Assessment of siRNA release from HA-PVA
hydrogel
To evaluate the siRNA release from hydrogel (Paper IV), HA-PVA hydrogels were prepared as explained above. In order to prepare 200 µL
hydrogel, siRNA was incubated with either HA or PVA derivative for
10 minutes at room temperature prior to mixing for gelation in a 24 well
cell culture plate, and allowed to incubate for 1 hour at 37 oC for complete gelations. Thereafter, each gel was given 500 µL of cell culture
grade PBS (pH 7.4). At different time points, an aliquot of 3 µL was
collected. Finally, the assessment of RNA release was done with the help
of UV absorbance (260 nM).

2.8 Cell viability/cytotoxicity studies
In order to evaluate cytotoxicity in 3D, distinctive HA hydrogel groups
(100,000 cells in 100 µL gel) were prepared in triplicates as described above
in black 96-well plates with a transparent bottom. At 3-days and 5-days posttransfection (Paper II, and Paper IV) and consequent encapsulation of hMSCs
in HA hydrogels, PrestoBlue® assay kit and protocol from Invitrogen™ (Cat#
A13261) has been employed to assess the cell viability. Concisely, the
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medium was replaced with 100 µl of 10% Prestoblue® prepared in the hMSC
cell culture medium per each well of the 96-well plate and incubated for 1 h
at 37 °C and 5% CO2. After incubation, fluorescence was calculated using
fluorescence spectrophotometer (emission spectrum at 590 nm; excitation
spectrum at 560 nm). The background was subtracted from all the obtained
values. Thereafter, average values were charted from three autonomous trials
from background corrected values. All tests were performed in triplicates and
repeated for three times. Thereafter, one-way ANOVA with Bonferroni’s multiple comparison corrections (*p < 0.0001) has been employed to do statistical
evaluation. To evaluate the effect of HA-mediated delivery of anti-STAT3
siRNA (Paper III), silencing of the target gene and its further apoptotic
consequences, and to assess different transfection reagents effect on general
cell viability, cytotoxicity, and apoptosis in MG-63 cells (2D), we have
performed ApoTox-Glo™ triplex assay using the manufacturers protocol
(Promega, Product No. G6320). Concisely, 10,000 MG-63 cells were seeded
per well of 96-well cell culture plate 24- hours prior to siRNA transfection.
Subsequently, transfection STAT3 siRNA and/or Scrambled siRNA (200 nM
final concentration) was done with either HA and RNAiMAX transfection
reagents in triplicates. Thereafter, 20 µL of viability/cytotoxicity reagent
containing GF-AFC substrate and the bis-AAF-R110 substrate was added to
the culture plate at 3-days post-transfection followed by gentle mixing was
performed with the help of orbital shaker at 500 rpm for 30 seconds. Later we
have used two different excitation (Ex) and emission (Em) wavelengths:
400Ex/505Em for cell viability, 485Ex/520Em for cytotoxicity to record the
fluorescence intensities employing infinite M 200 plate reader from TECAN.
Finally, luminescence measurement was performed after dispensing 100 µL
of Caspase-Glo® 3/7 reagent all wells, followed by gentle mixing with orbital
shakier at 500 rpm for 30 seconds and incubation at room temperature for 40
minutes. The Background was subtracted from triplex assay data before
calculation of averages and standard deviations of replicates. Ultimately,
absolute fluorescence values were obtained in order to assess the cell viability,
and cytotoxicity, whereas, luminescence values were obtained to assess the
apoptosis. Values from all samples verified comprising untreated control cells
(UTC) were employed to plot the graph. one-way ANOVA with Bonferroni’s
multiple comparison corrections (*p < 0.0001) has been employed to do the
statistical evaluation. These experiments were performed in triplicates
repeated thrice with similar results.

45

2.9 Transfection of plasmid DNA or siRNA in adherent,
suspension, and suspension followed by centrifugation
conditions in 2D
For adherent transfection condition, 35000 hMSCs per well were plated in a
24-well cell culture plate at least 24 hours prior to the transfection experiment.
For the transfection of 100 ng of plasmid DNA (EF1alpha-BMP2 102) per well,
LipofectamineTM 2000 Transfection Reagent kit and protocol from Thermofisher was used. On the other hand, for siRNA transfections (200 nM per
well), LiofectamineTM RNAiMAX kit and protocol from Thermofisher was
followed. After plasmid DNA or siRNA transfection incubation was carried
out at 37 °C with 5 % CO2 for 48 hours or 72 hours as per the experimental
necessity. For suspension transfection condition, LipofectamineTM 2000 and
pDNA complex in opti-MEM medium were added to the Eppendorf tube containing 35,000 hMSCs in cell culture medium with heat-inactivated FBS.
Thereafter, incubation was carried out for 10 minutes. Thereafter, the medium
comprising hMSCs and lipoplexes in suspension was transferred to the respective wells. For suspension transfection followed by centrifugation conditions,
lipofectamineTM 2000 and pDNA complex in opti-MEM medium was added
to the tube containing 35,000 hMSCs in cell culture medium with heat-inactivated 10% FBS and collected cells after brief centrifugation for 5 minutes at
1600 rpm and the supernatant was aspirated. Thereafter, cells were resuspended in cell culture medium and transferred to the respective wells. All experiments were done in triplicates and repeated twice. Statistical analysis was
done using one-way ANOVA with Bonferroni’s multiple comparison corrections (*p < 0.0001). To find out shortest possible time for LipofectamineTM
2000 based transfection in 2D, we have tried two incubation times, 5 minutes,
and 10 minutes in three different transfection settings: adherent, suspension,
and suspension followed by centrifugation as elucidated above. After two days
of transfection of luciferase-expressing pGL-3 plasmid (#Cat E1751; from
Promega), luciferase expression was measured using ONE-Glo™ Luciferase
Assay System and protocol in tested wells in quadruplicates. The resulting
values were compared with non-treated (NT) control. All experiments were
done in triplicates and repeated twice. Statistical analysis was done using oneway ANOVA with Bonferroni’s multiple comparison corrections
(*p < 0.0001). For transfection of siRNA in suspension, and suspension followed by centrifugation we have adopted the similar protocol that was employed for plasmid DNA transfection in hMSCs. However, for siRNA transfections, we have employed LipofectamineTM RNAiMAX kit and protocol instead of LipofectamineTM 2000. Post-transfection incubations were carried out
at 37 °C with 5 % CO2 for 48 hours or 72 hours depending on the experimental
need.
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To deliver siRNA via HA (Paper III), stock solution was prepared by
dissolving HA (200 kDa) in cell culture grade sterile PBS at a concentration of 4 mg/mL. Then, 3.2 µL of the HA stock solution was given with
200 nM siRNA (≈ 1 µL) in a sterile and nuclease-free eppendrof tube. After
gentle vortexing, incubation was carried out at room temperature for ≈ 10
minutes. After, incubation the HA and siRNA complex was quickly dissolved
in cell culture media and transferred to the respective wells with cells that are
adherent. All experiments were done in triplicates and repeated twice.

2.10 Transfection of plasmid DNA or siRNA in direct
addition, suspension, and suspension followed by
centrifugation conditions in 3D
HA hydrogels were prepared as described above. Direct addition of plasmid
DNA or siRNA molecules has been performed as described here. First, 500
ng BMP2-pDNA was directly added to 120 µL HA-CHO solution (16 mg/mL)
made in PBS. Thereafter HA-CHO+BMP2-pDNA and PVA-hydrazide solution 80 µL comprising cells (200,000) were mixed together to prepare hydrogel in a 24-well culture plate. Subsequently, it was incubated for 1 hour at 37
°C and 5% CO2 for gelation. Each gel placed in 24-well plate was given, 500
µL of the complete DMEM medium and continued incubations at 37 °C for
48 or 72 hours depending on the experimental need. On the other hand, 200
nM Pleckho1 siRNA was directly added to 120 µL HA-CHO solution (16
mg/mL) and consequently prepared hydrogels as explained above. Transfection in suspension was carried out by adding 500 ng of BMP2-pDNA, 1.5 µL
of LipofectamineTM 2000 to 120 µL HA-aldehyde solution (16 mg/mL).
Thereafter, 80 µL of 3 mg/mL PVA-hydrazide prepared in cell culture medium with 200,000 cells was added to the HA-CHO containing lipofectamine
and plasmid DNA in 24-well cell culture plate. Transfections were done in
suspension followed by centrifugation condition, hMSCs were pre-transfected
as described above and immediately centrifuged at 1600 rpm for 5 minutes,
discarded supernatant to disregard any extra LipofectamineTM 2000 reagent
and gathered cells. These collected cells were subsequently encapsulated into
HA-PVA hydrogels. For transfection of siRNA in suspension, and suspension
followed by centrifugation we have adopted the similar protocol that was employed for plasmid DNA transfection in hMSCs. However, for siRNA transfections, we have employed LipofectamineTM RNAiMAX kit and protocol
instead of LipofectamineTM 2000. Consequent encapsulation into HA hydrogels was done as described above. All experiments were done in triplicates
and repeated twice. Statistical analysis was done using one-way ANOVA with
Bonferroni’s multiple comparison corrections (*p < 0.0001).
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2.11 RNA Isolation and qRT-PCR
The miRCURYTM RNA extraction Kit (#300110) and protocol from EXIQON were employed for RNA isolation. In order to isolate RNA from HA
hydrogels (200 µL each), after aspirating the medium, ice-cold PBS was employed to wash gels twice and collected into 2 mL sterile and low protein
binding Eppendorf tubes. Subsequently, each Eppendorf tube with gel was
given 350 µL of the RNA lysis solution, and 200 µL 96-100% ethanol at 4 °C.
Later, tissue lyser was employed for gel crushing and consequent centrifugation was at 14000 rpm for 10 minutes at 4 °C. After collecting the supernatant
to an RNA extraction column, washing thrice with the help of washing solution, 30 µL of the RNA elution buffer was employed to collect the RNA.
Thereafter, High Capacity RNA to cDNA kit and protocol from Applied Biosystems was employed to prepare cDNA. Thereafter, qRT-PCR was performed with 500 ng cDNA through TaqMan® Fast Universal PCR Master
Mix (2X), no AmpErase® UNG (Applied Biosystems) on MyiQTM Single
color Real-Time PCR detection system (Bio-Rad). BMP-2 primers
(Hs00154192_m1), TBP primers (Hs00427620_m1), RUNX2 primers
(Hs01047973_m1), SOX9 primers (Hs00165814_m1), ALPL primers
(Hs01029144_m1), OPN primers (Hs00959010_m1), OCN primers
(Hs01587814_g1), COL1A1 primers (Hs00164004_m1), COL2A1 primers
(Hs00264051_m1), GAPDH primers (Hs02786624_g1), STAT-3 primers
(Hs00374280_m1), ACTB primers (Hs01060665_g1), CD142 primers
(Hs01076029_m1), Pleckho1 primers (Hs01062780_m1), were obtained from
Applied Biosystems (Cat # 4331182). Data from samples with a Ct (Cycle
threshold) value less than or equals to 35 were considered for further analysis.
Relative quantification analysis was executed employing a comparative
CT technique according to manufacturer's guidelines (Applied Biosystems).
Gene expression values are stated as fold change relative to controls (Paper
II) as well as percentage knockdown (Paper III, Paper IV) (% KD = 100 *
(1-fold change)). Statistical analysis was performed using one-way ANOVA
with Bonferroni’s multiple comparison corrections (*p < 0.0001).

2.12 Western blotting
At 48 hours post-transfection of cells in 2D, the medium was aspirated and
ice-cold PBS was used to perform washing twice. Later, cells were collected
by scrapping and centrifugation at 1600 rpm for 5 minutes. Thereafter, 50 µL
of the RIPA lysis buffer (Cat #R0278) with 1% Protease Inhibitor cocktail
from Sigma (Cat #P8340) was added to each cell pellet and pipetted up and
down until it is completely dissolved. After brief vortex, incubation was done
on ice for 30 minutes followed by centrifugation at 14000 rpm at 4 °C for 10
minutes. After centrifugation, the supernatant was collected while the pellet is
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intact. In order to extract protein from HA hydrogels, after aspirating the medium, each gel (200 µL each) was washed twice with ice-cold PBS. Later gels
were collected into 2 mL sterile low protein binding Eppendorf tubes. Thereafter, each Eppendorf tube containing gel was treated with 100 µL of the RIPA
lysis buffer (Cat #R0278) containing 2% Protease Inhibitor cocktail from
Sigma (Cat #P8340) at 4°C and immediately frozen in liquid nitrogen. Consequently, gels were crushed by utilizing tissue lyser. Thereafter, centrifugation was done at 14000 rpm at 4 °C for 20 minutes and collected supernatant.
Bradford method was employed to measure protein concentrations. Thereafter, SDS-PAGE was employed to separate 20 µg of soluble protein and then
transferred to polyvinylidene difluoride (PVDF) membrane (Millipore). Primary antibodies raised in rabbit against BMP-2 (1:1000 dilution; Cat#
ab14933; Abcam), Col1A1 (1:1000 dilution; ab-34710; Abcam), Col2A1
(1:1000 dilution; ab-34712; Abcam), STAT-3 (1:1000 dilution; Cat#
HPA058603; SIGMA-ALDRICH®), CD142 (1:1000; Cat# 47769 Cell
Signaling Technology®), CKIP-1 or Pleckho1 (Cat# sc-376355; Santa
Cruz Biotechnology; 1:100 dilutions), and TBP (Cat# 44059 or Cat#
8515 ; Cell Signaling Technology; 1:1000 dilutions) were used to probe
the protein bands. Anti-rabbit HRP-conjugated secondary antibodies (1:20001:3000 dilutions; Cat# 170-6515, Bio-Rad) was used for the detection of primary antibodies. To detect phosphorylated Smad 1/5/8, we have employed
anti-pSmad1/5/8 (Cat# Sc-12353, Santa Cruz Biotechnology). Chicken antimouse Igg secondary antibody was purchased from R&D systems. Target protein visualization with EMD Millipore ImmobilonTM Western Chemiluminescent HRP Substrate (ECL) or Immun-Star HRP Substrate (Bio-Rad). Images
were acquired using ChemidocTM XRS + Systems from Bio-Rad. Relative
quantification of western blot images was done with the help of ImageJ software. Statistical analysis of the relative quantification of western blot images
was performed using one-way ANOVA with Bonferroni’s multiple comparison corrections (*p < 0.0001).

2.13 Thermal stability analyses of the siRNA duplex
Variation in absorbance at 260 nm with a rise in temperature using a UV spectrophotometer that was connected with Peltier controller has been employed
to do Melting temperature analysis. Briefly, an equimolar concentration of
complementary strands of siRNA duplexes was prepared in water. Thereafter,
heating was carried out at 95 °C for 2 min, followed by gradual cooling down
to room temperature over a period of ≈ 3 hours. Thereafter duplexes were
stored at 4 °C. In order to do thermal stability assessment, first siRNA and HA
complexes were equilibrated at 25 °C for 5 min followed by heating at 95 °C
with a gradual increment of temperature (1 °C/min). For these experiments,
following final concentrations of HA, siRNA, and buffer were used: 10 mM
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phosphate buffer, 1 µM siRNA, 1.5 mM HA and 0-138 mM NaCl. After, getting the values as the change in absorbance against an increase in temperature,
Tm was calculated with the assistance of Boltzmann fitting in Origin 2015 or
first-order derivative. All experiments were done in triplicates and Tm values
reported are an average of three autonomous experiments.

2.14 Gel retardation or mobility shift assay
Low electroendoosmosis agarose (Cat # 1168020250, Millipore) was used to
make Agarose gel (0.5 % or 1 %) by dissolving it in 100 mL of 1 X TBE
buffer. By mixing 20 µL of HA solution in PBS (16 mg/mL) and 1 µL of
siRNA (300 pmols) together, the HA and siRNA complex was prepared.
Thereafter, the HA and siRNA complex was incubated at room temperature
for 10 minutes. An equal amount of 2 X RNA loading buffer (Cat# R0641,
Thermo Fisher Scientific) was added and loaded to the siRNA-HA complex
before loading on to respective wells on the gel. The gel was run at 4 °C with
2 W power supply for ≈ 2 hours while 1 x TBE (89 mM of each Tris and boric
acid and 2 mM of EDTA, pH 8.3) has been served as a running buffer.
Thereafter, SYBR™ Gold Nucleic Acid Gel Stain (Cat # S11494, Thermo
Fisher Scientific) was used to stain gels and visualized under UV.

2.15 Particle size measurement by dynamic light
scattering (DLS)
Malvern laser granulometer (Zetasizer Nano ZS, Malvern, United Kingdom)
was employed to measure particle size distribution as follows: First, 3.2 µL of
200 kDa HA solution (4 mg/mL stock) was mixed with 1 µL of scrambled
siRNA from 100 µM stock followed by incubation at room temperature for 10
minutes. After incubation, 600 µL of PBS (pH 7.4) was added to the HAsiRNA complex. Thereafter, low volume quartz cuvette was used to measure
DLS at room temperature. DLS measurements were done thrice with comparable results.

2.16 HA concentration and size dependent in-vitro
transfection
Distinctive ratios of HA to siRNA were made by pipetting HA stock (4 mg/mL
in PBS) as 0.3 µL, 1.6 µL, 3.2 µL, 6.4 µL, 9.6 µL into different Eppendorf
tubes. Thereafter, each Eppondorf tube with varying concentration of HA was
given an equal concentration of siRNA (200 nM). HA and siRNA complex
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was moderately vortexed and incubated at room temperature for 10 minutes.
Thereafter, complete α-MEM consisting of 10 % of heat-inactivated FBS, and
1 % antibiotics wad pipetted to each tube in order to make a final volume of
500 µL. Thereafter, in 24-well cell culture plate, old medium was replaced
with medium containing HA-siRNA followed by incubation at 37 °C having
5 % CO2 in a humidified chamber for 24 hours. Thereafter RNA extraction
and qRT-PCR analyses were performed as explained above. HA size-dependent in-vitro transfection was performed as follows: HA of different size, 100
kDa, 200 kDa, 300 kDa were dissolved in PBS at a concentration of 4 mg/mL
to prepare the stock solution. The siRNA of 200 nM was diluted in 64 µM of
HA-PBS solution in a sterile low-DNA binding Eppendorf tube. Thereafter,
incubation, transfection, and qRT-PCR analyses were performed as explained
above. These experiments were done in triplicates repeated thrice with similar
results.

2.17 Confocal microscopy
To investigate the role of CD44 receptors in cellular uptake of HA-siRNA, we
have chosen MG-63 cells that robustly express CD44 receptors. We have employed three different conditions for cell transfection. In the first condition,
we have transfected cells with Cy3 labelled GAPDH siRNA complex as elucidated above. In the second condition before HA assisted transfection of Cy3
labelled GAPDH siRNA, MG-63 cells were exposed to 1mg/ml of 5 kDa HA
for two hours in order to block CD44 receptors. This was followed by incubation at 37 °C for 24 hours. In the third condition, Cy3 labelled GAPDH siRNA
transfection of MG-63 cells was performed with LipofectamineTM RNAiMAX
(positive control). At 24 hours post-transfection, cell culture medium was
aspirated, cells were washed thrice with cell culture grade PBS. Thereafter,
ﬁxation was done with the help of 4% paraformaldehyde for 10 min. After
fixation, cells were again washed thrice with PBS followed by 0.1% triton X
solution treatment for 10 minutes. Later, we have performed the washing step
again followed by supplementation of 1µg/ml of Hoechst in PBS to each well
and incubated for 10 more minutes. Cover slip was mounted on the slide using
the mounting medium (VectaShield) after washing and observed under a Zeiss
LSM700 confocal microscope. Consequently, confocal images were captured
at 63X. These experiments were done thrice with comparable results.
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2.18 CD44 receptor blocking and assessment of its
effect on siRNA uptake
To evaluate the role of CD44 receptors in HA assisted siRNA delivery, we
did CD44 blocking studies in MG-63 and MCF-7 cells. Twenty-four hours
before transfection, 35,000 of cells were plated per each well of the 24-well
cell culture plate. On the experimental day, with the assistance of 1 mg/ml of
5 kDa HA treatment for 2 hours, we have blocked CD44 receptors. After 2
hours of incubation, cells were washed twice with 200 µl of PBS. After blocking CD44 receptors, we have used our standard HA assisted transfection protocol to deliver anti-GAPDH siRNA. Thereafter cells were incubated at 37 °C
for 24 hours. Subsequently, RNA extraction, cDNA preparation, qRT-PCR
and data investigation was done as described above. All experiments were
done in triplicates repeated thrice with similar results.

2.19 Computational analysis of HA and siRNA
interaction
2.19.1 Molecular structure & parameterization
A simple model system comprising the siRNA sequence and a small six units
of carbohydrate chain were employed to perform HA, and siRNA interactions
with insights from the previous work103. First, we have obtained the RNA
structure as “A form” via implementation of nab module in AmberTools. On
the other hand, construction of HA chain was done with the structure (2BVK)
obtained from the PDB database. Thereafter we have obtained information
regarding RNA’s atomic charges, parameters of the force field (from ff14SB),
OL3, and OL15 modifications104-108. On the other hand, we have used
GLYCAM force field to get the parameters of HA109. In this model, we have
employed explicit TIP3P water molecules110 with optimized ion factors for the
selected water model111-112.

2.19.2 Molecular docking studies
AutoDock 4.0 software was employed to get initial guess structures of HAsiRNA complexes via molecular docking approach113. Equilibration of HA
and RNA structures was done by employing 40 ns molecular dynamic simulations along with ions and explicit water molecules. Both major and minor
grooves and overhangs have been chosen as potential binding locations. However, we have omitted the flexibility of ligand and receptor and were not considered for docking approach. Finally, twelve binding poses have been chosen,
when were solvated in explicit water molecules for the docking study. In order
to maintain electroneutrality, we have added an appropriate amount of Na+
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ions to this complex. These structures have served as input during molecular
dynamic simulations that were aimed to get insights into interaction mechanisms (vide infra).

2.19.3 Computational procedure
We have employed GROMACS 5.0.2114 to perform Molecular dynamics
(MD). Briefly, to eliminate unfavorable or bad solvent/solute, solvent/solvent
interaction as an effect of the haphazard distribution of ions and water molecules, we have made attempts to do energy minimization. For this, we have
employed 20 ps in NVT ensemble to increase the temperature to 310 K while
the system density was equilibrated at 310 K and 1 atm via 1 ns NPT ensemble. We have used a velocity rescale algorithm115 as well as Parrinello – Rahman barostat116 to maintain desired levels of temperature and pressure, followed by molecular dynamics simulations at 310 K and 1 atm in NPT ensemble. During this process, we have adopted periodic boundary conditions. To
calculate long-range electrostatic interactions, we have employed Ewald
method117 with a cutoff score of 1.2 nm, which was also used to compute Van
der Waals interactions. To confine covalent interactions that concern hydrogen atoms, we have used LINCS algorithm which has let further promulgation
of the dynamics via 2 fs time step via Leap-Frog integrator. Root main square
displacement (RMSD) was used to verify the attainment of equilibrated structures for complexes. In order to compute the interaction energies of the complexes ΔEint, we have employed Molecular Mechanics Poisson Boltzmann
Surface Area (MMPBSA) method118 as described here with a sum of two contributions:
∆𝑬𝒊𝒏𝒕 = ∆𝑬𝒈𝒂𝒔 + ∆𝑮𝒔𝒐𝒍𝒗

(eq.1)

where ΔEgas = gas phase energy calculated with the force field and ΔGsolv =
solvation free energy;
ΔEgas takes the internal energy ΔEinternal (which accounts for the contributions
of bonds, angles, and torsions), electrostatic interactions ΔEele and Van der
Waals interactions ΔEVdW into account:
∆𝑬𝒈𝒂𝒔 = ∆𝑬𝒊𝒏𝒕𝒆𝒓𝒏𝒂𝒍 + ∆𝑬𝒆𝒍𝒆 + ∆𝑬𝑽𝒅𝑾

(eq.2)

Solvation free energy was calculated by summing up two terms, polar contribution ΔGpolar (obtained through the numerical solution of Poisson – Boltzmann equation) and non-polar contribution ΔGnp that depends on the Solvent
Accessible Surface Area (SASA) and gained as follows:
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∆𝑮𝒔𝒐𝒍𝒗 = ∆𝑮𝒑𝒐𝒍𝒂𝒓 + ∆𝑮𝒏𝒑
∆𝑮𝒏𝒑 = 𝒂 ∙ 𝑺𝑨𝑺𝑨 + 𝒃

(eq.3)
(eq.4)

where a = 0.00542 kcal mol-1 Å-2 and b = 0.92 kcal mol-1.
We have assumed the ionic strength value as 0.137 M and a dielectric constant
of the solute as 4 and adopted mbondi2 radii set while keeping remaining parameters equal to the default value to numerically solve Poisson – Boltzmann
equation. MMPBSA.py.MPI program from AmberTools was employed to do
calculations of interaction energies. Computation of Interaction energies was
done by employing the last 40 ns of each trajectory, as from a structural and
energetic point of view which is considered as an equilibrated system. As Amber – based force fields have no particular term for hydrogen bonds, we have
computed their contribution through multiplying the number of hydrogen
bonds (via hbond command included in cpptraj module of AmberTools) as
described earlier119-120.
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3. Results & Discussion

3.1. Study of integrity and bioactivity of bone
morphogenetic protein-2 (BMP-2) in-vitro
In order to evaluate role of cross-linking chemistries on the general integrity
and bioactivity of BMP-2 protein in Paper I, we have chosen W20-17, C2C12
cells. The reason for choosing these cells is that they exhibit properties of
mesenchymal progenitor cells, and are previously employed to determine
BMP-2 mediated osteogenesis differentiation 121-122. Both thiol and aldehyde
derivatives of HA were tested for their influence of BMP-2 protein in-vitro
through SMAD 1/5/8 phosphorylation which is a direct indication of BMP-2
protein mediated serine/threonine kinase activities orchestrated through BMP
receptors, BMPR-I, and BMPR-II.
Western blot evaluation of C2C12 cell lysates obtained after treating with
rhBMP-2 protein that was either incubated with thiol or aldehyde derivatives
of HA has revealed marked distinction in phosphorylation patterns of SMADs
between tested groups. Decrease in SMAD 1/5/8 has been observed when
rhBMP-2 was incubated with HA-thiol, whereas incubation of rhBMP-2 with
HA-aldehyde has not shown such differences in phosphorylation when compared to the untreated rhBMP-2 control (Figure 1A). This marked difference
in phosphorylation is attributed to the ability of the HA-thiol derivative in
cleaving the dimeric structure of BMP-2 thereby compromising its bioactivity
and downstream BMP signaling cascades123. In its natural form, the dimeric
BMP-2 protein through mitogen-activated protein kinase (MAPK) pathway,
induces overexpression of alkaline phosphatase (ALP) which positively regulates osteogenic differentiation and bone formation. Dose-dependent bioactivity of rhBMP-2 can be obtained by measuring ALP activity in W20-17 cells
in-vitro as they represent the endogenous stromal cells 124. Hence, we did
ALP assay after treating W20-17 cells with the rhBMP-2 protein that was in
turn incubated with either HA-aldehyde or HA-thiol derivatives. Lactate dehydrogenase (LDH) assay was performed to assess the cell viability which
was later employed to normalize the ALP levels. These tests have demonstrated that the incubation of rhBMP-2 with HA-thiol results in ≈ 35-40% drop
in ALP action. On the other hand, incubation of rhBMP-2 with HA-aldehyde
has shown a marginal albeit insignificant decrease in ALP action when compared to the unmodified HA (Figure 1B). Together, these experiments suggest
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that HA-thiol derivatives interact with rhBMP-2 and thereby compromising
its functionality in-vitro 2D cell culture. Thereafter, we have assessed the disparity in functionality of rhBMP-2 caused by two distinct cross-linking chemistries by measuring the ALP activity as a direct indication of release of bioactive BMP-2 from HA-hydrazone as well as HA-thiol Michael hydrogels. As
discussed above ALP levels were normalized with the help of LDH assay that
measures the cell viability between tested groups. On the other hand, equal
concentration of rhBMP-2 in PBS solution at physiological pH has served as
a control group which is reflected to exhibit 100% functionality at a specified
time 121. Thus, BMP-2 release reflects the actual in-vivo scenario under general physiological circumstances. As a result, two distinct BMP-2 release profiles have been observed two hydrogel types tested which are in consistency
with the finding from the 2D cell culture experiments presented above. In
brief, an apparent difference in ALP activity has been observed between two
different gels tested throughout different time points on day 1, 3, 5, 7, and 14
(Figure 1C). Similar to 2D results, thiol-Michael hydrogel has shown significant decrease in release of the bioactive BMP-2 protein in contrary to the hydrazine cross linked hydrogel which demonstrated significantly higher levels
of bioactive BMP-2 protein release. Storage modulus of hydrogels is the key
property of hydrogels that dictates the retention of the encapsulated proteins
such as BMP-2. Since the storage modulus of HA-hydrazone hydrogel (G’ ≈
700 Pa) is slightly superior to that of HA-thiol-Michael hydrogel (GlycosilTM;
G’ ≈ 500 Pa)125, in theory, the former should exhibit inferior BMP-2 release
than the latter. Surprisingly, our results have indicated exactly opposite BMP2 release profiles where HA-hydrazone hydrogels have shown significantly
increase in BMP-2 protein than HA-thiol-Michael hydrogels (Figure 1C).
Hence, these results show the importance of functional groups on the integrity
and bioactivity of proteins.
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Figure 1. Effect of HA and HA derivatives on the functionality of BMP-2. A) Western
blot figure showing the of the effect of HA derivatives (HA-ald; HA-thiol) on BMP2 protein induced phosphorylation of SMAD 1/5/8 in C2C12 cells. B) Variance in the
activity of ALP in W-20-17 cells treated with BMP-2 which in turn incubated with
either of the HA derivatives (HA-thiol, HA-ald) or native HA. C) Figure depicting the
ALP activity exerted by W201-17 cells as an effect of released BMP-2 from HAHydrazone and HA-thiol Michael hydrogels for 14 days in-vitro. All experiments
were done in triplicates and repeated thrice, and the data presented is obtained from
the average values of three independent experiments. LDH activity which indicates
the number of viable cells has been employed to normalize the ALP data between
different groups tested. Statistical significance was measured using the Students t-test
between pairs of groups (** = P < 0.01; * = P < 0.05).
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Figure 2. Micro CT (µCT) and histological assessment of ectopic bone stimulated by
subcutaneous administration of 200 µL of rhBMP-2 encapsulated into HA-hydrazone
hydrogels and HA-thiol Michael hydrogels after eight weeks. A) Live animal Dynamic µCT showing bone formation after weeks six and eight. B) Quantitative measurement of volume of ectopic bone explants using µCT eight weeks post implantation.
C) Illustrative image displaying the µCT analysis of de novo bone formed by rhBMP2 laden HA-hydrazone hydrogels. D) An Illustrative image displaying the µCT analysis of de novo bone formed by rhBMP-2 laden HA-thiol Michael hydrogels. E) Hematoxylin/eosin (H&E) staining assisted histological assessment of bone tissue acquired with rhBMP-2 laden HA-hydrazone hydrogels. F) Hematoxylin/eosin (H&E)
staining assisted histological assessment of bone tissue acquired with rhBMP-2 laden
HA-thiol Michael hydrogels. G) Masson’s trichrome staining assisted histological
assessment of bone tissue acquired with rhBMP-2 laden HA-hydrazone hydrogels. H)
Masson’s trichrome staining assisted histological assessment of bone tissue acquired
with rhBMP-2 laden HA-thiol Michael hydrogels. I) Picrosirius red staining assisted
collagen thickness assessment of cross-sections of bone tissue as detected with the
polarised light microscope with rhBMP-2 loaded HA-hydrazone hydrogels. J)
Picrosirius red staining assisted collagen thickness assessment of cross-sections of
bone tissue as detected with the polarised light microscope with rhBMP-2 loaded HAthiol-Michael hydrogels. The abbreviations ‘b’ denotes bone; ‘c’ denotes connective
tissue, and ‘g’ denotes remnant hydrogels. Statistical significance and differences between pairs of groups were measured using the Students t-test (* = P < 0.05).

3.2 Study of bioactivity of bone morphogenetic protein2 (BMP-2) in-vivo
With the inspiration from in-vitro data, we have further evaluated the influence of hydrogel cross-linking chemistries on the functionality of rhBMP-2
protein in a rat subcutaneous in-vivo model (Paper I). We have previously
shown that lower concentrations of BMP-2, such as 20 µg/ml are good enough
to induce significant bone formation126. For this in-vivo study, we have employed same hydrogel systems (HA-hydrazone, and HA-thiol Michael hydrogels) with equal concentrations (20 µg/ml) of rhBMP-2 protein as used for invitro release studies. Consequent dynamic µCT analysis of hydrogels in live
animals for about 8 weeks post-implantation. This study has revealed that hydrazone cross linked hydrogels of 200 µL containing 4 µg rhBMP-2 have
demonstrated an enhanced bone volume (BV = 38.09 ± 12.15 mm3) eight
weeks post implantation while exhibiting measurable bone formation six
weeks post-implantation (Figure 2A, 2C). In consistency with our in-vitro
analysis, HA-thiol-Michael hydrogels have shown poor bone formation (BV
= 4.12 ± 1.98 mm3) at 8 weeks post implantation while displaying no mineralization at 6 weeks post-implantation (Figure 2A, 2D). In order to get more
insights into the bone formation disparities exhibited by the tested hydrogel
groups varying in cross-linking chemistries, we have extracted neo bone after
sacrificing animals, and executed ex-vivo micro-CT examination which further confirmed the superiority of HA-hydrazone hydrogels in inducing
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significantly greater bone formation (BV = 18.09 ± 4.25 mm3; Figure 2B, 2C)
when compared to the HA-thiol-Michael hydrogel which presented poor bone
formation (BV = 1.25 ± 0.52 mm3; Figure 2B, 2D). To deepen our understanding, we have performed histological evaluation of harvested neo bone
tissue from different hydrogel groups. Hematoxylin & Eosin (H&E) staining
assisted histological study has revealed that HA-hydrazone hydrogel group
has shown mature bone formation alongside abundant osteoblasts and connective tissue (Figure 2E). However, HA-thiol-Michael hydrogel has displayed
poor bone formation and sparse abundance of osteoblasts (Figure 2F). As expected Masson’s trichome staining has demonstrated superior mineralization
of bone tissue (red) for HA-hydrazone hydrogel group (Figure 2G), whereas,
HA-thiol-Michael hydrogel group exhibited poor mineralization (Figure 2H).
Moreover, remnants of the hydrogel were very apparent in case of HA-hydrazone group (Figure 2E, 2G) than HA-thiol-Michael group (Figure 2F, 2H).
Picrosirus red staining of tissue samples and polarized light microscopy has
revealed the distribution of thick collagen fibres displayed in bright yellow
colour in HA-hydrazone hydrogels (Figure 2I). On the other hand, HA-thiolMichael hydrogels displayed green colored thinner collagen fibers (Figure
2J).
Together, these results demonstrate that hydrogels with thiol-based crosslinking chemistry compromise the functionality of the loaded protein. Our results also indicate that, hydrogels of varying cross-linking chemistries display
varying protein release properties, and fluctuating endogenous cellular recruitment thereby having a profound impact on the final healing aftermath as displayed by dextran-centered biomaterials127. Finally, these studies imply that
HA-hydrazone hydrogels with a minimal dose of BMP-2 can efficiently induce mature bone formation than HA-thiol-Michael hydrogels.

3.3 Evaluation of an ex-vivo gene therapy strategy for
bone tissue engineering
As mentioned earlier, local delivery of biologics such as proteins, genes, and
cells employing 3D scaffolds are needed for regenerative medical approaches.
In this regard, we have presented injectable HA-based hydrogels that can deliver rh-BMP-2 which demonstrated successful bone formation in-vivo126.
However, rh-BMP-2 protein is known to aggregate at the physiological pH
that hinders its clinical application. Moreover, heterotopic ossification of surrounding tissues other than the fracture area, short-half life, faster degradation
of growth factors are few of the many setbacks that impede the clinical translation. Usage of genes instead of proteins serves as a better alternative for
clinical application including bone tissue repair. Employing genes locally at
the fracture site is thought to serve as a reservoir for protein production which
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minimizes systemic toxicity. However, gene therapy involves complex, and
expensive good manufacturing practices involving the maintenance of cell
cultures in-vitro. Moreover, prolonged time for transfection and toxicity exerted by currently available lipofectamine transfection reagents hamper ex
vivo gene therapy. To address these issues, in Paper II we have aimed at developing a novel ex-vivo gene therapy method that involves rapid 3D transfection of hMSCs with plasmid DNA expressing BMP-2. Such innovative
gene activated 3D matrices (GAMs) are immensely suitable for clinical application as they enable the production of desired proteins in situ.

Figure 3. ONE-Glo™ Luciferase Assay revealing expression of Luciferase plasmid
in hMSCs. Cells Lipofectamine 2000 reagent has been employed to transfect the plasmid to hMSCs in 2D for 48 hours. Relative luciferase units were obtained from mean
values ± SD of 2 unbiased tests done in triplicates (n = 6) are shown. One-way
ANOVA with Bonferroni’s multiple comparison corrections was used to perform statistical analysis (*p < 0.0001). The abbreviations NT denotes = non-treated cells; adLipo denotes = LipofectamineTM 2000 assisted transfection with adherent cells; s-Lipo
denotes = LipofectamineTM 2000 assisted transfection of cells in suspension; sc-Lipo
denotes = LipofectamineTM 2000 assisted transfection of cells in suspension followed
by centrifugation
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3.4 Optimization of rapid plasmid DNA transfection in
2D suspension cell culture
Before proceeding to 3D experiments, we have first executed transfection of
plasmid DNA reporter expressing luciferase in adherent as well as suspension
MSCs in 2D with the assistance of LipofectamineTM 2000 transfection reagent.
For suspension experiments, in order to discover the best and quickest possible time to transfect, first hMSCs were obtained by trypsinization and incubated with lipoplexes made of transfection reagent and the plasmid DNA for
5 minutes, and 10 minutes. After respective incubation periods, extra lipoplexes were removed and collected transfected cells through a brief centrifugation at 1600 rpm. Collected cells were then resuspended and plated into respective wells and the resulting transfection efficiencies were then compared
to the cells transfected in standard (adherent) condition after 48 hours. Consequent ONE-Glo™ Luciferase Assay at 48 hours post-transfection revealed
that suspension transfection condition is equally efficient as the adherent condition in expressing the luciferase displaying no significant differences between two incubation periods tested, 5 minutes, and 10 minutes (Figure 3).
Therefore, we have adopted only 5 minutes incubation for all consequent experiments concerning plasmid DNA transfections.
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Figure 4. Evaluation of BMP-2 expressing plasmid DNA transfection in hMSCs in
2D. (a) Figure showing quantitative RT-PCR based evaluation of the expression of
BMP-2 in hMSCs at 48 hours post-transfection. Mean values ± SD of 2 independent
experiments done in triplicates (n = 6) are shown. Gene expression values are
presented as fold change relative to controls (b) Western blot evaluation
demonstrating BMP-2 protein levels at 72 hours post-transfection. ImageJ software
was used to quantify BMP-2 and TBP-specific bands. TBP values were employed to
normalize BMP-2 protein expression levels. Mean values ± SD of 3 unbiased trials
are shown. One-way ANOVA with Bonferroni’s multiple comparison corrections was
used to perform statistical analysis (*p < 0.0001). The abbreviations NT denotes =
non-treated cells; ad-Lipo denotes = LipofectamineTM 2000 assisted transfection with
adherent cells; s-Lipo denotes = LipofectamineTM 2000 assisted transfection of cells
in suspension; sc-Lipo denotes = LipofectamineTM 2000 assisted transfection of cells
in suspension followed by centrifugation; TBP denotes = TATA-binding protein.

In order to find out the optimal in-vivo transfection condition, BMP-2
expressing plasmid DNA was tested in three separate experimental conditions:
adherent, suspension, and suspension followed by centrifugation. Adherent
condition needs plating of cells 24 hours prior to the transfection experiment.
However, transfections involving suspension condition were performed as
cells were being plated. This means that suspension experiments are 24 hours
quicker than the adherent transfection experiments. We have included
additional centrifugation group to test if removal of extra lipoplexes actually
have any effect on transfection efficiency in general. Quantitative PCR
analysis at 48 hours post-transfection has revealed that LipofectamineTM 2000
assisted transfection of plasmid DNA expressing BMP-2 has been successful
in all experimental conditions tested. Nevertheless, there were considerable
differences between three different conditions examined. Among the three
conditions tested, the adherent condition has shown maximum expression of
BMP-2 when compared to the suspension condition. Moreover, centrifugation
condition has shown further decrease in BMP-2 expression. Interestingly, all
tested conditions have shown significantly higher expression of BMP-2 as
compared to the non-treated control (Figure 4a). This implies that suspension
condition slightly compromises the uptake of lipoplexes which is further
negatively regulated by centrifugation. Further western blotting evaluation of
protein expression levels at 72 hours post-transfection has corroborated with
our quantitative RT-PCR data (Figure 4b).
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Figure 5. Evaluation of BMP-2 expressing plasmid DNA transfection in hMSCs
encapsulated in HA-hydrogels. (a) Quantitative RT-PCR data showing the expression
levels of BMP-2 mRNA in hMSCs at 48 hours post-transfection in HA-hydrogels.
Gene expression values are presented as fold change compared to controls. Data
presented as mean values ± SD of 2 autonomous trials performed in triplicates (n =
6). (b) Western blot figure showing BMP-2 protein levels at 72 hours posttransfection. ImageJ software was used to quantify BMP-2 and TBP-specific bands.
TBP values were employed to normalize BMP-2 protein expression levels. Mean
values ± SD of 3 unbiased trials are shown. One-way ANOVA with Bonferroni’s
multiple comparison corrections was used to perform statistical analysis
(*p < 0.0001). The abbreviation NT denotes = non-treated cells; pDNA denotes =
plasmid DNA alone; da-Lipo denotes = direct addition of lipoplexes to MSC
encapsulated in HA-hydrogel; s-Lipo denotes = LipofectamineTM 2000 assisted
transfection of cells in suspension followed by encapsulation in HA-hydrogel; sc-Lipo
denotes = LipofectamineTM 2000 assisted transfection of cells in suspension followed
by centrifugation and subsequent encapsulation in HA-hydrogel; TBP denotes =
internal control, TATA-binding protein.

3.5 Evaluation of clinically translatable hydrogels with
BMP-2 plasmid transfected hMSCs
With the inspiration from 2D data, we have performed experiments in 3D.
First, we employed suspension transfection with 5-minutes incubation as
described earlier, and encapsulated them into HA hydrogels. Plasmid DNA
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alone without making lipoplexes, and with lipoplexes have served as control
groups along with the non-treated cells. Resulting quantitative PCR analysis
data at 48 hours post-transfection has revealed that suspension transfection
aided by LipofectamineTM 2000 in hydrogels gives raise to the highest
expression of BMP-2 among different groups tested. However, centrifugation
condition has shown a drop in BMP-2 expression which are still statistically
significant when compared to the non-treated control (Figure 5a). Western
blot aided with ImageJ quantification has further supported our qRT-PCR data
and confirmed that suspension transfection is conferred profitable as
compared to the usual methods employed for gene activated matrices (GAMs)
(Figure 5b)128.

Figure 6. Evaluation of cell viability of BMP-2 plasmid transfected hMSCs that are
encapsulated in HA hydrogels for 3- and 5-days. The abreviations NT denotes ‘nontreated cells’; pDNA denotes ‘plasmid DNA alone’; da-Lipo denotes ‘direct addition
of lipoplexes to MSC encapsulated in HA-hydrogel’; s-Lipo denotes
‘LipofectamineTM 2000 assisted transfection of cells in suspension followed by
encapsulation in HA-hydrogel’; sc-Lipo denotes ‘LipofectamineTM 2000 assisted
transfection of cells in suspension followed by centrifugation and subsequent
encapsulation in HA-hydrogel’. Mean values ± SD of 3 unbiased trials done in
triplicates (n = 9) are used to plot the graph. One-way ANOVA with Bonferroni’s
multiple comparison corrections was used to perform statistical analysis
(*p < 0.0001).

As biocompatibility is the crucial prerequisite for a successful clinical
translation in repairing tissues such as bone, we have evaluated the cell
viability of our novel hydrogels using PrestoBlue assay at 3, and 5 days posttransfection. Hydrogels of different groups were prepared as described in the
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earlier section. At respective time points, we have calculated cell viability
relative to non-treated (NT) hMSCs encapsulated in the hydrogel. Resulting
data demonstrated that LipofectaminTM 2000 causes cytotoxicity. The
experimental group where lipoplexes are directly added to hydrogels have
shown the highest toxicity among all groups tested, whereas, suspension
transfection followed by centrifugation has shown minimal or less toxicity
when compared to other groups after 3-days of transfection. At 5-days posttransfection the experimental group involving centrifugation, and suspension
alone have shown significant cell viability which is equal to the viability
observed in the non-treated control (Figure 6). Together, these results have
demonstrated that removal of extra lipoplexes through centrifugation after
suspension transfection has significantly reduced cytotoxicity. These results
also demonstrate that our suspension transfection has shown to be favorable
than the direct addition of lipoplexes to the hydrogel in terms of cell viability.

Figure 7. Evaluation of gene expression through quantitative RT-PCR analysis of
BMP-2 plasmid transfected hMSCs that are encapsulated in HA hydrogels for 7-days.
(a) Figure showing expression profile of early osteogenic marker RUNX2 at 7-days
post-transfection. (b) Figure showing expression profile of early osteogenic marker
ALP at 7-days post-transfection. (c) Figure showing expression profile of early
chondrogenic marker SOX9 at 7-days post-transfection. Gene expression values are
presented as fold change compared to controls. Data presented as mean values ± SD
of 2 autonomous trials performed in triplicates (n = 6). One-way ANOVA with Bonferroni’s multiple comparison corrections was used to perform statistical analysis
(*p < 0.0001). The abbreviation NT denotes ‘non-treated cells’; pDNA denotes
‘plasmid DNA alone’; s-Lipo denotes ‘LipofectamineTM 2000 assisted transfection of
cells in suspension followed by encapsulation in HA-hydrogel’; sc-Lipo denotes
‘LipofectamineTM 2000 assisted transfection of cells in suspension followed by
centrifugation and subsequent encapsulation in HA-hydrogel’.

RUNX2 is one of the crucial early osteogenic transcription factor which binds the
selective DNA sequences and thus positively regulates osteoblast
66

differentiation129-130. Alkaline phosphatase (ALP) is another crucial early
osteogenic maker activated by BMP-2 overexpression; crucial for osteoblast
differentiation. Whereas, measuring expression levels of osteocalcin (OCN), and
osteopontin (OPN) could reveal complete osteoblast differentiation of hMSCs131.
A successful osteogenic differentiation of hMSCs should also display the ability
to produce ECM specific to bone tissue marked by expression of collagen type-I
(Col1A1)132. On the other hand, measuring endochondral ossification is generally
recommended during the process of bone healing. For this evaluation of
expression profile of SOX9, a crucial chondrogenic marker is strongly
recommended as it could provide valuable information regarding the actual means
of bone development. Collagen II (ColA1) is a crucial component of
chondrogenic ECM and it serves as late chondrogenic differentiation marker133.
With the inspiration from 2D and 3D results discussed above, we have
investigated if the overexpression of BMP-2 as a result of transfection of plasmid
DNA in MSCs embedded in HA hydrogels could lead to any downstream effects
such as osteoblast differentiation. To evaluate this we have focused on gene
expression profiles of both early and late markers that are vital for both osteoblast
as well as chondroblast differentiation. Quantitative RT-PCR analysis at 7-days
post-transfection has revealed that hMSCs transfected in suspension and
consequent embedding into HA hydrogels lead to overexpression of early
osteoblast differentiation markers RUNX2, ALP, however, not SOX9 (Figure
7a-7c) indicating direct ossification rather than endochondral ossification. On the
other hand, suspension transfection followed by centrifugation has also resulted
in significant osteoblastic differentiation which is way superior to what was
observed from 3-day experiments (Figure 5). This is probably because of the
paracrine action of osteogenic differentiating hMSC that influence surrounding
cells in the hydrogel134.
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Figure 8. Evaluation of gene expression through quantitative RT-PCR analysis of
BMP-2 plasmid transfected hMSCs that are encapsulated in HA hydrogels for 21days. (a) Quantitative RT-PCR examination signifying the expression profiles of late
osteogenic marker Osteocalcin (OCN) (b) Osteopontin (OPN) and (c) Collagen-1
(Col1A1) at 21-days post-transfection. (d) Figure showing expression levels of late
chondrogenic indicator Collagen-2 (Col2A1) at 21-days post-transfection. Gene
expression values are presented as fold change compared to controls. Data presented
as mean values ± SD of 2 autonomous trials performed in triplicates (n = 6). (e)
Western blot figure showing Col1A1 and Col2A1 protein levels as a result of
transfection with BMP-2 expressing plasmid DNA in 3D at 21-days post-transfection.
ImageJ software was used to quantify Col1A1, Col2A1 and TBP-specific bands. TBP
values were employed to normalize Col1A1 and Col2A1 protein expression levels.
Mean values ± SD of 3 unbiased trials are used to plot the graph. One-way ANOVA
with Bonferroni’s multiple comparison corrections was used to perform statistical
analysis (*p < 0.0001). The abbreviation NT denotes ‘non-treated cells’; pDNA
denotes ‘plasmid DNA alone’; s-Lipo denotes ‘LipofectamineTM 2000 assisted
transfection of cells in suspension followed by encapsulation in HA-hydrogel’; scLipo denotes ‘LipofectamineTM 2000 assisted transfection of cells in suspension
followed by centrifugation and subsequent encapsulation in HA-hydrogel’; TBP
denotes internal control ‘TATA-binding protein’.

In order to evaluate the results, we have checked late osteoblast differentiation
markers OCN, OPN, Col1A1, and late chondrogenic differentiation marker
Col2A1 at 21-days post-transfection through quantitative RT-PCR. Results
indicated that suspension transfection, as well as suspension transfection
followed by centrifugation, and consequent encapsulation into hydrogels
significantly upregulates late osteoblast differentiation markers OCN, OPN,
Col1A1, however not Col2A1 at 21-days post-transfection (Figure 8a-8d);
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which further supports our findings at 7-days post-transfection. Western blot
studies aided by ImageJ analysis has further demonstrated that both
suspension and suspension plus centrifugation conditions upregulates Col1A1
but not Col2A1 at the translational level (Figure 8e).
Together, these results demonstrate that our novel method of exvivo transfection of plasmid DNA and consequent encapsulation of hMSCs
into hydrogels offers enormous possibilities for safe and efficient clinical
translation in tissue repair including bone. Though gene therapy is a wonderful
tool to augment expression of desired genes, its application is limited
particularly in a clinical situation that may arise due to overexpression of
undesired genes. Such circumstances generally require efficient silencing of
the unwanted genes.

3.6 Optimizing clinically translatable strategies for
siRNA delivery
As an alternative to gene therapy, siRNA mediated RNA interference
technology can serve as an efficient tool in augmenting bone formation. For
instance, ostogenic anti-Pleckho1 siRNA efficiently downregulates the target
gene which negatively regulates usual BMP-2 signaling patway in the cell.
However, the inability of target tissue delivery posed by current cationic
transfection reagents such as Lipofectamine, and instability of siRNA
molecules barred their clinical application. Therefore in the following sections
(Paper III and Paper IV), we have mainly focused on developing clinically
translatable strategies that essentially employ siRNA mediated gene silencing
while addressing issues such as toxicity and stability. Though RNAi
molecules such as siRNA are known to circulate in the body between different
tissues, underlying the principles of natural cellular delivery are not well
understood. Therefore, we envisaged that ECM components might play a role
in the process of natural cellular delivery of siRNA into the targeted cells.
Hence, we have investigated possibilities of interaction between siRNA and a
crucial ECM component, HA which is anionic in nature. Such a study would
provide insights into the natural circulation and delivery mechanisms of
siRNA like molecules in the body. Moreover, it opens up the possibilities to
employ HA as a delivery vehicle of siRNA in a clinical setup. Moreover, HA
is already known for its reliable biocompatibility.
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Figure 9. Thermal stability and computational assays demonstrating HA and siRNA
interactions. a) Thermal stability experiments indicating interaction of different sizes
of HA (100, 200 and 300 kDa with siRNA in PBS saline at physiological pH. b)
Illustrative binding poses of HA alongside the phosphate backbone and the overhang.
c, d) Illustrative image of hydrogen bonds concerning HA and siRNA interactions. e)
Illustrative image depicting nonpolar interactions between siRNA and HA. f)
Illustrative image of HA and siRNA displaying CH-π interactions.
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3.7 HA and siRNA interact with each other at
physiological pH
In order to examine the possible interaction between HA and siRNA, we
elucidated the thermal stability of the duplex structure of siRNA by UVmelting studies in phosphate buffered saline. Resulting data indicated that unmodified HA displayed the ability to significantly stabilize the anti-GAPDH
siRNA duplexes. Our data also suggest that size of HA greatly influences the
siRNA stabilization. HA of larger size have displayed superior stabilization
(∆Tm = 1.48 °C for 200 kDa; ∆Tm = 1.40 °C for 300 kDa) of siRNA suplex as
compared to the lower size (100 kDa) that has shown only a minimal levels of
stabilization (∆Tm = 0.63 °C) at pH 7.4 (Figure 9a).

Figure 10. Influence of salt concentration on thermal stability of siRNA in 200 kDa
HA solution containing 10 mM phosphate buffer, pH 7.4, and 0, 50 and 138 mM NaCl
respectively.

However, employing PBS with no or lower concentrations of salt has resulted
in only a marginal increase (∆Tm = 0.4 °C – 0.6 °C) in thermal stability of the
siRNA duplex (Figure 10), implying the significance of salt in reducing the
ionic repulsion between siRNA & HA, promoting hydrogen, and CH-π bonding. Thereafter, computational analysis was done to gain more insights about
HA, siRNA interaction which endured electrostatic repulsion. It has been recently shown that HA’s ionic state greatly affects its interaction with proteins
such as rh-BMP-2135. The computational analysis model used in this study135
demonstrated that even minor changes in the ionic state of HA affects its interaction dynamics. Therefore, we have implemented similar computational
analysis model in order to figure out interaction parameters between siRNA
duplex and HA oligomer of six units through simulation of molecular dynamics (MD) from a theoretical point of view. Through molecular docking
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approach considering major groove, minor groove, and overhangs of siRNA,
twelve putative complex structures were obtained. Our computational analysis
with the adopted model system demonstrated that phosphate backbone, as well
as overhangs majorly, participate in the interaction with HA through hydrogen
bonding (Figure 9c-d), nonpolar interactions (at phosphate backbone) between hydrophobic patches of rings of carbohydrates (Figure 1e), and CH-π
interactions (at overhangs; Figure 9f). Table1 describes different interaction
energy values ΔEint that are relevant for various binding poses.
Table 1. Interaction energies displayed by most relevant binding poses of HA and
siRNA
Binding
area

Overhang

338.43 ±
15.44

ΔEVdW
[kcal mol1 [b]
]
-53.96 ±
4.82
-42.53 ±
5.24
-52.99 ±
4.31
-44.49 ±
5.85
-29.19 ±
2.97

Overhang

437.20 ±
4.92

-36.67 ±
4.92

Backbone

ΔEele
[kcal mol1 [a]
]
482.10 ±
20.32

Backbone

438.86 ±
20.32

Backbone

434.10 ±
7.89
360.10 ±
14.29

Overhang

ΔEHbond
[kcal
mol-1] [c]
-8.12 ±
2.70
-6.36 ±
2.80
-10.26 ±
3.56
-5.37 ±
2.24
-3.41 ±
1.62
-5.29 ±
2.32

ΔGsolv
[kcal mol-1] [d]

-321.30 ±
14.09

ΔEint
[kcal mol1 [e]
]
-27.43 ±
4.89
-18.52 ±
4.96
-29.46 ±
4.20
-25.14 ±
5.61
-12.07 ±
2.90

-414.28 ±
19.76

-13.76 ±
3.92

-455.56 ±
18.36
-414.85 ±
15.81
-410.62 ±
7.34
-340.79 ±
13.24

Most relevant binding poses displayed by interaction energies and specific contributions. Values are stated as an average ± SD. [a] ΔEele denotes ‘interaction energies of
Electrostatic interactions’ [b] ΔEVdW denotes ‘interaction energies of Van der Waals
interactions’
[c] ΔEHbond denotes ‘interaction energies of Hydrogen bonds’ [d] ΔGsolv denotes
‘interaction energies of Solubility of compounds’ [e] ΔEint denotes ‘interaction energies of Hydrophobic interactions’
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Figure 11. DLS, electrophoresis demonstrating HA and siRNA interactions. Confocal
microscopic analysis displaying internalization of siRNA with the assistance of HA
through CD44 receptor. a) Self-assembly of anti-STAT3 siRNA with 200 kDa HA
forming ~85 nm nanoparticles revealed by the dynamic light scattering (DLS)
histogram. b) Mobility shift assay with 0.5% agarose gel demonstrating the interaction
between native HA and anti-STAT3 siRNA. c) HA assisted cellular delivery of Cy3labelled anti-GAPDH siRNA (red dots) in CD44 receptor-rich MG-63 cells as shown
by the confocal microscopic image. d) Confocal microscopic image revealing minimal
delivery of Cy3-labelled anti-GAPDH siRNA in CD44 blocked MG-63 cells. e)
LipofectamineTM RNAiMAX (positive control) assisted cellular delivery of Cy3labelled anti-GAPDH siRNA (red dots) in CD44 receptor-rich MG-63 cells as shown
by the confocal microscopic image

These results from thermal stability and computational study motivated us to
perform dynamic light scattering (DLS), and electrophoretic gel mobility shift
assay to further validate the interaction between HA and siRNA duplex. DLS
studies have demonstrated that HA and siRNA indeed interact with each other
and to form nano-sized particles of ≈ 85 nm by extensive distribution (Figure
11a). However, either native HA or siRNA when tested separately in PBS did
not show any such particle formation, which further supports our hypothesis.
Consequent mobility shift assay has shown an apparent retardation of the band
due to HA and siRNA interaction (Figure 11b). However, we have observed
only a subtle shift in bands. This is probably due to the anionic nature of two
bands tested that migrate in the same direction, instead of opposite direction
as it is generally observed with cationic polymers. Nevertheless, thermal
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stability studies, computational studies, DLS, and gel-shift assay strongly
support the hypothesis of HA and siRNA interaction.
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Figure 12. HA aided siRNA delivery and target gene silencing in eukaryotic cells. a)
Figure showing in-vitro gene knockdown (KD) of the target gene STAT3 in human
osteosarcoma cell line MG-63 in an HA concentration-dependent (6.3 – 198 µM)
manner. b) Figure showing that size of HA (100, 200, and 300 kDa; 64 µM) influences
the in-vitro KD outcome as demonstrated by silencing of STAT3 and GAPDH genes
in MG-63 cells. RNAiMAX has served as a positive control. c) ApoTox-Glo™ assay
exhibiting cellular function post-STAT3 knockdown employing HA or RNAiMAX
as transfection reagents. One-way ANOVA with Bonferroni’s multiple comparison
corrections was used to perform statistical analysis (*p < 0.0001). d) The siRNA
mediated tissue factor (CD142) knockdown by employing HA as transfection reagent.
RNAiMAX was employed as a positive control. e) Figure demonstrating that CD44
blocking influences target gene knockdown in MG-63 and MCF-7 cell lines. f)
Western blot analysis in-vitro confirming knockdown of STAT3 protein in MG-63
cells. RNAiMAX has served as a positive control for transfection. g) Western blot
picture showing in-vitro knockdown of CD142 protein in osteosarcoma (MG-63)
cells. RNAiMAX has served as a positive control for transfection. TATA binding
protein (TBP) was used as an internal control for western blot evaluation.

3.8 HA promotes siRNA delivery to CD44 positive cells
The optimal concentration of HA (200 kDa) for delivery of siRNA was
obtained from a concentration-dependent study by looking at the knockdown
percentage levels of STAT-3 in MG-63 cells as compared to the RNAiMAX
assisted delivery. Consequential quantitative PCR data has revealed that 64
µM concentration of 200 kDa HA as optimal displaying ≈ 55% knockdown
(KD) of the target gene (Figure 12a). However, an increased concentration of
HA resulted in diminished silencing of the target gene. With the inspiration
from thermal stability data, we have checked if the size of HA affects the
silencing. For this, we have employed 100, 200, 300 kDa of HA (64µM) and
200 nM siRNA. We have used two different siRNA, anti-GAPDH siRNA, and
anti-STAT3 siRNA in MG-63 cells and evaluated the silencing effect at 24
hours post HA assisted transfection. The resulting quantitative PCR data
indicated that both 200 kDa and 300 kDa HA are efficient in delivering
siRNAs and silencing target genes, however, 100 kDa HA displayed no
silencing effect. The delivery efficiency of 200 kDa was better as compared
to 300 kDa HA (Figure 12b). Consequent western blot experiments have
revealed that 200 kDa assisted delivery of anti-STAT3 siRNA could
efficiently downregulate the target gene expression at the translational level
(Figure 12f). As knockdown of STAT3 is known to cause MG-63 cell death,
we have checked if the HA assisted knockdown of STAT3 gene in MG-63
cells through the delivery of anti-STAT3 siRNA induces apoptosis through
commercially available triple detection assay (ApoTox-Glo™)136. In line with
our quantitative PCR and western blot results, as an effect of STAT3 silencing
at 3-days post-transfection using both HA and RNAiMAX have demonstrated
caspase-3/7 upregulation which is an indicator of apoptotic cell death (Figure
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12c). On the other hand, cell viability, and cytotoxicity profiles did not show
any significant differences when scrambled sequences were employed, which
indicates that native HA does not induce toxicity at the concentrations
employed.
As HA is known to strongly bind CD44 receptors, we have tested if it could
act as a gateway for siRNA delivery in-vitro. For this study, we have
employed MG-63 cells that robustly express CD44 and the Cy3 labeled antiGAPDH siRNA. Consequent observations with the help of confocal
microscopy revealed that HA could efficiently deliver siRNA to CD44 rich
MG-63 cells (Figure 11c), which is comparable to the RNAiMAX assisted
delivery of Cy3 labelled siRNA (Figure 11e). However, compromised
delivery of siRNA was observed in CD44 receptor blocked MG-63 cells
(Figure 11d). These results indicate that CD44 receptors play a vital role in
HA assisted delivery of siRNA. To gain more insight into the delivery
mechanism we have performed an experiment involving the blocking of CD44
receptors in MG-63, and MCF-7 cells, and then tested the silencing as an
effect of siRNA delivery. Quantitative PCR analysis has revealed that CD44
blocking with low molecular weight HA indeed diminished cellular delivery
of siRNA by 200 kDa HA which negatively regulates the GAPDH gene
silencing (Figure 12e). Taken together, our data suggest that CD44 receptors
play a significant role in the HA assisted delivery of siRNA in-vitro.
Previously, conjugates of anionic polymer HA and other cationic polymers
have been shown to successfully deliver siRNA in MSCs137-138. Therefore, we
have focused on HA assisted delivery of siRNA to therapeutically important
MSCs that are known to express many HA-specific receptors like CD44,
CD168, and CD54139. CD142 or tissue factor-III, a pro-coagulation factor that
negatively influences the MSCs survival after transplantation. To address this
issue, we have employed anti-CD142 siRNA through HA as a delivery vehicle
in hMSCs and checked gene expression at both transcriptional as well as
translational levels. Quantitative RT-PCR analysis has demonstrated that antiCD142 siRNA delivery through HA efficiently silences the target gene (by 50
%) at 24-hours post-transfection (Figure 12d). On the other hand, RNAiMAX
assisted delivery of the respective siRNA has shown ≈ 70% knockdown of the
target gene CD142. Western blot evaluation has shown that anti-CD142
siRNA delivered through HA has significantly suppressed the target protein
as compared to untreated and scrambled controls (Figure 12g).
Taken together, our data support the hypothesis that ECM components such
as HA that is anionic in nature can be employed to stabilize, and deliver siRNA
molecules to eukaryotic cells that robustly express CD44 receptors and
successfully silence target gene while not prompting any toxicity. Our
findings also provide new insights into the inherent circulation mechanisms
of nucleic acids such as siRNA and miRNA from one tissue to the other in the
body. Most importantly, employing HA as a vehicle to deliver therapeutically
important siRNA will pave the way for smooth clinical translation.
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However, the clinical translation of RNAi technology needs proper
delivery vehicles in in-vivo settings. To date, there are only a few success
stories concerning clinical translation of RNAi technology. Recently FDA
approval of RNAi based drug is known as Patisiran for treating hereditary
transthyretin amyloidosis has attracted the attention of the scientific
community140. The drug Patisiran mainly composed of cholesterol moiety
containing ionizable lipid which displayed enhanced pharmacokinetics and
pharmacodynamics. GalNAc or ligand N-Acetyl-D-galactosamine is a molecular conjugate of siRNA which is designed to target liver tissue, another hopeful drug candidate that is currently under clinical investigation141. Other
targeting approaches involving antibody and siRNA conjugates that displayed
only a minimal internalization of the drug142. Ex-vivo manipulation of
therapeutically important cells such as hMSCs using RNAi technology, on the
other hand, offers efficient and alternative solutions for challenges involved
during in-vivo silencing. However, the prolonged time that takes for
transfection, and toxicity problems concerning currently available cationic
lipofectamine reagents such as RNAiMAX, and complicated procedure of
manintenance of cells without the risk of a batch to batch variation limited Exvivo method for clinical translation. With the insights of ex-vivo gene
transfection (Paper II), and familiarity of optimizing HA as an anionic
transfection reagent (Paper III), we have further continued to address in-vivo
silencing problems through ex-vivo manipulation of cells using siRNA with
the help of both cationic lipofectamine RNAiMAX reagent as well as the
anionic molecule HA as transfection reagents in both 2D and 3D cultures as
discussed below (Paper IV).

3.9 Optimizing clinically translatable strategies through
encapsulation of siRNA transfected hMSCs
For local delivery of RNAi based drugs in-vivo, many polymer-based gene
activated matrices are being developed. These gene activated matrices include
hydrogels made of cationic polymers like chitosan, alginate, and atelocollagen143-145. These materials mainly employ electrostatic interactions to stabilize
nucleic acid-based drugs such as siRNA and demonstrated transfection efficiency both in-vitro and in-vivo. However, compromised mechanical properties, toxicity exerted during hydrogel degradation, inefficient siRNA release,
incompetent endogenous recruitment of cells, superior dosage requirements
of siRNA are few crucial factors that limit clinical translation of these
GAMs143. Therefore, at the moment there is a burgeoning need for alternative
strategies which can enhance transfection, and possess optimally controlled
release of siRNA while not causing any toxicity146. Delivery of modified cells
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in 3D provides an alternative solution that can potentially circumvent all major
hurdles faced during the process of successful clinical translation.

Figure 13. Preparation of HA hydrogels and interactions between HA and siRNA. (a)
Illustrative image of hydrazone cross-linked hydrogel made of HA and PVA
derivatives. (b) Release profiles of siRNA as demonstrated by HA-PVA cross-linked
hydrogel at neutral pH. (c) Figure demonstrating rheological characterization (Storage
modulus G( ) of HA-PVA cross-linked hydrogels with varying additives (siRNA,
Lipo, or Lipo+siRNA).

In this regard, we have developed novel hydrazone crosslinked HA hydrogel
with modified cells which demonstrated the ability to efficiently sequester and
stabilize siRNA molecules. We chose HA for this purpose as it is a uniquely
biocompatible material characterized being the only unsulfated
glycosaminoglycans of the ECM which plays a vital role in directing various
cellular functions. Moreover, HA is already known to sequester biologically
active molecules that are secreted by cells like cytokines and display the
ability to shape stem cell niche147. In order to make HA a hydrogel, aldehyde
modified HA (% 10% modification), and hydrazide-modified polyvinyl
alcohol (% 20% modification) were separately synthesized as described
earlier100-101 (Figure 13a). Thereafter, preparation of HA hydrogels was done
at neutral pH and free-siRNA was loaded onto these gels. Before loading on
to the HA hydrogel, siRNAs were pre-incubated in HA-aldehyde or PVAhydrazide. Subsequent measurement of siRNA release kinetics using UV
spectroscopy has demonstrated that HA-aldehyde preincubation has shown
stable and slower release of siRNA than the PVA-hydrazide pre-incubation.
Our data suggest that siRNA pre-incubation in HA-aldehyde leads to only %
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60% of release, whereas, pre-incubation in PVA-hydrazide leads to ≈ 80% of
release at 72 hourse post-experiment (Figure 13b). This data from 3D
hydrogels, and our thermal stability studies, and computational data in 2D
(Figure 9; Paper III) indisputably suggests that there is indeed interaction
between HA and siRNA. This implies that the interaction between HA and
siRNA dictates release kinetics of HA hydrogel. Therefore, we have done the
rheological evaluation of HA hydrogels containing siRNA. In addition, we
have used hydrogels without siRNA and hydrogels with siRNA-RNAiMAX
as control groups during the rheological evaluation. In order to guarantee
curing of materials, we have obtained storage modulus data after 24 hours post
preparation of hydrogels with different additives described above. Resulting
data suggested that HA aldehyde preincubation indeed increases the rigidity
(≈ 150 Pa) of the gel when compared with the hydrogel control group that was
not loaded siRNA (Figure 13c). This suggests that siRNA not only interacts
with HA but also turns as a crosslinker in order to enhance the rigidity (storage
modulus) of the hydrogel. On the other hand, hydrogels containing
RNAiMAX have displayed a slight fall in storage modulus (≈ 50 Pa) which is
in turn attributed to the interaction of cationic lipids with anionic HA that
evades optimal mixing of components of the gel. This again supports the
hypothesis that HA and siRNA interact with each other even in the 3D
environment possible through hydrogen bonding as well as CH-π interactions
as suggested by interaction data (Figure 9; Paper III) as well as displayed by
other carbohydrates148-149.

3.10 Optimizing rapid siRNA transfection of hMSCs in
2D & 3D
Intrigued by HA-siRNA interaction results, we have tested if these structural
characteristics of HA and siRNA interaction will have any functional outcome
in-vitro in promoting bone formation. For this, we chose anti-Pleckho1 siRNA
which is known to efficiently silence Pleckho1 gene which is overexpressed
found in elderly patients of osteoporosis150. Pleckho1 protein is known to interfere and inhibit canonical BMP-2 signaling pathway to negatively regulate
the differentiation of osteoblasts, thereby leads to poor bone formation39. Delivery of anti-Pleckho1 in-vivo with the assistance of carriers that are made of
cationic-lipids has served as an anabolic medication which leads to enhanced
bone formation in osteoporotic rats151. Hence, we have made attempts to dispense anti-Pleckho1 siRNA to hMSCs in both adherent and suspension conditions with 5-min short incubation time with respective transfection reagent.
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Figure 14. The siRNA transfection in hMSCs in 2D cell culture silences target gene
Pleckho1 in-vitro. (a) Quantitative RT-PCR results demonstrating the knockdown (%
KD) levels of Pleckho1 mRNA in hMSCs at 48 hours post-transfection. (b) Western
blot evaluation is demonstrating Pleckho1 protein knockdown at 72 hours posttransfection. The abbreviation scr denotes ‘scrambled siRNA transfected cells’; aHA/Lipo denotes ‘HA/ RNAiMAX assisted transfection with adherent cells’; sHA/Lipo denotes ‘HA/ RNAiMAX assisted transfection of cells in suspension’; scHA/Lipo denotes ‘HA/ RNAiMAX assisted transfection of cells in suspension
followed by centrifugation’; TBP denotes internal control ‘TATA-binding protein’.
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For these transfection experiments, we have employed both commercially
available cationic lipofectamine RNAiMAX as well as anionic HA (200 kDa)
as transfection reagents. As anticipated quantitative RT-PCR has shown that
both transfection reagents, RNAiMAX, and HA were efficient in delivering
and silencing the target gene Pleckho1 in hMSCs at 48 hours post-transfection
in adherent condition. RNAiMAX-mediated delivery of siRNA has shown ≈
90% knockdown, whereas, HA-mediated delivery has shown only ≈ 60%
knockdown of the target gene tested in adherent condition (Figure 14a). On
the other hand, transfections performed in suspension condition have yielded
favorable results for RNAiMAX but not for HA-mediated transfection.
RNAiMAX-mediated silencing (with 5 min incubation) demonstrated with ≈
90% gene silencing while almost no silencing effect was observed in case of
HA-mediated delivery of anti-Pleckho1 siRNA even after prolonged (60 min)
pre-incubation with HA (Figure 14a). The compromised siRNA delivery of
HA in suspension condition can be attributed to the excess reagent in the cell
culture medium blocking receptors of HA such as CD44 on the cell surface152.
Therefore, after 30 min, and 60 min of HA and siRNA incubation with cells
in suspension, centrifugations were performed to remove any excess reagent,
and which ultimately resulted in ≈ 40% of the knockdown of Pleckho1 expression at 48 hours post-transfection (Figure 14a). Further western analysis
at 72 hours post-transfection has corroborated our quantitative PCR data (Figure 14b). Western results suggest that RNAiMAX-mediated delivery of
siRNA in suspension, as well as suspension followed by centrifugation completely silences the target protein at 72 hours post-transfection, whereas ≈ 50
% was achieved in case of HA-mediated suspension transfection followed by
centrifugation post 30 min of incubation.
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Figure 15. Transfection of hMSCs with Pleckho-1 targeting siRNA, and consequent
encapsulation into HA hydrogel demonstrating Pleckho-1 knockdown at
transcriptional, and translational level in-vitro. (a) The percentage knockdown (%
KD) levels of Pleckho1 mRNA in hMSCs at 48 hours post-transfection of antiPleckho-1 siRNA as demonstrated by quantitative PCR analysis. (b) Western blot
picture showing Pleckho1 protein levels at 72 hours post-transfection of hMSCs with
anti-Pleckho-1 siRNA. The abbreviation scr denotes ‘scrambled siRNA transfected
cells’; a-HA/Lipo denotes ‘HA/RNAiMAX assisted transfection with adherent cells’;
s-HA/Lipo denotes ‘HA/RNAiMAX assisted transfection of cells in suspension’; scHA/Lipo denotes ‘HA/RNAiMAX assisted transfection of cells in suspension
followed by centrifugation’. TBP denotes internal control ‘TATA-binding protein’.

However, as anticipated HA did not show any knockdown of protein when
cells were transfected in suspension and they were not subjected to centrifugation (Figure 14b). This has motivated us to perform silencing experiments
by transfecting cells prior to their encapsulation into HA hydrogels. If successful, such hydrogels with either modified compatible donor or patient-derived cells that can be directly applied in the clinical setup. Quantitative RTPCR results indicated that RNAiMAX-mediated suspension transfection leads
to ≈ 80% knockdown, whereas, suspension transfection aided with centrifugation leads to ≈ 90% knockdown of the target gene (Figure 15a). As expected HA assisted transfection in suspension did not yield any silencing
whereas, suspension followed by centrifugation has remarkably yielded ≈
60% knockdown which is 20% higher than what is observed during 2D
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transfection. These results were further supported by our western blot analysis
at 72-hours post transfection (Figure 15b).

Figure 16. Evaluation of cell viability of Pleckho-1 siRNA transfected hMSCs that
are encapsulated in HA hydrogels for 3- and 5-days. The abbreviation NT denotes
‘non-treated cells’; siRNA denotes ‘anti-Pleckho1 siRNA alone’; da-Lipo denotes
‘direct addition of lipoplexes to MSC encapsulated in HA-hydrogel’; s-Lipo denotes
‘RNAiMAX assisted transfection of cells in suspension followed by encapsulation in
HA-hydrogel’; sc-Lipo denotes ‘RNAiMAX assisted transfection of cells in
suspension followed by centrifugation and subsequent encapsulation in HAhydrogel’. Mean values ± SD of 3 unbiased trials done in triplicates (n = 9) are used
to plot the graph. One-way ANOVA with Bonferroni’s multiple comparison corrections was used to perform statistical analysis (*p < 0.0001).

For clinical application, it is highly important to evaluate the biocompatibility
of these novel hydrogels with modified hMSCs that are transfected with the
desired siRNA. Therefore, we have performed cell viability assay in hydrogels
of different groups prepared as described above by employing PrestoBlue assay at 3-days and 5-days post-transfection. In order to assess the cell viability
of transfections done in suspension, suspensions followed by centrifugation,
we have used gels containing siRNA alone without lipoplexes, and gels with
lipoplexes as control groups. All cell viability values from different groups are
assessed by comparing with non-treated (NT) hMSCs encapsulated into
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hydrogels. Resulting data suggest that direct addition of lipoplexes made of
RNAiMAX induce superior cytotoxicity to hMSCs. However, suspension
transfection confers less cytotoxicity as compared to direct addition. On the
other hand, suspension transfection followed by centrifugation bestows least
cytotoxicity as compared to direct addition and suspension conditions. This
implies that centrifugation helps in removal of excess transfection reagent
which in turn reduces the cytotoxicity. Our data also suggest that toxicity levels are reduced over time, particularly in the case of suspension transfection
followed by centrifugation, the cell viability levels are almost equal to nontreated control without demonstrating any statistically significant differences.
In conclusion, we present a biocompatible and efficient ex-vivo siRNA transfection of hMSCs that employs both commercially available cationic lipofectamine transfection reagents as well as HA in three-dimensional cell culture.
The siRNA release study and rheology analysis provide new insights into the
interaction between HA and siRNA in 3D hydrogel system. Our rapid transfection system offers shortened time periods of transfection in case of
RNAiMAX (5 min) as well as HA (30 min) while minimizing toxicity and
successfully silencing the target gene Pleckho1 at transcriptional and translational levels. This enables a smooth clinical translation with ex-vivo modification either donor or patient derived cells with therapeutically relevant
siRNA molecules.
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4. Concluding remarks & Future
perspectives

The main focus of this thesis was to develop clinically translatable strategies
for bone regeneration. These strategies include making scaffolds for cell-free
therapies, as well as cell-based therapies. As a part of developing strategies
for cell-free therapies, we have explored the effect of hydrogel cross-linking
chemistry on rh-BMP-2 integrity and bioactivity (Paper I). For this, we have
performed the first systematic analysis to illuminate the differences in rhBMP2 bioactivity when delivered using HA-based injectable hydrogels using
hydrazone and thiol-Michael crosslinking chemistry. The resulting in-vitro
and in-vivo data employing a rat ectopic model has demonstrated that the
difference in cross-linking chemistries that are employed during hydrogel
preparation, profoundly impact the structure and function of the encapsulated
rh-BMP-2 protein. Most importantly, results indicate that thiol-Michael
addition chemistry but not hydrazone chemistry greatly compromises the
integrity of rh-BMP-2 protein and thus its bioactivity. This implies that many
other therapeutically important proteins delivered through various crosslinking chemistries employed by different carriers for distinctive biomedical
applications are most-likely effected as well. Thus, our study highlights the
importance of hydrogel cross-linking chemistries that are adopted in
delivering therapeutically important and sensitive proteins.
In Paper II, a clinically translatable technique for ex vivo transfection of
BMP-2 expressing plasmid DNA in hMSCs and subsequent HA hydrogel
encapsulation was described. A thorough evaluation of gene delivery
strategies in terms of safety and efficacy are absolutely necessary for any
clinical application. Our transient rapid transfection (5 minutes) strategy
employing cells in suspension with lipoplexes paves the way for developing
such a desired clinically translatable platform. Such a clinically translatable
platform is however not only limited to MSCs but also be easily implemented
for any cell-based therapies. Experimental data imply that cationic lipids like
LipofectamineTM 2000 induce toxicity to cells. Our data also show that
LipofectamineTM 2000 induced toxicity could be significantly reduced by
centrifugation assisted removal of excess lipoplexes. Our optimized BMP-2
plasmid transfection has led to osteogenic differentiation but not chondrogenic
differentiation of hMSCs during the 21-days experiment. Our novel
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transiently transfected cell-laden hydrogels will provide insights into
developing safe and clinically relevant osteoinductive materials in the future.
In Paper III, for the first time, we demonstrate that the ECM component HA
can stabilize nucleic acids via hydrophobic as well as hydrogen bonding.
Thermal melting experiments, computational molecular docking studies,
mobility shift or gel retardation assay, and DLS study unequivocally support
that HA and siRNA indeed interact with each other. Our further HA assisted
siRNA transfection experiments MG-63 cells have shown that HA indeed
helps in delivering siRNA via CD44 receptors which were further confirmed
through CD44 blocking studies. Moreover, HA assisted siRNA delivery in
both cancer cells as well as hMSCs, has shown a significant knockdown of the
target gene which is comparable to the commercially available cationic lipid
(LipofectamineTM RNAiMAX) based delivery. Our toxicity analysis has
revealed that HA-based delivery does not induce any toxicity as it does while
employing LipofectamineTM RNAiMAX. Our data highlight the importance
of ECM components in stabilizing and trafficking nucleic acids, which
seemingly occur inherently in-vivo. We believe our results provide new
insights into the role of ECM in RNA biology in general. We hope that this
new information, empower expansion of novel non-cationic, non-viral
delivery approaches for therapeutic nucleic acids while not inducing any
toxicity which ultimately leads to a smooth clinical translation.
Finally, in Paper IV, we present a non-toxic siRNA delivery method using
conventional cationic transfection reagent, LipofectamineTM RNAiMAX as
well as native HA using hMSCs. This novel method allows transfecting
siRNA to cells in suspension in a short time of 5 minutes for RNAiMAX and
30 minutes for HA, making it feasible for a direct application of patientderived cells or donor cells in a clinical scenario. The data from biochemical
assays revealed that the HA or RNAiMAX assisted delivery of siRNA to
hMSCs lead to significant downregulation of the target gene Pleckho1 at the
transcriptional and translational levels. These results demonstrate that HAassisted RNAi is effective in 2D, as well as 3D environments. Moreover, these
results also imply the importance of natural glycosaminoglycan in trafficking
nucleic acids in the body. The siRNA release experiments and rheological
characterization of hydrogels loaded with siRNA have further confirmed the
interaction between HA and siRNA in the 3D environment. Our suspension
transfection followed by centrifugation allows removal of excess reagents
while efficiently silencing the target gene without compromising cell viability.
We hope our novel ex vivo transfection method helps in resolving key hurdles
in the course of modification of cells which allows potential clinical
translation of cell-based therapies while reducing the overall expenses. We
also believe that our novel gene silencing approach through ex-vivo
modification of therapeutically potential cells such as MSCs will open new
avenues in the development of biologics for clinical application, especially for
tissue engineering and regenerative medicine.
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6. Sammanfattning på svenska
Skador på benvävnad är en stor global hälsovårdsbörda. Det beräknas att över
4 miljoner bentransplantationer utförs varje år. Autolog bentransplantation är
en kirurgisk metod som i stor utsträckning används för lagning av benvävnad.
Emellertid är metoden associerad med flera begränsningar såsom donationsområdes-morbiditet och begränsad tillgänglighet av bentransplantat. Det har
lett vetenskapliga samhället att söka alternativa terapeutiska lösningar genom
vävnadstekniska metoder som kombinerar kunskap om olika biokompatibla
material, kemi och biomedicin. Vävnadsteknologins tvärvetenskapliga karaktär kräver ofta nära samarbete mellan biologer, kemister och läkare för att hantera växande problem som förlust av benvävnad. Vanligtvis har benvävnad en
anmärkningsvärd regenerativ förmåga, men i många situationer kräver läkningsprocessen ofta ytterligare hjälp med olika terapeutiska ingrepp. Vävnadsteknologi erbjuder flera biomaterial som kombinerar olika ortobiologika
som hjälper till att medföra benbildning och omvandling. Trots tillgänglighet
av många biomaterial som kan används för benreparation, har endast några få
kommit in i kliniska prövningar. Den dåliga kliniska translationen beror på
biokompatibilitetsproblem av nuvarande tillgängliga biomaterial.
Denna avhandling fokuserar huvudsakligen på att utveckla kliniskt translaterbara strategier för benregenerering, vilket innefattar utveckling av konstruktioner för cellfria terapier och cellbaserade terapier. Det finns flera tillväxtfaktorbaserade hydrogeler som utvecklas för att differentiera stamceller för benvävsteknik. Rekombinant benmorfogen protein-2 (BMP-2) är en av sådana
tillväxtfaktorer, en kommersiellt godkänd produkt för benreparationsapplikationer. Emellertid är påverkan av konstruktionernas kemi på bioaktiviteten hos
rhBMP-2 dåligt förstådd. Därför presenteras i Artikel I inflytandet av två olika
kemikalier hos cellfria hyaluronanhydrogelbärare på rhBMP-2. För detta har
vi utfört den första systematiska analysen för att belysa skillnaderna i rhBMP2 bioaktivitet vid leverans med användning av HA-baserade injicerbara hydrogeler med användning av hydrazon och tiol-Michael-tvärbindningskemi.
Den resulterande in vitro- och in vivo-data som utnyttjar en rått ektopisk modell har visat att skillnaden i tvärbindande kemikalier som används vid hydrogel preparat ska på djupet påverka strukturen och funktionen hos det inkapslade rh-BMP-2-proteinet. Viktigast, tyder resultat på att tillsatsen av tiol-Michael-tillsats, men inte hydrazonkemi, äventyrar integriteten av rh-BMP-2proteinet och därmed dess bioaktivitet. Detta medför att många andra terapeutiskt viktiga proteiner som levereras genom olika tvärbindande kemikalier
som används av olika bärare för särskiljande biomedicinska tillämpningar är
mest sannolikt också påverkade. Således framhäver vår studie vikten av hydrogel-tvärbindande kemikalier som anpassas för leverans av terapeutiskt viktiga och känsliga proteiner.
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Klinisk användning av rhBMP-2 är dock associerad med flera biverkningar
som postoperativ svullnad, infektion, ektopisk benbildning och även cancer.
För att ta itu med denna fråga presenteras i Artikel II en kliniskt translaterbar
nymodig ex-vivo genterapi strategi för tredimensionell transfektion av humana mesenkymala stamceller (hMSCs) med en plasmid uttryckande BMP2. Det involverar plasmidtransfektion av hMSCs med hjälp av lipofektamin
som transfektionsreagens för en kortare inkubationstid av 5 minuter före hyaluronanhydrogel inkapsulering. En noggrann utvärdering av leveransstrategier
när det gäller säkerhet och effekt är absolut nödvändigt för klinisk tillämpning.
Vår snabbtransfektions-strategi (5 minuters), med användning av celler i suspension och lipoplexer banar vägen för att utveckla en så önskvärd kliniskt
translaterbar plattform. En sådan kliniskt översättbar plattform är emellertid
inte bara begränsad till MSC men också lätt implementerad för alla cellbaserade terapier. Experimentell data påvisar att katjoniska lipider som Lipofectamine ™ 2000 inducerar toxicitet för celler. Våra data visar även att Lipofectamine ™ 2000-inducerad toxicitet kan minskas avsevärt genom centrifugeringsassisterad avlägsnad från överskottet av lipoplexer. BMP-2-plasmidtransfektion har lett till osteogen differentiering men inte kondrogen
differentiering av hMSCs även vid 21 dygn efter experimentet. Våra nya
transienta transfekterade cellbelastade hydrogeler kommer att ge insikt i att
utveckla säkra och kliniskt relevanta osteoinduktiva material i framtiden.
Dessutom möjliggör vår modell också effektiv allograft, autolog transplantation med patientavledda benmärgsaspirat, vilket i sin tur minskar kostnaderna
för konventionella cellbaserade terapier.
Senare delen av den här avhandlingen fokuserades på att utveckla kliniskt
translaterbara strategier för att leverera ortobiologika som huvudsakligen använder RNA-interferens (RNAi) -teknik medierad av små interfererande RNA
(siRNA). Sedan genombrottet av RNAi, en Nobel-vinnande teknik, har många
siRNA, och mikroRNA (miRNA) med terapeutisk betydelse upptäckts. Men,
toxicitet från nuvarande katjonbaserade transfektionsreagenser som lipofektamin, och kompromitterad stabilitet av dessa små RNA har utgått som huvudbarriärer för deras kliniska översättning. För att lösa dessa problem presenteras i Artikel III strategier för optimering av inhemsk hyaluronsyra (HA), en
anjonisk polymer som ett leveransmedel för siRNA. Omfattande in vitro-studier har visat att nativ HA kan interagera med siRNA, förbättrar sin termiska
smältningsstabilitet. Dessa studier visar också hur inbyggt HA kan fungera
som ett leveransmedel för siRNA och hjälper till med RNAi i cancerceller,
såväl som svårt transfekterade hMSCs. Slutligen, effektiv och icke-toxisk
siRNA-administrationsmetod med användning av antingen HA eller kommersiellt tillgänglig katjonisk polymer, Lipofektamin RNAiMAX i tredimensionella cellkulturer presenteras i Artikel IV. Denna nya metod möjliggör transfektion av siRNA till celler i suspension i så kort tid som 5 minuter för
RNAiMAX och 30 minuter för HA vilket gör det möjligt för en direkt
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applicering av patient-härledda celler eller donatorceller i ett kliniskt scenario.
De data från biokemiska analyser avslöjar att HA av RNAiMAX-assisterad
leverans av siRNA till hMSCs leder till signifikant nedreglering av målgenen
Pleckho1 på transkriptions- och translationsnivå. Dessa resultat visar att HAassisterad RNAi är effektiv i 2D, såväl som i 3D-miljöer. Vidare påvisar dessa
resultat även betydelsen av naturlig förekommande glykosaminoglykan vid
transporten av nukleinsyror i kroppen. SiRNA-frisättningsexperimenten och
reologisk karakterisering av hydrogeler laddade med siRNA har ytterligare
bekräftat interaktionen mellan HA och siRNA i 3D-miljön. Vår suspensionstransfektion följt av centrifugering möjliggör avlägsnande av överskott av lipoplexer samtidigt som man effektivt stänger av målgenen utan att äventyra
cellens livskraft. En sådan ex vivo-transfektionsmetod behandlar några av de
viktigaste utmaningarna i cellulär manipulation för cellbaserade terapier och
kan därför translateras för klinisk applikation på ett kostnadseffektivt sätt. Vi
tror att vår nya metod för genavstängning kommer att leda till ny utveckling
inom genbaserad terapi för kliniska tillämpningar.
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