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ABSTRACT

One key aspect of tissue engineering is to develop biomimetic scaffolding
materials that can modulate the proliferation, self-renewal and differentiation of
multipotent stem cells into different lineages. Bone marrow derived mesenchymal stem
cells (BMSCs) can differentiate into several target cells such as osteoblasts,
chondrocytes, adipocytes, and smooth muscle cells. BMSCs are commonly used for in
vitro osteogenesis studies in bone tissue engineering field. However the mechanisms and
signaling pathways that these cells use to recognize and response to biomaterial surface
are still unclear. This dissertation focuses on investigating the effect of chemical and
physical cues introduced by virus nanoparticles on the promotion of osteogenic
differentiation of BMSCs by virus coated two dimensional substrates.

Introduction to surface nanotopography influences on cell behaviors is
highlighted in chapter 1. In this chapter, background and reports on the impact of
different nanotopographies on stem cell behaviors are described.

Then we investigated effects of particle shapes, nanoscale features, and surface
chemistry on osteogenesis of BMSCs by utilizing substrates fabricated from five different
plant viruses nanoparticles in chapter 2. Three shapes of virus nanoparticles (rod, fiber,
and spherical) were used to investigate the effect of particle morphology. In each group
of the same shape virus, different type of viruses were also included to examine whether
surface nanoscale feature and different in amino acid sequence of coat protein can affect

the differentiation.



On the other hand, the ordered arrangement of coat proteins on virus
nanoparticles has been well documented to exhibit astonishing effect on immune system
stimulation. Likewise, we sought to examine this effect by comparing arrange and
random organization of coat proteins on nanoparticles in chapter 3. For this study, the
randomly coated TMV coat proteins on gold nanorods (TMV-GNRs) was assembled and
used to represent nanoparticles with random TMV coat protein organization.

Chapter 4 focuses on mechanical pathway of virus substrates mediated
osteogenesis of BMSCs through a centralized modulator, bone morphogenetic protein 2
(BMP2) which is believed to be responsible for accelerated osteogenesis. The possible
pathways associated with virus substrates induced BMP2 upregulation is further explored
in this chapter. It was discovered that expression level of BMP2 and many genes
involved in cell motility had significant alteration early after osteoinduction on TMV
substrate. These results suggest stress-induced osteogenesis as the underlying
mechanisms of virus substrates stimulated osteoblastic differentiation.

Collectively, the research presented in this dissertation investigates the underlying
mechanism of virus substrates mediate osteogenic differentiation of BMSCs in order to
gain insights into the design of functional biomaterials for tissue engineering and

regenerative medicine applications.
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CHAPTER 1

INTRODUCTION: THE INFLUENCE OF SURFACE TOPOGRAPHICAL
CUES ON THE DIFFERENTIATION OF MESENCHYMAL STEM
CELLS'

1.1 STEM CELL FATE AND MICROENVIRONMENT

One key aspect of tissue engineering is to develop biomimetic scaffolding
materials that can modulate the proliferation, self-renewal and differentiation of
multipotent stem cells into different lineages. /n vivo, stem cells exist in a complex and
active environment, a key component of which is the extracellular matrix (ECM).[1] The
ECM provides physical and chemical supports for the cell and contains supramolecular
assemblies of proteins and glycosaminoglycans, which play a vital role in the cell
behavior. In order to undergo fundamental biological processes, the cells must adhere to
the underlying ECM. As a result, many novel biomaterials, which are purposely created
to improve or replace biological functions, have been designed to resemble the ECM. To
engineer a biomimetic scaffold resembling native ECM, and ultimately, to enable the
tissue regeneration, an extensive study on the interactions between stem cells and
implanted materials is necessary.

During recent years, there is extensive research emphasizing on the chemical (i.e.
functional groups, surface charge, surface energy, hydrophobicity, and protein
composition) and physical (i.e. overall architecture, porosity, surface topography, and
elastic modulus) properties of ECM which influence stem cell fate.[2] The study of each

"Metavarayuth K, Sitasuwan P, Zhao X, Lin Y, Wang Q. 2015. ACS. Biomater. Sci. Eng. 2: 142-51.
Reprinted here with permission of publisher (Appendix A).
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of these properties is crucial to develop biomaterials that guide stem cells for proper
tissue regeneration. In this chapter, we focus our discussion on the surface topography of

2D scaffold, especially, with an emphasis on the virus-based materials.

1.2 TOPOLOGICAL CUES FROM THE SUBSTRATES

It was first demonstrated in 1911 that cell behaviors can be controlled by
topological cues from the underlying substrates.[3] Later, the term contact guidance was
coined by Paul Weiss in 1945.[4] Contact guidance refers to the phenomenon that cells
adjust their orientation and align along the patterns that they are cultured on. Cells can
respond to topographical features as small as 5 nm [5] so it is important to achieve
surface patterns at a nanometer-scale resolution. Current nano- and micro-fabrication
methods include electron beam- or photo-lithography, self-assembling systems,
microcontact printing, particle synthesis, replica casting or molding, chemical etching,
sandblasting and electrospinning.[5, 6] These techniques enable the recapitulation of
topographical cues in the cell niche in a controllable and reproducible fashion. In general,
factors affecting substrate surface topography include (1) roughness of the underlying
surface, and (2) patterns on the surface (Figure 1.1).[7, 8]

The most studied aspect of topography is surface roughness which relates to the
texture of the uppermost layer of a material and is quantified by measuring the
protrusions or depressions at the surface. Numerous experiments have reported that
surface roughness can influence cell behaviors like adhesion, migration, proliferation and
differentiation. [9-14] In general, the optimal microscale surface roughness that induces

osteogenic differentiation of mesenchymal stem cells is the surface that has average
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Figure 1.1 Schematic illustration of different factors affecting surface topography:

Roughness, Anisotropic pattern, and Isotropic pattern.




roughness (Ra) closed to 1 um.[9-14] For example, Yang et al. investigated the
enhancement of osteogenic differentiation by surface roughness introduced to
hydroxyapatite (HA) discs. The discs have Ra of surface topography ranging from 0.2 to
1.65 pm, and human bone-marrow mesenchymal stem cells (hBMSCs) were cultured in
osteogenic medium (a-MEM supplemented with 10% fetal bovine serum, 50 mg/mL
ascorbic acid, 10 mM glycerophosphate, 100 nM dexamethasone and 100 U/mL
penicillin and 100 mg/L streptomycin) on these discs. The optimal osteogenic
differentiation was observed on discs with surface topography characterized by Ra
ranging from 0.7 to 1.0 um (Figure 1.2a,b).[9] Recent study by Faia-Torres et al. applied
polycaprolactone (PCL) gradient substrate to study effect of surface roughness on
osteogenesis of MSCs in basal growth media without soluble osteogenic inducers. They
demonstrated that the expression of osteogenic markers (alkaline phosphatase (ALP) and
collagen type I proteins) and mineralization are related to the surface roughness.[10]
More specifically, their results show that peak expression of normalized ALP was found
in the area that has substrate gradient at position 5 mm that corresponded to Ra~0.93 um.
This trend is also consistent with a systemic review by Wennerberg and Albrektsson
which concluded that moderately rough surface (Ra~1-2 pm) showed strongest bone
responses.[8] In addition, various experiments have shown that nanoscale surface-
roughness can also influence cell behavior. Although the optimal nano-roughness scale
for osteogenic differentiation cannot be specified, introduction of nanoscale roughness to
substrate surface by acid etching usually is reported to have a positive influence on

osteogenic activity. For example, the study shown by Takeuchi et al., who demonstrated
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Figure 1.2 Examples of surface roughness influences cell behaviors (a) Scanning electron
microscopic (SEM) images of the surface morphology of hydroxyapatite (HA) discs.
Scale bar is 200 um. (b) Alizarin Red staining of differentiating hBMSCs in osteogenic
medium. Note darkest red staining at Ra 0.7 um. Reproduced with permission from ref
8a. Copyright 2015 Elsevier B.V. (¢) Surface morphology of titanium discs for
osteoblastic cell culture. SEM images of machined titanium (A) and acid-etched titanium
(B). Bar =20 um. AFM images of the machined titanium (C) and the acid-etched
titanium (d) Mineralized nodule area. The percentage of the mineralized nodule area
relative to the culture area was measured on the day-28 mineralized tissue using a digital
image analyzer. Right: Representative images of the mineralized cultures from the
triplicate experiments. Data are shown as the mean = SD (n = 3). Reproduced with
permission from ref 9. Copyright 2005 Wiley Online Library.



that when cultured on dual acid-etched titanium surface with a Ra of 110 nm rat bone-
marrow derived osteoblast differentiation increased compared to Ra =49 nm.[15] Similar
observations have been noted by de Oliveira et al.[16, 17] Contrary to this, rat periosteal
cell-differentiation into osteoblasts, which could be seen on machined titanium disk
surfaces (Ra =49 nm), was inhibited on acid etched surfaces (Ra = 183 nm), while
chondrocyte specific genes were activated when cultured in an osteochondral-defined
culture medium containing both osteogenic and chondrogenic differentiation factors.[18]

In explaining cell responses to surface pattern, we will use a classification based
on the orientation of topography (isotropic or anisotropic). An anisotropic surface has a
clear orientation such as ridges and grooves surfaces. On the other hand, an isotropic
surface is a surface with no orientation, such as evenly or randomly distributed pits,
protrusions, pillars, channels, or etc. Techniques developed to engineer these surface
orientations are not the focus of this mini review and they have been reviewed in detailed
elsewhere.[19, 20]

Cell orientation and migration along the anisotropic direction of ridges and
grooves have long been observed in microscale.[21-25] Multiple studies revealed that
MSCs committed to adipogenic [26] and myogenic [27] phenotypes when microscale
grooves are introduced to substrate surface, especially with the groove scale less than 500
nm. Conversely, osteogenic differentiation is negatively affected by this particular
anisotropic pattern.[28, 29] Periodicity can also modulate differential function of cells. In
particular, if MSCs are cultured on grooves with a short distance pitch and become highly
aligned, osteogenesis can be reduced. However, increasing the pitch to around 50 pm can

improve osteogenesis with great efficiency.[30] With the development of lithographic



techniques, recent studies have focused on whether cells align on nanoscale ridges and
grooves and can still be induced by contact guidance.[31-38] In a study by Zhu et al.,
stem cell derived osteoblasts were cultured on polystyrene (PS) nanogrooves (300-nm
pitch, 60- to 70-nm depth) substrates in dexamethasone, ascorbic acid and -
glycerophosphate supplemented media, which were found to exhibit anisotropic
orientation in both cellular actin and mineralized matrix.[38] In addition, elongation of
stem cells plays an important role in neuronal differentiation of stem cells. In fact,
nanogroove topography is widely studied for neuron tissue engineering, [39-42] For
example, Yim et al. have shown that hMSCs could differentiate and proliferate on the
nanogratings of 350 nm width. In addition, alignment of cytoskeleton and nuclei of
elongated hMSCs were observed along the nanogratings, and gene profiling and
immunostaining showed significant up-regulation of neuronal markers such as
microtubule-associated protein 2 (MAP2) compared to unpatterned and micropatterned
controls.[39]

In summary, anisotropic topographies induce dramatic morphological changes
(via contact guidance) in cellular, cytoskeletal, and focal adhesions regardless of micro-
or nanoscale, which subsequently could lead to changes in gene expression and modulate
stem cell differentiation into specific lineages.

As comparison, isotropic patterns cannot influence the cell alignment, Instead, it
has been shown to enable the control of more-collective cell functions. Cell response to
isotropic pattern is often inconsistent and difficult for in-depth analysis due to the

variation in cell types, cell culture condition, properties of materials, etc. Common



isotropic topographies that will be reviewed here are distributed pillars, pit, nanotubes,
and random nanofibers.

Random distributed pillars or islands on a supporting surface has been
demonstrated to influence osteogenesis of stem cells. There are many factors that can be
varied in a pillared surface substrate, for example, height, shape and diameter of island,
and distance between two islands. The complexity of pillared surface makes it
inappropriate to compare the results from each study. Nevertheless, there is a general
trend of cell behaviors attributed to surface isotropic topographies. The introduction of
pillars or islands to substrate surface usually enhances osteogenic differentiation [43-46]
but particular dimension of the island that induces the highest differentiation cannot be
nailed down. Besides dimension of topographical cues, the distribution of topographical
feature may also have significant influences on stem cell behaviors. Dalby ef al. reported
that surfaces composed of nanopits with controlled disordered resulted in increased
expression of osteogenic markers relative to surfaces consisting of either highly ordered
or randomly displaced nanopits (Figure 1.3a).[47] In addition to distribution of nanopits,
depth of nanopits has also been shown to affect cell responses. In general, the deeper pit
tends to enhance higher osteogenesis of stem cells.[48, 49] Another feature of isotropic
surface that is currently explored particularly for bone tissue engineering is nanotubes.
There is an increasing number of data elucidating the benefits of using TiO2 nanotubes,
one of the lateral spacing topographical cues, for enhanced orthopedic implant surfaces,
however, inconsistent responses have been reported from various researching groups. For
instance, it has been criticized that MSCs behave differently on TiO2 nanotubes (Figure

1.3b) with diameters of 15 — 100 nm.[50, 51] Three different optimal diameters of TiO>
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Figure 1.3 Examples of isotropic patterns that influence cellular responses. (a) Top row
shows images of nanotopographies fabricated by electron beam lithography (EBL) on
poly(methyl methacrylate) (PMMA). All present 120 nm diameter pits (100 nm deep,
absolute or average 300 nm center—center spacing) with square (SQ), control disordered
20 (NSQ 20), control disordered 50 (NSQ 50, &+ 20 or 50 nm from true center) and
random placements (RAND). Bottom row shows osteoprogenitors cultured on the
control, note the lack of positive osteopontin (OPN) stain; SQ, note reduced cell numbers
compared with the control; NSQ20, note some OPN positive cells; NSQS50, note
abundant OPN positive cells and bone nodule formation (arrows); RAND, note good cell
populations but lack of positive OPN stain. Cells were cultured in osteoinduction media
containing dexamethasone and L-ascorbic acid. Color code: actin, red; OPN, green.
Reproduced with permission from ref 21. Copyright 2007 Nature publishing group. (b)
SEM images of titanium oxide nanotube having various diameters (30, 50, 70, and 100
nm). Reproduced with permission from ref 23a. Copyright 2009 Wiley Online Library.



nanotubes scaffolds for osteogenic differentiation have been obtained from three groups
of pioneers in bone tissue engineering.[50-52]

Electrospun nanofiber webs may also be evaluated within the context of
topographic effect because randomly deposited nanofibers with variable nanoscale
thicknesses provide nanotextures coupled with micropores.[53, 54] Electrospun fibers
have been investigated as promising tissue engineering scaffolds since they mimic the
nanoscale properties of native ECM. It can be aligned on substrate surface to create both
anisotropic and isotropic topography which control commitment of stem cells to a
specific lineage. Recent study by Yin et al. demonstrate that the aligned anisotropic
fibrous scaffold displays promising results in tendon-like tissue regeneration at the early
repair stage, while in the random fibrous scaffold group, they observed the development
of bone formation at the injury site. The two topographically-different scaffolds not only
support MSC adhesion and spreading, but also induce tenogenesis and osteogenesis,

respectively, both in vitro and in vivo (Figure 1.4).[55]

1.3 PLANT VIRUS PROVIDES TOPOGRAPHICAL CUES FOR CELL CULTURING

There are two main categories of biomaterials used to study the influence of
nanotopography on cellular behaviors. The first type is polymeric materials, where
nanostructures could be generated by nanoimprint lithography,[56] capillary force
lithography,[57] ultraviolet assisted lithography,[58] embossing, photolithography, and
micromachining.[6] Another type of biomaterials is made of stiffer metallic substrates,
such as stainless steel, platinum, and titanium.[6] Deep reactive ion-etching, acid etching,
photolithography, sandblasting, and mechanical machining were the techniques employed

to create surface nanotopography on these metallic materials.[6, 59]

10



A

4 weeks

8 weeks A

R

Sar

@ = e o . SIS -. o L ‘6": = AR ST X A~
200x 400x 200x 400x

Figure 1.4 Electrospun nanofibers induce stem cell differentiation. (a) and (b) SEM
images of MSCs cultured on the aligned and randomly-oriented nanofibrous scaffolds
respectively. (¢) Immunohistochemical staining of collagen type X and osteocalcin in
repaired zones within sections of aligned group and randomly-oriented group after 4
weeks and 8 weeks post-surgery. Scale bars, 100 pm (200x), 50 um (400x). Reproduced
with permission from ref 26. Copyright 2015 Elsevier.
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Further modifications to the two main types of biomaterials described above
could be achieved by nanoparticle surface coating. In our laboratory, we are creating
materials from plant virus nanoparticles, which can be produced in gram quantities at low
cost, and the resulting particles are highly monodispersed.[60, 61] Other advantages of
these bionanoparticles include the well-defined structural features, unique shapes and
sizes, genetic programmability and robust chemistries.[61] For example, the cell adhesion
motifs, like arginine-glycine-aspartic acid (RGD), have been incorporated into Tobacco
mosaic virus (TMV) coat proteins through genetic engineering to give mutant viruses
(e.g. TMV-RGD).[62] The RGD motif, predominantly found in an extracellular adhesive
glycoprotein, fibronectin, and other extracellular matrix proteins, was reported to mediate
cell adhesion via transmembrane integrin binding.[63] The polyvinyl alcohol (PVA)
fibers incorporated with genetically engineered TMV-RGD was observed to facilitate cell
adhesion and spreading with prominent actin fibers, even in the absence of serum
supplement (Figure 1.5a). On the contrary, cells remained in a round shape with
randomized actin structure on both PVA and PVA-TMYV substrates (Figure 1.5b).[62]

Besides TMV, there are other viruses that have also been used for tissue
engineering application.[64-68] One example of virus that has been widely studied is
M13 bacteriophage (phage), a nanofiber-like virus that has ability of self-assembly into
highly controlled periodic nanostructures when prepared in concentrated solution.[69-71]
Merzlyak et al. have genetically engineered phage to display cell signaling motif on their
coat proteins and self-assemble them into directionally organized liquid crystalline-like
materials. They also demonstrated that the viral nanofiber scaffolds were able to support

neural progenitor cell proliferation and differentiation as well as direct orientation of their
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Figure 1.5 Genetically engineered TMV-RGD enhances cell adhesion on fibrous
substrates.[62] (a) Baby hamster kidney (BHK) cell density analyses after 1 h and 12 h of
incubation on electrospinning PVA, PVA-TMV and PVA-TMV/RGD substrates. (b)
Fluorescence microscopy images stained for nuclei (blue), F-actin (red) and FESEM
images of BHK cells after 1 h of incubation on substrates. Reproduced with permission
from ref 32. Copyright 2011 The Royal Society of Chemistry.
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growth in three dimensions.[64]

We hypothesized that the unique surface topography and polyvalent nature
provided by the plant virus coat protein assembly can be harnessed to modulate stem cell
responses. In particular, high-order hierarchical structure of plant virus compliments
investigation of the effect of ligand displayed polyvalency on cellular response as they
can be genetically and/or chemically modified to display particular functional groups in a
controlled spatial orientation at nanometer scale. Therefore, we have first utilized
substrates randomly coated with rod-shaped TMV and spherical Turnip yellow mosaic
virus (TYMV) to test osteogenic potential of bone marrow derived mesenchymal stem
cells (BMSCs).[67, 72] Surprisingly, the osteogenic differentiation process was
accelerated by 7 days in both cases. The underlying reasons how topography and
nanopattern of virus-based materials can affect differentiation process is still not well
understood. In an attempt to gain better understanding, early cellular responses to TMV
coated substrate were observed within 24 hours of osteogenic induction.[73] We
discovered that bone morphogenetic protein 2 (BMP-2) was upregulated endogenously
during the first 24 hours with a peak expression at 8 hours (Figure 1.6a, b).

BMP-2 is one of the most potent inducers of bone differentiation in mesenchymal
stem cells [74] and is highly involved in the beginning of bone repair in an animal
study.[75] Recombinant human BMP-2 (rhBMP-2) is commercially available and used as
therapeutic supplement for bone repair in spine fusion surgeries and tibial fracture
healing.[76] However, thBMP-2 is costly and some recent studies reported the adverse
effects caused by large quantity of rhBMP-2 implant failure or leakage causing life-

threatening urogenital events, retrograde ejaculation, back and leg pain, hematoma, or
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Figure 1.6 TMV-induced osteogenic differentiation in BMSCs in vitro.[73] (a) Gene
expression profile showing an upregulation of BMP2 mRNA level in BMSCs on TMV
substrate at 8 hours after osteoinduction. (b) Immunohistochemical staining illustrating
an increase in BMP2 expression at the protein level in BMSCs grown on TMV surface.
Reproduced with permission from ref 37. Copyright 2012 The Royal Society of
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breathing difficulty.[77-80] It was observed that in vitro osteogenic differentiation
induced by supplementing BMP-2 to the cell culture was more effective when cells were
grown on titanium surface with nanometer size of roughness.[81] Therefore, material-
induced BMP-2 endogenous expression may provide an alternative approach to
orthopedic surgeries where the morphogen is localized and the expression level is self-

regulated, leading to reduce adverse effects.

1.4 POSSIBLE MECHANISM OF TOPOGRAPHICAL CUES INDUCED STEM CELL
DIFFERENTIATION

Initial clues of molecular mechanisms by which cells sense different topography
are the differences in focal adhesion (FA) structures of cells on different substrates.
Variations of FA size, strength, and composition often reflect changes in actin
contractility and point to RhoA, a small GTPase whose activation enhances non-muscle
myosin Ila-dependent actin contractility by stimulating the formation of stress fibers and
FAs.[82] Many studies have emphasized the critical role of RhoA, Rho-associated kinase
(ROCK), and its downstream effects on actomyosin contractility on the control of cell
fate by cell spreading.[83-87] General concept acquired from these studies describes that
MSC:s differentiate along an osteogenic lineage when RhoA/ROCK pathway is activated
which leads to cell spreading; whereas adipogenesis is dominated when RhoA/ROCK
pathway is inhibited and cell spreading is restricted. Another key regulator of
mechanotransduction is focal adhesion kinase (FAK), generally regarded as upstream of
RhoA activation, is also influenced by changes in substrate nanotopography.[88]

Nanotopographic substrates in the form of 1445 nm nanopits [89] or 250 nm

16



nanogratings [88] also increased FAK activity. Differential activation of FAK in turn
triggers downstream signaling to the mitogen-activated protein kinase (MAPK) cascade,
which is an intracellular signaling cascade that delivers information about the
extracellular environment to the cell nucleus.[30, 90] Ultimately, this pathway in turn
influenced the transcription factor RUNX2 to control osteoblast differentiation and
matrix mineralization (Figure. 1.7). Collectively, these findings suggest the participation
of FAK/RhoA/ROCK/MAPK signaling pathway in substrate topography influence cell
fate decisions.

Our plant virus based material provided the in situ endogenous BMP-2
stimulation and at the same time nanoscale surface features.[68, 73] One example of an
attempt to combine BMP-2 induction with nanopatterned surface is the immobilization of
BMP-2 peptides on nanoscale grooved and dot-shaped polymer surfaces, resulting in an
improved osteogenesis without any other soluble inducers.[91] In this study, they
discovered cytoskeleton and cell membrane stress induce RhoA/ROCK-mediated
cytoskeletal tension and subsequently osteogenesis. The restrict cell morphology and
stress in cell cytoskeleton observed were similar to what we observed in our plant virus
scaffolds. Therefore, it is possible that nanotopographical features supplied by the virus
nanoparticles influence cell spreading and introduce mechanical stress on the cell
membrane leads to an early osteogenesis via the similar activation of RhoA/ROCK
pathway.[92] To identify the upstream side of RhoA/ROCK signaling pathway, we
started by focusing on identifying cell membrane receptors responsible for sensing the
external stimuli. Our experiment showed that the size of focal adhesion complexes as

identified by vinculin staining is reduced on virus-based material compared to that of
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Figure 1.7 Schematic diagram depicts interrelation of common intracellular signaling
events (red arrow path) triggered by changes in substrate topography and predicting
sequential events for TMV-induced BMP-2 upregulation, leading to accelerated
osteogenesis. Evidence in the literature suggests that key molecular players for this
signaling pathway include integrins, focal adhesion-associated proteins (FAK and others),
RhoA/ROCK, and MAPK. Actomyosin-driven tractional forces, which enable cells to
mechanically probe their physical microenvironment, also appear to play a critical and
conserved role in cells' responses to topography. Adapted with permission from ref 43.
Copyright 2014 Wiley Online Library.
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standard tissue culture plastics.[68, 73] Furthermore, there were a number of chemokines
and small chemotactic cytokines, in addition to macrophage chemotactic protein 1 (MCP-
1), produced in response to cell adhesion on TMV substrate.[93] These chemokines are
not only important in the migration of immune cells during injury and infection,[94] but
also the migration of stem cells during body development and maturation.[95] The
production of these cytokines could be triggered as a consequence of cell membrane
receptor signaling. Gene expression changes in motility genes were briefly investigated.
It was discovered that actinin 3, integrin alpha 4, rhodopsin (Rho), Ras-related C3
botulinum toxin substrate 2 (Rac2), and Rho guanine nucleotide exchange factor 7 were
upregulated.[93] Interestingly, Rac2, a hematopoietic-specific Rho GTPase, has been
reported to play an important role in a success in long-term bone engraftment in
mice.[96] These genes have been reported to be upstream of protein kinases, possibly
leading to BMP-2 endogenous production which subsequently activate RhoA/ROCK-

mediate cytoskeletal tension and ultimately accelerate osteogenesis (Figure 1.4c).

1.5 SUMMARY

Topography of implant materials plays an important role in directing stem cell
fate. Microscale surface roughness has long been recognized to alter osteogenesis of stem
cells. By optimizing roughness scale of material surface to Ra~1-2 um, bone formation
can be highly induced. Anisotropic surface has been studied in term of a tool to direct cell
alignment which often impacts stem cell fate. Isotropic surface is not determined to
influence cell alignment, instead it is proved to be able to control cell function. Cell

response to isotopic patterns is often inconsistent. For example, reported proper
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dimensions of islands decorated substrate surface for osteogenesis were varied from one
study to another. However, the concept that the introduction of pillars or islands to
substrate surface can benefit osteogenic differentiation has been verified. In addition, the
studies from Dalby ef al. highlighted that the distribution of topographical features can
significantly influence cell response. Many current studies have focused on nanotube
featured materials which would also enhance bone formation; however, proper dimension
of the nanotube has not been endorsed. Furthermore, fibrous materials are widely
explored as promising tissue engineering scaffolds since they mimic the nanoscale
properties of native ECM. It can be placed on substrate surface to create either
anisotropic or isotropic surface and modulate stem cell differentiation to target
phenotype.

The complex signaling cascade involved in nanotopographical cues influence cell
responses is still unclear. The interaction between cells and material surface could be
static or dynamic. Further study is needed to understand how a particular nano-patterning
results in certain cellular response and behavior. For plant virus supplied
nanotopographical cues substrates, even though the endogenous upregulation of BMP-2
was observed for BMSCs in vitro, we cannot be concluded that this is a universal
phenomenon. Inhibiting BMP-2 by using siRNA, BMP-2 knock out, or applying BMP-2
inhibitors such as Noggin and Chordin may reaffirm the involvement of BMP-2 in the
phenomenon. In addition, to investigate the participation of RhoA/ROCK pathway, Y-
27632 (a selective inhibitor of ROCK), blebbistatin (an inhibitor of myosin II), and
cytochalasin D (actin disrupting agent) could be employed. Despite great potential of the

topographical cue guidance, there are a number of limitations for practical applications.
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For example at molecular level, very limited studies have been reported to systematically
elucidate the correlation between different topographical cues and cellular behaviors. It
would require further investigation from many scientists in different fields, such as

computational biology and molecular biology, to solve the puzzles.
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CHAPTER 2
VIRUS NANOPARTICLES MEDIATED OSTEOGENIC

DIFFERENTIATION OF BONE DERIVED MESENCHYMAL STEM

CELLS!

2.1 INTRODUCTION

It is well established that cell-material interactions regulate numerous cellular
functions.[1-3] Biological processes such as adhesion, growth, differentiation and
apoptosis, are controlled by cell shape and cytoskeletal organization which is directed by
cell-surface interactions.[4-7] Meanwhile, the surface chemistry and topography of
materials play a very crucial role in altering cell behaviors at many stages of cell growth
and development.[3, 8-13] Although the dimensions of mammalian cells are on the order
of a few micrometers, cellular sensing of the external environment and interaction with
biomaterials occurs at the nanometer level.[14, 15] Cell interactions with nanometric
surfaces often result in a specific sequence of gene and protein regulations. These series
of events initiate as early as the cell begins to sense the surrounding environment.
Therefore, the understanding of various topographical cues that are responsible for
cellular behaviors is a key to advance tissue engineering.

In general, topographical cues can be classified as: (1) the roughness of the

underlying surface (2) the ligand-display pattern and density (3) the size and shape of
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the contact area for cell spreading, and (4) the geometry of topological features at a
nanometer scale.[16, 17] Reviewing the effect of individual cues is often complicated due
to the difficulty in controlling and altering particular topographical features while
preserving others. Micro/nanofabrication techniques are required to enable the
recapitulation of topographical cues in the cell niche in a controllable and reproducible
fashion. Examples of these technologies are mechanical roughening,[ 18] nano- and
microindentation, and substrate-templating using a well-defined relief to impart
topography with solvent-casting, electro-deposition, chemical-vapor depositions, or
compression-molding processes.[19-21] These engineered micro/nanoscale topographical
cues mimic the micro/nanoscale features in the physiological environment, which can be
used to demonstrate how individual cues or the combination of topographical cues affect
a particular cellular response. However, all these methods suffer from the laborious
process, the inability of predictably generating chemistry and topography in a
simultaneous fashion, the requirement for high-cost equipment, or the limited class of
material can be used.[6, 22-24]

Virus particles, especially plant viruses, are uniform in size, have well organized
and characterized 3D structure, and can be produced in high yield and purity.[25, 26] The
symmetrical arrangement of the outer coat proteins of the viral particles makes them
attractive scaffolds for polyvalent display of a variety of functional groups for various
applications.[25, 27-29] In the past two decades, new materials with unique structural
features have been developed for a wide range of applications, including electronics, drug
delivery, imaging, gene therapy, and immunotherapy, by taking advantages of distinctive

chemical and biological properties of plant viruses.[29-31] However, so far there is no
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systematically investigation about how the nanoscale topographical cues of various plant
virus particles coated substrates impact cell behaviors, specifically, osteogenesis of bone
derived mesenchymal stem cells (BMSCs).

From our unexpected, yet significant, observation that rodlike plant virus
nanoparticle, Tobacco mosaic virus (TMV) coated two dimensional substrate
dramatically accelerates osteogenesis of BMSCs. The study suggested that the virus does
not act as soluble inducer becasue supplementing cell culture media with TMV solution
failed to mediate the differentiation.[32, 33] We have hypothesized that the shape of virus
nanoparticle and/or nanoscale topography provided by surface structure of virus particle
may be necessary for the enhanced osteogenesis. Therefore, in this study, we generate a
series of plant virus nanoparticles coated substrates using a variety of viral nanoparticles
with distinct morphology and nanotopography. We applied these virus based scaffolds to
investigate cellular responses to different types of topographical cues (Figure 2.1). Our
results show that some of these virus based scaffolds accelerate and enhance osteogenic
differentiation of bone derived mesenchymal stem cells (BMSCs). This finding presented
here may provide a new route for enhancing the performance of orthopedic implants by

regulating stem cell differentiation with nanotopography.

2.2 RESULTS AND DISCUSSION

2.2.1 Fabrication of virus-coated scaffolds by layer-by-layer deposition method
We fabricated 2D virus based substrates from five plant viruses which can be categorized
into three groups by morphology of the viral particles: rod shape virus, TMV and TVCV;

filamentous virus, PVX, and spherical virus; TYMV and CPMV. Not only are these plant
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Figure 2.1 (A-I) Molecular models shows surface topography of plant viruses used in this
study. (A-B) Tobacco mosaic virus (TMV); (C) Potato virus X (PVX); (D-E) Turnip
yellow mosaic virus (TYMYV); (F-G) Turnip vein clearing virus (TVCV); (H-I) Cowpea
mosaic virus (CPMV). Scale bar indicates 10 nm in (A, C, D, F and H) and 5 nm in (B, E,
G and I). The models were generated using Pymol (www.pymol.org) with co-ordinates
obtained from RCSB protein data bank.
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viruses morphologically different, but also they are nanotopographically dissimilar as
shown in Figure 2.1

Since all these viral particles have isoelectric points (pl) less than 5.5, overall
surface charges on these particles are negative in neutral pH condition. Via an
electrostatic interaction, negatively charged viral particles can be strongly adsorbed onto
various surfaces containing positively charged functional group. Several coating
strategies and substrates were tested to screen for a high throughput method that offers
uniform coating of every type of five virus particles on substrate surface. Summary of
advantages and drawbacks of each coating procedure is shown in Table 2.1. Glass slide
modified with organofunctional alkoxysilane molecules was first used to construct five
virus coated substrates followed protocol developed by Kaur et al. The primary amine
functional group of the organofunctional alkoxysilane can be protonated and presents
positively charges under neutral condition. General coating method is dropping 0.2 mL of
aqueous virus solution on the silanized glass and let the virus solution dry under sterile
tissue culture hood.[34] Although, high coverage of virus nanoparticles on substrate
surfaces can be achieved on this material, the coating protocol is very tedious and
requires skillful personal to prepare the substrates. In addition, coffee ring effect, a
pattern left by a puddle of particle-laden liquid after it evaporates is also commonly
detected on the substrates prepared by this method if the virus solution is not fully
covered the coating area. The higher number of virus layers could be detected around the
edge and only non-uniform coatings were obtained which let to un-predictable roughness
of the substrates. To avoid the coffee ring effect, 12 well plates with amine conjugated

surface was tested for virus coating. With this material, the procedure for coating is easier
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Table 2.1 Summary of advantages and drawbacks of different virus coating procedures

Substrates

Advantages

Drawbacks

Silanized glass

Coating procedure was
well developed

Tedious

Coffee ring effect
Aqueous virus solution
required

Multilayers coating
Time consuming

Amine plate

Easy coating protocol

Rough surface
Low coverage
Coffee ring effect
Expensive material

PSS/PAH

Uniform coating
High throughput coating
method

Cell viability

PAA/PAH

Uniform coating
High throughput coating
method

Cell viability

PDL

Uniform coating
Biocompatible

High throughput coating
method

Relatively expensive
reagent
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than silanized glass but we still could not get a consistent coating. In particular, during
the drying process, more virus particles were drawn to the wall of the well and the center
of each well had much less virus particle.

Since drop dry coating method failed to prepare uniform coating, we changed to a
layer-by-layer (LbL) approach since it was reported by Zan ef al. that the LbL method
could create high coverage regular coating of TYMYV on 2D substrate.[35] Two pairs of
polyelectrolytes were tested for fabrication of the five virus particles coated substrates,
polystyrene sulfonate(PSS) alternates with polyallylamine hydrochloride(PAH) and
polyacrylic acid (PAA) alternates with PAH. Both of the polyelectrolytes pairs gave
uniform coating with high coverage of virus particles. However, cells could not survive
on the LbL substrates after a few days of culturing. To achieve a high cell viability, we
employed poly-d-lysine (PDL) in our study. The interaction between positively charged
amine functional group of PDL helps to retain the viral particles on the substrates by
electrostatic interaction. By depositing structurally and nanotopographically distinctive
viral particles on PDL coated substrate, we can readily construct an array of virus-coated
scaffolds with various topographies offered by the intrinsic morphology and
micro/nanotopography of each viral particle. The presence of viral particles on PDL
coated surface was confirmed by atomic force microscopy (AFM) (Figure 2.2). The AFM
micrographs also show a nearly complete coverage of substrates by intact viral particles.
The virus particles are randomly adsorbed on 12-well plates coated with PDL, however,
some area of the virus coated substrates appeared to show direction of virus particles
coating under AFM. This coating pattern results from the natural irregularity of the cell

culture surface of 12-well plate. To prevent the effect of plate pattern, the same lot of 12
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Figure 2.2 (A-E) Representative AFM micrographs showing the coverage of PDL coated
substrate with different virus nanoparticles indicate the viral particles, (A) TMV; (B)
TVCV; (C) PVX; (D) TYMV; and (E) CPMV, are mostly intact and fully cover the
coating area. (F) Root mean square roughness of different virus nanoparticles coated
substrates by AFM analysis. Scale bars indicate 1.25 pm in (A-C) and 0.5 pm in (D-E).
The data are expressed as mean + s.d. (n = 4) ns indicates non-significant and p > 0.05
based on ANOVA analysis.
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well plates was used throughout this study. The virus substrates have been

characterized in term of root mean square roughness from data collected from AFM
micrographs (n = 4). There is no significant difference of microscale roughness across the
virus coated substrates, created from deposition of numerous virus particles on the
substrate surface, across these five virus substrates.

2.2.2 Viral particles coated substrates promote Osteogenesis
To investigate the effect of surface topography on osteogenesis, we cultured BMSCs on
PDL coated substrate and the five virus-based substrates and studied the osteoblastic
differentiation. BMSCs were isolated and cultured as reported in literature.[36, 37]1-3
The purity of the stem cells populations has been previously verified with several stem
cells markers such as CD73 and CD90.[36, 37] The difference in the expression of bone
morphogenetic protein-2 (BMP2) gene, an early osteogenic marker,[33] among BMSCs
cultured on PDL and virus substrates were recorded at 6 hours after osteoinduction
(Figure 2.3). Moreover, after 7 days of induction, osteocalcin (BGLAP) and osteopontin
(SPP1) genes expressions were higher compare to uninduced BMSCs (Figure 2.4). These
two genes are non-collagen genes actively involved during proliferation period.
Osteocalcin is a specific marker for the osteoblast differentiation and mineralization, and
is expressed exclusively during the post-proliferative period and reaches its maximum
expression during mineralization and accumulates in the mineralized bone.[38-40]
Osteopontin is known to serve as a bridge between the cells and the hydroxyapatite

through the RGD and polyaspartate sequences present in it. It is one of the early markers
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Figure 2.3 RT-qPCR analysis showed significant BMP2 upregulation in cells grown on
TMV, TVCV, PVX, and TYMV (but not on CPMV) coated substrates at 6 hours after
osteogenic induction. This result suggests early osteoblastic differentiation of BMSCs on
the four virus coated substrates.
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Figure 2.4 The expression of osteogenic marker in BMSCs cultured on PDL and different virus nanoparticles coated substrates
under osteogenic conditions. (A-B) RT-qPCR analysis showed upregulation of osteocalcin (A) and osteopontin (B) in cells grown
on TMV, TVCV, PVX, and TYMV (but not on CPMV) coated substrates at 7 days after osteogenic induction. (C)
Immunohistochemical staining reveals that osteocalcin, a canonical osteogenic marker, is exclusively located in cell aggregates
growing on TMV, TVCV, PVX, and TYMV substrates (not for CPMV coated substrate). Color representation: nucleus (blue),
osteocalcin (red). Scale bar is 100 um. The data were expressed as mean £+ s.d. (n =3, * p < 0.05, ** p <0.01 based on ANOVA)
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of osteoblastic differentiation.[41] We observed significantly changes in the expression
of all three osteospecific genes in cells plated on the virus based substrates, excepted
CPMV coated substrate, compared to cells grew on bare PDL substrate. Interestingly, in
the case of spherical-shaped viral particles, while TYMYV coated substrates increased
BMP2 gene expression by 4 folds and dramatically increment of BGLAP and SPP1 were
observed, there was no significant difference in these gene expressions between cells
plated on PDL and CPMYV substrates.

Consistent with gene expression data, immunofluorescence imaging of BMP2
(Figure 2.5) and osteocalcin (Figure 2.4C) revealed that the morphogens are localized in
the cell aggregates on the four virus coated substrates. BMSCs cultured on TMV, TVCV,
PVX, and TYMYV develop greater cell nodules, a notable feature of BMSCs undergoing
osteogenesis. In order to quantify the differences in the spatial distributions of cells on
each substrates, we acquired the coordination of cells and applied the nearest neighbor
analysis.[42, 43] The spatial distributions of BMSCs on TMV, TVCV, PVX, and TYMV
substrates were similar to the theoretical “cluster” distribution, which indicates cells tend
to cluster to form the cell nodules. (Figure 2.6). On the other hand, the spatial
distribution of BMSCs on PDL and CPMV were similar to the “independent” distribution
and shifted towards a “regular” distribution. The data suggests that TMV, TVCV, PVX,
and TYMV coated substrates are more favorable to the osteogenesis of BMSCs than PDL
and CPMV substrates.

These cell clusters displayed robust positive staining for BMP2 in cell aggregates
(Figure 2.6). No fluorescence signal was detected in cells grew on PDL control and

CPMV substrates. Similarly, immunohistochemical staining of osteocalcin at 14 days
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Nuclei BMP2 Actin Overlay

Figure 2.5 BMP2 immunohistochemical staining suggests the protein expressions are
localized to the cell aggregates; most are found on TMV, TVCV, PVX, and TYMV

substrates. Scale bar is 200 um. Color representation: nucleus (blue), BMP2 (green), actin
(red).
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Figure 2.6 Nearest neighbor analysis of BMSCs cultured on PDL virus substrates. (A-C
and G-I) DAPI immunohistochemical staining and (D-F and J-L) bright field microscopy
images of BMSCs on (A, D) PDL, (B, E) TMV, (C, F) TVCV, (G, J) PVX, (H, K)
TYMV, and (J, L) CPMV. (M) Schematic diagrams of the nearest neighbor analysis. In
this analysis the distribution of cells can range from independent (represented by a
theoretical Poisson’s distribution), to clustered, or regular. (N) Plot of BMSCs spatial
distribution on PDL control and virus substrates demonstrated cluster growth pattern
which correlated to appearance of cells nodules on TMV, TVCV, PVX, and TYMYV virus
coated substrates. Scale bar is 200 pm.
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indicates that the canonical osteogenic marker was exclusively found in cells aggregates
on TMV, TVCV, PVX, and TYMYV substrates.

In addition to the analysis of osteo-specific markers, alkaline phosphatase (ALP)
activity and calcium mineralization supported the osteogenic differentiation of cells on
the four virus based scaffolds. ALP is an early marker of osteogenesis and its activity
mediates matrix mineralization.[44] Cytochemical analysis of the osteogenesis process of
BMSCs on PDL and virus coated substrates at day 4 and 7 after osteogenic induction
suggested that cells on TMV, TVCV, PVX, and TYMYV substrates had an increase in
ALP activity at day 4, whereas CPMYV substrates did not alter the enzyme activity when
compared to PDL control. The enzyme activity drops to baseline at day 7 for cells on
TMV and TVCYV substrates (Figure 2.7A). It is possible that cells on these two virus
substrates undergo differentiation and reach mineralization period earlier than cells on
other substrates since alkaline phosphatase activity rises during cell proliferation and
achieves maximum level as the culture progresses into mineralization stage. However,
cellular level of ALP declines as mineralization progresses. [45] Additionally, cells on
the four virus substrates at day 7 were positively stained by Alizarin red S which showed
deep red color for calcium deposition in large cell nodules, whereas negatively stain was
observed on PDL substrates (Figure 2.7B).

Cells on CPMYV substrate only formed small nodules that were also stained with
Alizarin red S. Quantification of dissolved Alizarin red S dye from cells nodules by UV-
Vis absorbance indicated that the mineralization of cells on TMV substrates doubled that
of PDL, and PVX and TYMYV substrates increased the mineralization by 4 folds, while

TVCV substrates slightly increased the mineralization of cells compared to PDL control
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Figure 2.7 Cytochemical analysis of the bone differentiation process of BMSCs on PDL
and viruses coated substrates at 4 and 7 days after osteogenic induction. (A) Alkaline
phosphatase activity of cells cultured on different substrates. Cells on TMV, TVCV,
PVX, and TYMV substrates have an increase in enzyme activity at day 4, while the
enzyme activity of cells on CPMYV substrates is not different from cells cultured on PDL
control. On day 7, alkaline phosphatase activity reduces to baseline for cells on TMV and
TVCYV substrates. The data are expressed as mean + s.d. (n =3, * p < 0.05, ** p <0.01,
*¥*%¥% p < 0.0001 based on ANOVA) (B) Absorbance at 548 nm normalized to cell
number to indicate a relative amount calcium deposit at day 7 stained by alizarin red
solution. The mineralization of cells on TMV substrates doubles that of PDL, while PVX
and TYMV substrates increase the mineralization by 4 folds. TVCV substrates slightly
increase the mineralization of cells compare to PDL control substrates. These evidences
suggest an improvement in osteogenesis by virus coated substrates. The data are
expressed as mean + s.d.. (n = 3, ** p < 0.01, *** p < 0.001, **** p < (0.0001 based on
ANOVA). (C) Alizarin red staining of each sample at day 7. Cells on virus substrates are
positively stained for calcium deposition, whereas negatively stain is observed on PDL
substrates.
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substrates but not statistically significant (Figure 2.7C). However, as the calcium
mineralization accumulates, longer incubation time of cells on these substrates could
increase the difference in calcium deposition between each substrate and increase the
difference of the mineralization between cells on TVCV and PDL coated substrates. Cells
on CPMV substrate has comparable calcium mineralization to cells on PDL control.

The combined results from RT-qPCR, immunohistochemical staining, nearest
neighbor analysis, enzyme activity and calcium mineralization unambiguously indicate
that TMV, TVCV, PVX, and TYMYV substrates can accelerate and enhance osteogenesis
of BMSCs. The accelerated osteogenic differentiation of BMSCs on TMV and TYMV
substrates has been demonstrated before in our previous studies when BMSCs were
cultured on the viruses coated APTES glass coverslips.[32, 33, 46] In this study, we have
confirmed that it is the topography created by deposition of virus nanoparticles on
substrates, not underlying material, which mediates such differentiation.

2.2.3 Nanotopography of viral based scaffolds alters cells morphology and induces
differentiation
The majority of cells cultured on the four virus substrates have noticeably smaller size at
24 hours after seeding compared to those on PDL and CPMV substrates. Previous study
illustrated that cell shape and size are associated with adhesion strength of cells on a
substrate.[47] Additionally, several reports showed that integrin-mediated focal adhesion
is an important regulator of osteogenesis.[48, 49] It is hypothesized that too strong
substrate binding may inhibit osteogenic differentiation. Mendonga et al. observed higher
osteogenic differentiation of stem cells that attached looser on rough titanium disks than

strongly attach cells on smooth substrate.[50] This could possibly be due to the limitation
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of cells movement or migration. Strength of cell adhesion and larger focal adhesion size
are correlated to an increase in localization of vinculin.[51] Therefore, we investigated
cell adhesion on virus substrates by using fluorescence imaging of vinculin, a protein of
focal adhesion complexes (FAC), to analyze average focal adhesion size of cells grew on
PDL and virus substrates for 24 hours prior to osteoinduction. Vinculin signals were
captured by fluorescence microscopy for size analysis by Slidebook™ 5 software. The
data revealed the reduction in vinculin size of cells on TMV, TVCV, PVX, and TYMV
but not CPMYV substrates (Figure 2.8).

These results suggest that BMSCs attached to the 4 virus substrates weakly,
whereas larger size of FACs dictates stronger cell-substrate adhesion in PDL and CPMV
substrates.[52] The significantly smaller focal adhesion (FA) size for cells on the four
virus substrates might increase cellular motility and facilitate the formation of cell
aggregates within 6 hours of osteoinduction. The larger FA size observed in CPMV
sample, which did not improve osteogenic differentiation, might be attributed to the
expression of vimentin binding ligand on CPMYV coat proteins.[53] The vimentin
cytoskeleton was shown to regulate focal contact size and helps stabilize cell-matrix
adhesion in endothelial cells.[54] Since major cytoskeletal component of mesenchymal
cells is vimentin, the presence of vimentin binding ligand on CPMYV substrate could
supply additional adhesion points and consequently leads to higher adhesion strength of
cells.

Several reports previously described that elongated shapes and geometries that
present features of subcellular concavity at the cell perimeter increase the cytoskeletal

substrates. tension in mesenchymal stem cells (MSCs), thus promoting the preference for
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Figure 2.8 Immunochemical staining showing the difference in vinculin size of cells on
PDL or virus coated substrates for 24 hours. (A) Immunofluorescence images of cells on
different substrates at 24 hours prior to osteoinduction (top panel). Color representation:
nucleus (blue), vinculin (green), phalloidin (red). The bottom panel demonstrates vinculin
masking and selection of vinculins for size analysis. The selected vinculin spots are
highlighted in blue. Scale bar is 50 um. (B) Average vinculin size of cells on different
The data were expressed as mean + s.d. (n = 3, * represents p < 0.05 based on ANOVA).
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osteogenesis.[55, 56] These similar geometries of BMSCs were also observed in our
study. Representative actin and vinculin immunofluorescent heat maps of cells initially
adhere on PDL and each virus coated substrates suggests that cells on TMV, TVCV,
PVX, and TYMV were more elongate with higher actin stress fiber on the long axis of
cells. The majority had concave features that led to high cytoskeleton tension in the
region. Furthermore, vinculin of cells that grew on these four substrates were highly
localized at the protrusion area which was different from those of cells on PDL and
CPMV coated substrates. The majority of cells on PDL and CPMV coated substrates
were rounded in shape with evenly distribute actin filaments and vinculin around cell
perimeter (Figure 2.9). Moreover, overall morphology of cells on each virus substrates,
which can be investigated from Figure 2.5 and 2.6, reveals that cells on CPMV have a
more spread out shape compares to cells on other virus substrates. These data of
morphology and immunofluorescence heatmaps along with small FA size suggests that
loosely attachment of cells on unfriendly four virus, TMV, TVCV, PVX, and TYMV,
coated substrates result in cytoskeleton tension, thereby enhancing osteogenic
differentiation of BMSCs.

Therefore, data from this study suggest that the effect of nanoparticle morphology
on differentiation is negligible. As observed from all experiments, osteogenic
differentiation is comparable in cells cultured on substrates coated with different shape of

virus.

2.3 CONCLUSIONS

A series of assorted micro-/nanoscale features possessed 2D peptide based
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Figure 2.9 Representative actin (top panel) and vinculin (bottom panel)
immunofluorescent heat maps of cells culture on PDL and virus coated substrates.
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scaffolds can be simply constructed from structurally distinct viral bionanoparticles using
fundamental electrostatic interaction. These virus based 2D scaffolds were used to
investigate osteogenesis of BMSCs. The combined results from RT-qPCR and
immunostaining of BMP2 suggest an early osteogenesis of cells on TMV, TVCV, PVX,
and TYMYV coated substrates as early as 6 hours after osteoinduction. Furthermore, the
confirmation of the strong commitment in osteoinduction in longer term was evidenced
by RT-qPCR and immunostaining of osteocalcin and osteopontin, as well as enzyme
activity, and calcium mineralization. These results suggest that topographies created by
TMV, TVCV, PVX, and TYMYV coated substrates stimulate and enhance osteogenic
differentiation. The underlying mechanisms of the observation is proposed that the stress
created by the unfavorable surface from the four viral nanoparticles causes the reduction
in FA size, which in turn increases cell motility and facilitates the formation of cell
aggregates. The unfavorable surface may also obstruct cell spreading therefore increase
cytoskeleton tension with results in high aspect ratio or subcellular concavity at the cell
perimeter, thus promoting osteogenesis.

Further investigation about topography-induced differentiation is necessary for a
better understanding of how surface topography provided by viral particles affect cell-
material adhesion complex and facilitate the differentiation. Additionally, further studies
can investigate the alignment or patterning of virus particles on the cellular responses as
the unique structure or morphology of virus particles make them feasible for hierarchical
structure formation in both 2D and 3D substrates.[57-61] More importantly, it will be
very interesting to study if our discovery can be extended to other synthetic substrates

and employed in clinic tissue engineering applications.
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2.4 EXPERIMENTAL SECTION

Purification of TMV, TVCV, TYMV, and CPMYV’: Infected leaves were blended
with 3 volumes of 0.1 M potassium phosphate buffer pH 7.0 and 0.1% B-
mercaptoethanol. The mixture was filtered, and the filtrate was subjected to
centrifugation to remove bulk plant material. The supernatant was collected and clarified
by adding an equal volume of CHCI3/1-butanol (v/v = 1:1). The aqueous layer was then
collected followed by precipitation of virus with 4% PEG 8K and 0.2 M NaCl. The pellet
was centrifuged and resuspended in buffer before it was subjected to low speed
centrifuge to remove PEG. The virus in supernatant was final pelleted by
ultracentrifugation and resuspended in buffer.

Purification of PVX: Infected leaves were blended with 2 volumes of 0.1 M
potassium phosphate buffer pH 8.0 buffer, 10% ethanol and 0.1% B-mercaptoethanol.
The mixture was filtered, and the filtrate was subjected to centrifugation to remove bulk
plant material. The supernatant was collected and clarified by adding 1% Triton X-100.
After centrifugation the supernatant was collected and processed by adding 4% PEG 8K
and 0.2 M NacCl to precipitate virus. The pellet was centrifuged, resuspended in buffer
and purified by sucrose gradient.

Fabrication of virus based scaffolds: 1 mg/mL TMV, TYMV, CPMV, 10
mg/mL TVCV, and 2.67 mg/mL PVX in ageous solution 0.7 mL were dropped into 12
well plates that were coated with Poly-d-Lysine using protocol suggested by Corning®.
The virus solutions were incubated with the PDL coated plate under sterile cells culture
hood for overnight. Then the bottoms of each well were rinsed briefly with 18.2 mQ

water before used for BMSCs culture.
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Surface characterization of virus based scaffolds by AFM: The surface
morphology of virus based scaffolds was observed by AFM (Nanoscope IIIA MultiMode
AFM (Veeco)). The bottoms of each 12 well plate were cut out after virus coating and
rinsed with 18.2 mQ water then dried with a stream of nitrogen gas before mounted onto
AFM sample holder for imaging in the tapping mode.

BMSC isolation and expansion: Primary BMSCs were isolated from the bone
marrow of young adult 80 g male Wister rats (Harlan Sprague-Dawley Inc.). The
procedures were performed in accordance with the guideline for animal experimentation
by the Institutional Animal Care and Use committee, School of Medicine, University of
South Carolina. Cells were maintained in primary media (Dullbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100
U/mL), streptomycin (100 pg/mL), and amphotericin B (250 ng/mL)), kept at 37 °C in a
COz incubator with 95% air/5% CO. and passaged no more than seven times after
isolation. To induce osteogenesis, primary media were replaced with osteogenic media
consisting of DMEM supplemented with 10% FBS, penicillin (100 U/mL), streptomycin
(100 pg/mL), and amphotericin B (250 ng/mL), 10 mM sodium B-glycerolphosphate, L-
ascorbic acid 2-phosphate (50 ug/mL), and 108 M dexamethasone. Media were
replenished every 3-4 days.

Quantitative real-time RT-PCR analysis (RT-qPCR): PDL and virus coated
substrates were seeded with 4.0 x 10* cells per well in primary media and allowed to
attach overnight. The unseeded cells were used as a control to normalize the change in
gene expression. The media were replaced to osteogenic media and cultured for 6 hours,

4 days, 7 days, and 14 days. The cell cultures were terminated at these time points and
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total RNA was subsequently extracted using E.Z.N.A.® RNA Isolation Kit, OMEGA. At
least two separate experiments were conducted with each type of sample. The purity and
quantity of the extracted RNA were analyzed using Thermo Scientific Nanodrop 2000c
spectrophotometer and was reverse transcripted by qScript™ cDNA Supermix (Quanta
Biosciences). RT-qPCR (iQ5 real-time PCR detection system Bio-Rad Laboratories) was
done by the method described as: 60 cycles of PCR (95 °C for 20 s, 58 °C for 15 s, and
72 °C for 15 s), after initial denaturation step of 5 min at 95 °C, by using 12.5 pL of iQ5
SYBR Green I Supermix, 2 pmol/pL of each forward and reverse primers and 0.5 pL
cDNA templates in a final reaction volume of 25 pL. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the house keeping gene. Data collection was
enabled at 72 °C in each cycle and CT (threshold cycle) values were calculated using the
1Q5 optical system software version 2.1. The expression levels of differentiated genes and
undifferentiated genes were calculated using Pfaffl’s method (M. W. Pfaffl, G. W.
Horgan and L. Dempfle, Relative expression software tool) for group-wise comparison
and statistical analysis of relative expression results in real-time PCR, using GAPDH as
the reference gene. Quantification of gene expression was based on the CT value of each
sample which was calculated as the average of at least two replicate measurements for
each sample analyzed. “Pair Wise Fixed Reallocation Randomization Test” was
performed on each sample and a value of p < 0.05 was regarded as significant. The
primers used for RT-qPCR are shown in Table 2.2. Three independent experiments were

performed and analyzed for each gene expression study.
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Table 2.2 Primers used for RT-qPCR to measure gene expression levels. BGLAP: bone-
gamma-carboxyglutamate protein (osteocalcin); BMP2: bone morphogenetic protein 2;
SPP1: secreted phosphoprotein. 1 (osteopontin).

Gene Sequence (5'-3")
Forward: AAAGCCCAGCGACTCT
BGLAP
Reverse: CTAAACGGTGGTGCCATAGAT
Forward: ACCAACCATGGGTTTGTGGTGGAAGT
BMP2
Reverse: TCCGCTGTTTGTGTTTGGCTTGACG
Forward: ACTAAAGGGCATCCTGGGCTACACTGA
GAPDH
Reverse: TGGGTGGTCCAGGGTTTCTTACTCCTT
Forward: GACGGCCGAGGTGATAGCTT
SPP1
Reverse: CATGGCTGGTCTTCCCGTTGC
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Alkaline phosphatase (ALP) activity: After 4 and 7 days of induction in the
osteogenic media, the BMSCs seeded on PDL and virus coated substrates were
determined number of cells on each substrate by CellTiter Blue® assay. Then the cells
were fixed with 4% paraformaldehyde for 15 min at room temperature prior to analyze
ALP activity by incubating the briefly fixed cells with 1-Step p-nitrophenylphosphate
solution (Thermo Scientific) for 15 min at room temperature. The solution was
transferred to a new microfuge tube contained 250 pL of 2 N NaOH and the absorbance
at 405 nm was measured. The measure ALP activity from each sample was normalized to
the corresponding cell number. Three independent experiments were performed and
analyzed for ALP activity.

Alizarin red staining and quantification: Calcium deposition on each substrate
was visualized and quantified to confirm and compare osteogenic differentiation by
Alizarin red staining. Fixed cell on day 7 were stained with 0.1% Alizarin red solution
(Sigma-Aldrich) pH 4.1-4.5 for 30 min in the dark. The samples were washed with water
(18.2 MQ) prior to imaging. To quantify the amount of dye on each substrate, 300 pL of
0.1 N NaOH was added to each sample to extract the dye from the sample. The extracted
dye solution was measured the absorbance at 548 nm wavelength. The measure
absorbance from each sample was normalized to the corresponding cell number from
CellTiter Blue® assay. Three independent experiments were performed and analyzed for
Alizarin red staining and quantification.

Immunofluorescence assays and image analysis: For immunofluorescence
assays and image analysis, PDL or viral particles coated glass coverslips were used as

substrate for BMSCs culture. The substrates were seeded with 4.0 x 10° cells per sample.
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The cultures were terminated at 24 hours after seeding to be used as vinculin
immunostaining samples, 6 hours after osteoinduction for BMP2 immunostaining
analysis and 14 days after osteoinduction for osteocalcin immunostaining study. After
termination, cells were fixed in 4% paraformaldehyde at room temperature for 30 min.
Each of the samples was then permeabilized for 20 min by 0.1% Triton-X 100 for 15 min
and blocked in 1.5% bovine serum albumin (BSA, Sigma Aldrich) in PBS for 1 hour at
room temperature. After the blocking, the cells were incubated overnight with mouse
monoclonal antibody targeting BMP2 (R&D Systems) at 1:100 dilution in blocking
buffer or Rabbit polyclonal antibody targeting osteocalcin (Santa Cruz Biotechnology) at
1:100 dilution in blocking buffer or mouse monoclonal antibody targeting vinculin
(Neomarkers) at 1:200 dilution in blocking buffer. After overnight incubation, secondary
goat anti-mouse antibody conjugated with fluorescein (Chemicon) was used at 1:400
dilution for 2 hours at room temperature with BMP2 and vinculin samples. Secondary
goat anti-rabbit antibody conjugated with Alexa Fluor® 546 (Invitrogen) was used at
1:800 dilution for 2 hours at room temperature with osteocalcin samples. Rhodamin
phalloidin (1:100 in PBS) was used to stain filamentous actin in BMP2 and vinculin
samples. Fluorescein phalloidin (1:500 in PBS) was used to stain filamentous actin in
osteocalcin samples. Nuclei were stained with DAPI (4,6-diamidino-2-phenylindole, 100
ng/mL). The sample were then mounted and sealed with clear nail polish before imaging.
Images of the stained substrates were taken on an Olympus IX81 fluorescent microscope.
SlideBook™ 5 was used to select and analyze immunofluorescence images of vinculin.
After setting the threshold for masks, the criteria used to select vinculin spots to be

analyzed were XY shape factor larger than 1.5 and area size between 0.5-1.5 um?. The

61



average size of vinculin for each image was calculated, followed by the calculation of
average vinculin size of cells on PDL and virus substrates and the standard deviation
from average values of three individual images which provide more than 500 vinculins
for analysis per sample. Immunofluorescence heatmaps of actin and vinculin were
generated by ImageJ software. Color histogram was generated by measuring pixel
intensity across the immunofluorescence heatmaps of representative cells on each
substrate.

Spatial distribution analysis of BMSCs cultured on PDL and virus coated
substrates: The spatial distribution of the cells on different substrates was analyzed by
NIH Image] and R (http://www.R-project.org) software packages. The fluorescence
images of cell nuclei were primarily processed with ImagelJ to be presented as particles,
and their centroid coordinates were determined. This data was then imported into R for
nearest-neighbor analysis using the SpatStat module. The spatial distribution patterns of

cells were identified for 70 — 90 cells on each substrate.
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CHAPTER 3
NANOTOPOGRAPHICAL CUES MEDIATE OSTEOGENESIS OF STEM

CELLS ON VIRUS SUBSTRATES THROUGH BMP-2 INTERMEDIATE

3.1 INTRODUCTION

Plant viruses nanoparticles have recently been utilized as multifacet nanosized
building blocks for directing cell growth and differentiation.[1-5] Plant viruses can be
isolated in high purity with batch to batch consistencies at low cost. The chemical and
genetic modifications of virus surface to incorporate new functional groups have been
extensively studied, which provides a library of viruses with diverse surface
properties.[1-3, 6-8] In addition, the symmetrical arrangement of the viral proteins makes
it an attractive scaffold for displaying functional groups for applications in electronics,
catalysis, drug/gene delivery, imaging, and immunotherapy.

The highly structural ordered functional groups of virus nanoparticles were shown
to recruit different cellular responses compared to unordered ligands. Some animal
viruses display a pentameric motif integrin binding sites to promote cell
internalization.[9, 10] The adhesion force associated with the clusters of integrin binding
motifs can be 7-fold stronger than nonclustered ligand—receptor interactions.[11, 12] In
cell signaling, RGD peptide targeted integrin receptors form dynamic clusters that are
essential in cell adhesion, migration, and mechanotransduction, which can ultimately

affect stem cell differentiation.[13, 14]
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Previous studies from our group revealed that substrates coated with plant viruses
supported mesenchymal stem cell growth and accelerated differentiation.[15-20] Bone
derived mesenchymal stem cells (BMSCs) cultured on various viruses coated substrates
such as wild type, phosphate modified, and genetically modified Tobacco mosaic virus
(TMV), Turnip yellow mosaic virus (TYMV), Turnip vein clearing virus (TVCV), and
Potato virus X (PVX) had increased alkaline phosphatase activity, calcium mineralization
and had higher expression levels of genes related to bone formation, or osteogenic
differentiation. More importantly, these studies have revealed a rapid upregulation of
BMP2, a clinically approved therapeutic supplement for bone repair, prior to bone
formation of cells on these virus substrates.

Living tissues are sophisticated systems comprised of multiple cell types
surrounded in a complex, well-defined extracellular matrix (ECM). The ECM possesses
topo-graphical and adhesive features ranging from nanometers to micrometers. Many
ECM proteins form large-scale structures up to several hundred micrometers in size and
interact with multiple individual cells. However, recent findings emphasize that
mammalian cells can response to nanoscale features on synthetic surfaces.[21-23] The
argument for this finding lies in the premise that cells contain nanoscale features whose
sizes are compatible with nanoscale ECM structures, such as focal contacts/adhesions.
Utilizing these nanoscale features cells can sense nanotopography of the underlying
surfaces. Taking advantage of this phenomenon, scientists have fabricated biomaterials
that possess unique topographies to control cell behaviors.

Bone morphogenetic protein 2 (BMP-2) is a subgroup of the bone morphogenetic

proteins (BMPs) that are historically named because of their potentials to induce bone
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and cartilage formation. Currently, its recombinant human form (rhBMP-2) is used
clinically as therapeutic supplement for bone repair in spine fusion surgeries and tibial
fracture healing.[21] Although, the supplement of hBMP2 can accelerate bone formation
for patients, rhBMP2 is costly and some recent studies reported the adverse effects
caused by implant failure or leakage of high dosage thBMP2 implants causing many
complications.[24] Therefore, the possibility of using nanoscale materials to promote
endogenous BMP2 production becomes an appealing route for studying the mechanisms
involved in bone tissue repair.

We hypothesized that cell differentiation on plant viruses resulted from highly
ordered arrangement of virus coat proteins, which provide unique nanotopographical cues
to the virus substrates. Therefore we designed a systemic analysis to study two possible
parameters stimulated the cellular response. First parameter we examined was the
chemistry of TMV coat protein (TMV-CP) because virus coat proteins display numerous
functional groups on its outer surface, therefore, chemistry of the protein may influence
different cellular responses. To test this parameter poly-D-lysine (PDL) was selected to
coat on the bottom of tissue culture plate to provide positive charge surface that will
retain negative charged viral proteins or particles onto the substrate surface. Then we
coated individual TMV-CP isolated by acetic acid catalyzed disassembly of TMV
particles on the PDL substrate.[25] The second parameter is the ordered arrangement of
TMV-CP in wild type virus nanoparticle. The highly ordered coat protein arrangement of
many viruses was demonstrated to recruit different cellular responses.[26, 27] To study

this parameter, we prepared and studied osteogenesis of cells on substrates coated with
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gold nanorods that have similar dimensions to TMV but are randomly coated with TMV-

CP instead of well-organized TMV-CP like wild type TMV substrate (Figure 3.1).

3.2 RESULTS AND DISCUSSION

3.2.1 TMV-GNRs assembly and characterization
Hybrid viral gold nanorods (TMV-GNRs) were prepared from cetrimonuim bromide
(CTAB) capped gold nanorods (CTAB-GNRs) that has similar dimension to wild type
TMV following a protocol developed by Murphy et al.[28] Figure 3.2¢ shows length of
CTAB-GNRs measured by TEM which is comparable to the size of wild type TMV
(Figure 3.2a). Yield of nanorods obtained by the synthesis protocol is more than 90% as
confirmed by TEM image (Figure 3.2b). Only very low percentage of other shaped gold
nanoparticles is detected. In addition, the average diameter of gold nanorods was
measured by the height profile of AFM image and it was calculated to be 15.7 nm (Figure
3.2d). The resultant CTAB-GNRs were used to prepare TMV-CP randomly coated
GNRs. This assembly was initially attempted by inheriting electrostatic interaction
between positively charged of quaternary amine functional group of CTAB and
negatively charged surface of TMV-CP. However, the present of TMV-CP on surface of
CTAB-GNRs was not observed after assembly. The possible explanation for this failure
assembly is that hydrophobicity from long alkyl side chain of densely packed CTAB
molecules on GNR surface interferes the electrostatic interaction. Therefore masking

CTAB molecule on the surface could be done to prevent the hydrophobic interference.

74



GNRs

/ TMV-GNRs
l Pluronic F127 &

ngyss®

, TMV-CP :
Align Random

Figure 3.1 Schematic shows TMV coat protein coated gold nanorod (TMV-GNRs)

preparation and structural comparison of align and random TMYV coat protein (TMV-CP)

coated nanorod structure. Gold nanorods (GNRs) were prepared by seed mediated growth

method to have similar dimension to wild type TMV. Then TMV-CPs were randomly
coated on the GNRs by using triblockcopolymer (Pluronic F127) as a binder.
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Figure 3.2 CTAB-GNRs characterization. (a-¢) TEM image of (a) wild type TMV (b-c)
CTAB-GNRs (d) height profile AFM image of CTAB-GNRs shows diameter
measurement of the gold nanorod
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LbL assembly of polyelectrolyte pair has been reported to reduce toxicity of
CTAB molecule.[29] Accordingly, we covered CTAB with polyacrylic acid (PAA) and
polyallylamine hydrochloride (PAH) using LbL method. Since PAH contains amine
functional groups that can be protonated and display positive charges, it can interact with
TMV-CP as well. The LbL coated GNRs were obtained and visualized by TEM as shown
in Figure 3.3. However, aggregation of nanorod particles was observed after TMV-CP
was introduced to the polymers coated GNRs. Because TMV-CP needs to be stored in
high pH buffer to prevent reassembly of the coat protein, the aggregation of nanorod is
attributed to the neutralization of polymer coated GNRs that deprotonates the amine
functional group of PAH. In order to avoid the aggregation of nanorod, we sought for
other coating strategies, which did not base on electrostatic interaction. Pluronic F127
triblockcopolymer has affinity to both CTAB-GNRs and TMV, therefore it can act as a
linker in the assembly.[30, 31] The hydrophobic core of the polymer interacts with long
alkyl chain of CTAB while two hydrophilic sides of Pluronic F127 are believed to form
H-bond with TMV-CP.[32] The assembled structures (TMV-GNRs) were verified with
TEM and zeta potential measured by dynamic light scattering (DLS) as shown in Figure
3.4. After TMV-CP had been assembled on the polymer coated GNRs, TEM image
clearly shown darker and thicker stained rougher surface on rod particles which indicated
a successful protein coating. The nanorod shape was still maintained after (Figure 3.5).

Another evidence of the formation of the hybridized viral-gold nanoparticle

assembly is the change of the surface charge. CTAB-GNRs have positively charged
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50 nm

Figure 3.3 TEM image shows layer by layer coating of CTAB-GNRs with PAA and
PAH. The hazy area around the surface of nanorod particles shows layers of polymers
coating
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Zeta potential (mV)

CTAB-GNRs F127-GNRs TMV-GNRs

Figure 3.4 Characterization of nanoparticles coated substrates for stem cell cultures. TEM images of (a) TMV, (b) CTAB capped
gold nanorods (CTAB-GNRs), (c) coated structure resulting from mixing 10 mg/mL Pluronic F127 with CTAB-GNRs (F127-
GNRs), the arrow points at triblockcopolymer light stained on the nanorod surface, and (d) TMV coat protein coated gold nanorods
(TMV-GNRs), the arrow designates TMV coat protein appearance on the nanorod structure. (¢) Changes of zeta potentials during
TMV-GNRs assemble process. CTAB-GNRs have positively charged surface from quaternary amine of CTAB, which reduced
once CTAB is covered with neutral triblockcopolymer Pluronic F127. After TMV-CP is coated on the outermost layer of the

nanoparticle, surface charge becomes negative as of TMV-CP. (f-h) AFM height image (10 x 10 um) of TMV (f), TMV-CP (g),
and TMV-GNRs (h), it can be noticed that the nanoparticles are mostly intact and laid flat on the surface.



Figure 3.5 TEM image shows intact nanorod structure of TMV-GNRs upon surface
coating
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surface from quaternary amine of the surfactant. The positive charge is reduced once
CTAB is covered with neutral triblockcopolymer, Pluronic F127. After TMV-CP is
coated on the outermost layer of the nanoparticle, surface charge becomes negative as of
TMV-CP. Since all the nanoparticles display negatively charged surface at neutral pH,
these particles are held stably on PDL coated substrate via electrostatic interaction as
shown by AFM. AFM images revealed that coating of the three nanoparticles on PDL
substrates achieved almost fully coverage and nanoparticles are mostly intact and laid flat
on the surface after incubation with cell culture media for 24 h.

3.2.2 Effect of nanotopographical cues on osteogenesis of BMSCs
BMSCs were cultured on these substrates in serum containing DMEM media for 24 h
then osteoinduction factors (dexamethasone, ascorbic acid, and -glycerophosphate) were
supplemented to induce cell differentiation. For the characterization of the cells cultured
on the various substrates, we probed for key osteogenic markers (BMP2, alkaline
phosphatase activity and calcium sequestration). Six hours after osteoinduction BMP2
mRNA level was found to dramatically upregulate only in cells on TMV substrate
(Figure 3.6a). Furthermore, 7 day afterward these cells aggregate and form cell nodules,
which are positively stained by Alizarin S Red, a typical cytochemical stain for calcium
in cells undergoing osteogenesis (Figure 3.6c, d). We also found at least 2-fold higher
activity of alkaline phosphatase enzyme in BMSCs on TMV substrates compared to cells
on other substrates (Figure 3.6b). These results highlight that nanotopographical cues
provided by highly ordered arrangement of virus coat protein has dominant effect on

BMSC:s differentiation. Moreover, this discovery corresponds well with osteogenic
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Figure 3.6 Osteogenesis of mesenchymal stem cells demonstrated by (a) At 6 hours after osteoinduction, only the cells on TMV
substrate showed BMP2 gene upregulation. (b) Similarly, at day 7 after osteoinduction cells on TMV substrate have significantly
higher alkaline phosphatase activity compare to TCP and PDL control. (c) The cells on TMV substrates stained positive for

calcium deposition by Alizarin S Red staining and have (d) higher calcium mineralization, which quantified from solubilized dye
by 0.1 N NaOH solution. The data were expressed as mean = s.d. (n =3, * p <0.05, **** p <0.0001 based on ANOVA)



mediation of carbon nanotubes (CNTs), another nanoparticle that presents an arranged
surface.[33] Baik et al. observed that CNT when coated on 2D glass substrates could

mediate osteogenesis of human MSCs without osteoinduction media.

3.3 CONCLUSIONS

The highly ordered arrangement of virus coat proteins on viral particles has been
well documented to recruit different cellular responses especially immune responses.[9,
10] The discovered osteogenic mediation properties of virus coated substrate may also
base on this concept. Therefore, we prepared hybrid viral gold nanorods (TMV-GNRs)
by Pluronic F127 assisted coating of TMV-CP on CTAB-GNRs and used it to prove our
hypothesis. We observed stimulated stem cell differentiation on only TMV substrate but
not TMV-CP or TMV-GNRs substrates. This suggests that nanotopography provided by
highly ordered arrangement of TMV-CP on the native virus particles could promote the
cell differentiation.

Although this study reveals that the arrangement of coat protein associates with
the ability of virus substrates to stimulate osteogenesis of MSCs, additional studies
involving other aligned nanoparticle structures will be necessary to eliminate other

possible factors involved in virus substrates mediated osteogenesis.

3.4 EXPERIMENTAL SECTION
Virus purification from infected leaves: Infected leaves were blended with 3
volumes of 0.1 M potassium phosphate buffer pH 7.0 and 0.1% B-mercaptoethanol. The

mixture was filtered, and the filtrate was subjected to centrifugation to remove bulk plant

83



material. The supernatant was collected and clarified by adding an equal volume of
CHCIls/1-butanol (v/v = 1:1). The aqueous layer was then collected followed by
precipitation of virus with 4% PEG 8K and 0.2 M NaCl. The pellet was centrifuged and
resuspended in buffer before it was subjected to low speed centrifuge to remove PEG.
The virus in supernatant was final pelleted by ultracentrifugation and resuspended in
buffer.

TMYV coat protein (TMV-CP) purification: Two volumes of concentrated acetic
acid were added to 1 volume of 10-30 mg/mL of TMV in 10 mM potassium phosphate
buffer pH 7.4. The mixture was incubated on ice for 15 minutes and RNA was pelleted
down at full speed at 4 C for 10 min. The supernatant was further desalted into 1% acetic
acid by FPLC using Sephadex G-25 (Sigma Aldrich) column. Then 1 mL aliquots of 100
mM Kphos pH 7.4 were added to the collected TMV CP fraction until the solution
became cloudy. The solution was incubated at 4 C for 1-2 hours and then TMV CP
precipitate was pelleted down at 15,000 g at 4 °C for 10 minutes. TMV CP pellet was
resuspended in 0.1 M potassium hydroxide with 10 mM dithiothreitol and dialyzed
against 100 mM Tris-HCI pH 8.0 or water at 4 C overnight.

CTAB capped gold nanorods (CTAB-GNRs) synthesis: First, we prepared Au
seeds. In a typical procedure, 0.250 mL of an aqueous 0.01 M solution of HAuCl4,3H>O
was added to 9.75 mL of a 0.10 M CTAB solution in a test tube (glass or plastic). The
solutions were gently mixed by the inversion. The solution appeared bright brown-yellow
in color. Then, 0.600 mL of an aqueous 0.01 M ice-cold NaBH4 solution was added all at
once, followed by rapid inversion mixing for 2 min. Care should be taken to allow the

escape of the evolved gas during mixing. The solution developed a pale brown-yellow
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color. Then the test tube was kept in a water bath maintained at 25 °C for future use. This
seed solution was used 5 h after its preparation. Second, we prepared Au Nanorods from
Au seeds. A three-step seeding method was used. Three test tubes (labeled A, B, and C),
each containing 9 mL growth solution, consisting of 2.5 x 10* M HAuCl4 and 0.1 M
CTAB, were mixed with 0.05 mL of 0.1 M ascorbic acid. Next, 1.0 mL of the Au seed
solution was mixed with sample A. After 15 s, 1.0 mL was drawn from solution A and
added to solution B, followed by thorough mixing. After 30 s, 1 mL of B was mixed with
C. Then solution C was left undisturbed at 25 °C overnight.

TMYV coat protein coated gold nanoparticle (TMV-GNRs) assembly: aqueous
solution of CTAB-GNRs was incubated with aqueous solution of 10 mg/mL Pluronic
F127 1:1 ratio. After briefly mix the solution, the mixture was left undisturbed at room
temperature. After 2 hours, the mixture supernatant was removed after centrifuge at 7000
rpm for 6 min. The polymer coated GNRs (F127-GNRs) was then resuspended in 10 mM
potassium phosphate buffer pH 7.4. TMV-CP in 10 mM potassium phosphate buffer pH
7.4 was slowly added to a continuously stirred solution of F127-GNRs. The mixture was
stirred at room temperature for 2 h. After 2 hours, the mixture supernatant was removed
after centrifuge at 7000 rpm for 6 min. The TMV-CP coated GNRs (TMV-GNRs) was
then resuspended in 10 mM potassium phosphate buffer pH 7.4

Nanoparticles characterization: All nanoparticles were stained with 2% uranyl
acetate and visualized by Philips CM-12 transmission electron microscope (TEM) at 80
kEV. &-potential measurements were performed on a Malvern Zetasizer ZS instrument.

Fabrication of the scaffolds: 1 mg/mL TMV, TMV-CP, TMV-GNRs solutions

were dropped on 18 mm. glass cover slip coated with PDL using protocol suggested by
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Corning® in 12-well tissue culture plate. The nanoparticle solutions were incubated with
the PDL coated cover slip under sterile cells culture hood for overnight. Then the coated
cover slips were rinsed briefly with 18.2 mQ water before used for BMSCs culture.

Surface characterization of virus based scaffolds by AFM: The surface
morphology of nanoparticle coated scaffolds was observed by AFM (Nanoscope IITA
MultiMode AFM (Veeco)). The bottoms of each 12 well plate were cut out after virus
coating and rinsed with 18.2 mQ water then dried with a stream of nitrogen gas before
mounted onto AFM sample holder for imaging in the tapping mode.

BMSC isolation and expansion: primary BMSCs were isolated from the bone
marrow of young adult 80 g male Wister rats (Harlan Sprague-Dawley Inc.). The
procedures were performed in accordance with the guideline for animal experimentation
by the Institutional Animal Care and Use committee, School of Medicine, University of
South Carolina. Cells were maintained in primary media (Dullbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100
U/mL), streptomycin (100 pg/mL), and amphotericin B (250 ng/mL)), kept at 37 °C in a
COz incubator with 95% air/5% CO. and passaged no more than seven times after
isolation. To induce osteogenesis, primary media were replaced with osteogenic media
consisting of DMEM supplemented with 10% FBS, penicillin (100 U/mL), streptomycin
(100 pg/mL), and amphotericin B (250 ng/mL), 10 mM sodium B-glycerolphosphate, L-
ascorbic acid 2-phosphate (50 pg/mL), and 10-8 M dexamethasone. Media were
replenished every 3-4 days.

Quantitative real-time RT-PCR analysis (RT-qPCR): PDL and virus coated

substrates were seeded with 4.0 x 10* cells per well in primary media and allowed to
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attach overnight. The unseeded cells were used as a control to normalize the change in
gene expression. The media were replaced to osteogenic media and cultured for 6 hours
and 7 days. The cell cultures were terminated at these time points and total RNA was
subsequently extracted using E.Z.N.A.® RNA Isolation Kit, OMEGA. At least three
separate experiments were conducted with each type of sample. The purity and quantity
of the extracted RNA were analyzed using Thermo Scientific Nanodrop 2000c
spectrophotometer and was reverse transcripted by qScript™ cDNA Supermix (Quanta
Biosciences). RT-qPCR (iQ5 real-time PCR detection system Bio-Rad Laboratories) was
done by the method described as: 60 cycles of PCR (95 °C for 20 s, 58 °C for 15 s, and
72 °C for 15 s), after initial denaturation step of 5 min at 95 °C, by using 12.5 pL of iQ5
SYBR Green I Supermix, 2 pmol/pL of each forward and reverse primers and 0.5 pL
cDNA templates in a final reaction volume of 25 pL. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the house keeping gene. Data collection was
enabled at 72 °C in each cycle and CT (threshold cycle) values were calculated using the
1Q5 optical system software version 2.1. The expression levels of differentiated genes and
undifferentiated genes were calculated using Pfaffl’s method (M. W. Pfaffl, G. W.
Horgan and L. Dempfle, Relative expression software tool) for group-wise comparison
and statistical analysis of relative expression results in real-time PCR, using GAPDH as
the reference gene. Quantification of gene expression was based on the CT value of each
sample which was calculated as the average of at least two replicate measurements for
each sample analyzed. “Pair Wise Fixed Reallocation Randomization Test” was

performed on each sample and a value of p < 0.05 was regarded as significant. The
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primers used for RT-qPCR are shown in Table 3.1 Three independent experiments were
performed and analyzed for each gene expression study.

Alkaline phosphatase (ALP) activity: After 7 days of induction in the osteogenic
media, the BMSCs seeded on PDL and virus coated substrates were determined number
of cells on each substrate by CellTiter Blue® assay. Then the cells were fixed with 4%
paraformaldehyde for 15 min at room temperature prior to analyze ALP activity by
incubating the briefly fixed cells with 1-Step p-nitrophenylphosphate solution (Thermo
Scientific) for 15 min at room temperature. The solution was transferred to a new
microfuge tube contained 250 pL of 2 N NaOH and the absorbance at 405 nm was
measured. The measure ALP activity from each sample was normalized to the
corresponding cell number. Three independent experiments were performed and analyzed
for ALP activity.

Alizarin red staining and quantification: Calcium deposition on each substrate
was visualized and quantified to confirm and compare osteogenic differentiation by
Alizarin red staining. Fixed cell on day 7 were stained with 0.1% Alizarin red solution
(Sigma-Aldrich) pH 4.1-4.5 for 30 min in the dark. The samples were washed with water
(18.2 MQ) prior to imaging. To quantify the amount of dye on each substrate, 300 pL of
0.1 N NaOH was added to each sample to extract the dye from the sample. The extracted
dye solution was measured the absorbance at 548 nm wavelength. The measure
absorbance from each sample was normalized to the corresponding cell number from
CellTiter Blue® assay. Three independent experiments were performed and analyzed for

Alizarin red staining and quantification.
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Table 3.1 Primers used for RT-qPCR to measure gene expression levels. BGLAP: bone-
gamma-carboxyglutamate protein; BMP2: bone morphogenetic protein 2

Gene Sequence (5°-37)
BGLAP Forward: AAAGCCCAGCGACTCT
Reverse: CTAAACGGTGGTGCCATAGAT
BMP2 Forward: ACCAACCATGGGTTTGTGGTGGAAGT

Reverse: TCCGCTGTTTGTGTTTGGCTTGACG
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Immunofluorescence assays and image analysis: For immunofluorescence
assays and image analysis, the substrates were seeded with 4.0 x 10° cells per sample.
The cultures were terminated at 8 hours after osteoinduction for BMP2 immunostaining
analysis. After termination, cells were fixed in 4% paraformaldehyde at room
temperature for 30 min. Each of the samples was then permeabilized for 20 min by 0.1%
Triton-X 100 for 15 min and blocked in 1.5% bovine serum albumin (BSA, Sigma
Aldrich) in PBS for 1 hour at room temperature. After the blocking, the cells were
incubated overnight with mouse monoclonal antibody targeting BMP2 (R&D Systems) at
1:100 dilution in blocking buffer (Santa Cruz Biotechnology). After overnight incubation,
secondary goat anti-mouse antibody conjugated with fluorescein (Chemicon) was used at
1:400 dilution for 2 hours at room temperature. Rhodamin phalloidin (1:100 in PBS) was
used to stain filamentous actin. Nuclei were stained with DAPI (4,6-diamidino-2-
phenylindole, 100 ng/mL). The sample were then mounted and sealed with clear nail
polish before imaging. Images of the stained substrates were taken on an Olympus IX81

fluorescent microscope.
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CHAPTER 4

POSSIBLE SIGNALING PATHWAY INVOLVED IN VIRUS
SUBSTRATE-MEDIATED BONE DIFFERENTIATION OF

MESENCHYMAL STEM CELL

4.1 INTRODUCTION

Stem cells can sense and response to surrounding stimuli, including both soluble
and insoluble factors. The mechanism stem cells use to probe different nanoscale cues on
biomaterials has been extensively studied for tissue engineering and regenerative
medicine applications.[1-4] Several studies have demonstrated that stem cell
differentiation can be dictated at the nanometer level.[5-14] Bone marrow derived
mesenchymal stem cells (BMSCs) are from the non-hematopoietic sub-population of
bone marrow stroma,[15-17] which have the ability to self-renew and differentiate to
various lineages, such as adipocytes, osteocytes, chondrocytes, hepatocytes, neurons,
muscle cells, and epithelial cells.[17-22] The pluripotent potential of BMSCs, ease of
isolation, rapid expansion,[23] and less controversial use than embryonic stem cells make
this cell type an ideal source of adult stem cells to study material-mediated
differentiation.

Plant viruses have recently been utilized as multifacet nanosized building blocks
for directing cell growth and differentiation.[24-28] Plant viruses can be constantly

isolated in high purity with batch to batch consistencies at low costs. The chemical and
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genetic modifications of virus surfaces to incorporate new functional groups has been
extensively studied, which provides a library of viruses with different surface
properties.[24-26, 29-31] In addition, the symmetrical arrangement of the viral proteins
makes it an attractive scaffold for displaying identical copies of the functional groups for
applications in electronics, catalysis, drug/gene delivery, imaging, and immunotherapy.
BMP2 is a member of bone morphogenetic protein subgroup within the
transforming growth factor B (TGF-f) super family. Among the bone morphogenetic
proteins (BMPs), BMP2 has been extensively documented to play major role in
osteoblast differentiation and bone formation during embryonic skeletal development and
postnatal bone remodeling.[32-36] Genetic transfection to overexpress BMP2 has proven
to increase bone regeneration,[37-41], however the regulation of endogenous BMP2
expression is still unclear. Recent evidences have reported that external mechanical stress
can induce the upregulation of endogenous BMP2 expression, leading to a long term
osteogenesis [42-44] Kearney et al. suggested that stress and strain induced osteogenesis
through 46 mitogen-activated protein kinases (MAPKs), such as extracellular regulated
kinase (ERK), phosphatidylinositol 3-kinase (PI3K), and p38 MAPK.[43] In this chapter,
we attempted to verify whether BMP2 is a specific mediator of virus substrates stimulate
osteogenesis of MSCs or not. In addition, we further investigated the signaling cascade
associate with BMP2 for a better understanding of the discovery. Noggin is a BMP2
inhibitor that competitively binds to BMP2 receptor.[45] Therefore investigating
osteogenic differentiation of MSCs treated with Noggin may confirm the significance of

BMP2 in the virus substrates enhance osteogenesis.
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Besides chemical cues, bone mass and strength can be regulated by mechanical
cues as well.[46, 47] Frost et al. hypothesized in bone (re)modelling that the biological
response of cell to mechanical cues is through a complex mechanotransduction process in
order to accommodate the new loading environment within the limits of normal daily
stress stimuli.[48] Indeed, many studies have shown that bone cells (osteoblasts and
osteocytes) are sensitive to physical stimuli,[49, 50] and that this sensitivity seems to be
greatly relied on the differentiation state.[51, 52] Mechanical forces have also been
shown in vivo to play an important role in bone formation by inducing osteoprogenitor
cells of the marrow stroma to differentiate into osteoblasts.[53, 54] Accordingly, there is
a growing interest in manipulating mechanical stress to regulate the differentiation of
bone progenitor cells. With mechanical stimulation, the time in culture required to
predifferentiate cells may be greatly reduced.

Cells sense the changes in their environment through integrins, a group of
transmembrane proteins that bind to ECM proteins including collagen, fibronectin,
laminin, and vitronectin. They confer information about the cellular microenvironment
and initiate signaling cascades such as the MAPK/ERK pathway. In addition, a member
of the larger Rho-family of GTPases, RhoA, has been widely implicated in integrin-
mediated signaling [55-57] to control cell migration.[58-60] RhoA plays a critical role in
the assembly of actin stress fibers in response to various stimuli,[61-63] mediated in part
by one of its downstream effectors, the Rho-associated protein kinase, or ROCK. RhoA
has also been demonstrated to associate with the cellular response to mechanical stress
and the maintenance of tensional homeostasis.[64-69] Other studies have shown that

RhoA regulates the switch between adipogenesis and myogenesis[70] and that osteogenic
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commitment also relies on RhoA-ROCK signaling.[71] In this chapter, we attempted to

examine the engagement of RhoA/ROCK pathway in our phenomenon by exploring the
effect of a specific ROCK inhibitor, Y27632 on osteogenesis of MSCs cultured on virus
substrates. Y27632 inhibits ROCK by binding to the kinase catalytic site, thus interferes
cell adhesion and migration. Attenuation of virus substrates osteogenic mediation ability
by Y27632 would insist the contribution of RhoA/ROCK pathway in virus substrates

stimulated osteogenesis of MSCs.

4.2 RESULTS AND DISCUSSION

4.2.1 BMP?2 inhibitor attenuates virus scaffold mediated osteogenesis of
mesenchymal stem cells
To verify BMP2 as the key modulator of this phenomenon, BMP2 inhibitor, Noggin, was
added into cell culture media to interfere the binding of BMP2 with its receptor. This
would result in diminished cell osteogenic differentiation. As expected, BMP2 protein
level gradually decreased with the increasing concentration of noggin to treated cells on
TMV substrate as shown by immunohistochemical staining of BMP2 (Figure 4.1a).
Furthermore, the differentiation of BMSCs on TMV substrate correlates to Noggin
treatment in a concentration dependent manner, as probed by decreasing alkaline
phosphatase activity and calcium mineralization of cells on TMV substrates compared to
no change in cells on PDL substrates (Figure 4.1c¢, d). Surprisingly, Cells slightly
increase BMP2 gene expression with the addition of noggin at different concentration.
This might due to the negative feedback from the reduction of free BMP2 protein

availability for BMP2 receptor (Figure 4.1b).
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Figure 4.1 BMP2 inhibitor (Noggin) inhibits TMV induced osteogenesis of stem cells. (a)
Immunofluorescense images of cells on PDL and TMV substrates incubated with Noggin
at different concentration ( 0 ng/mL — 50 ng/mL) for 6 h (top panel). Color
representation: nucleus (blue), actin (red), and BMP2 (green). Cells on TMV substrate
have higher BMP2 expression compared to cells on PDL substrates and BMP2 protein
level decreases at higher Noggin concentration. The bottom panel shows calcium staining
of each sample at day 7. Treatment of Noggin reduces calcium mineralization in cells
culture on TMV substrates. (b) The expression of BMP2 in cells on PDL and TMV
substrates treated with Noggin at different concentration for 6 h. Cells slightly increase
BMP2 gene expression when incubated with Noggin. This might due to the negative
feedback from the reduction of free BMP2 protein availability for BMP2 receptor. (c)
Alkaline phosphatase activity of cells treated with Noggin when cultured on PDL and
TMV substrates 7 days after osteoinduction. The enzyme activity reduces as Noggin
concentration is increased. (d) Calcium mineralization is also reduced with increasing
concentration of Noggin treatment. The data were expressed as mean £s.d. (n=3, *p <
0.05, ** p <0.01 based on ANOVA)
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4.2.2 ROCK inhibitor and actin depolymerization inducer affect virus substrate
mediate osteogenesis of mesenchymal stem cells
To investigate the involvement of RhoA/ROCK pathway and cytoskeleton tension in
virus substrate mediate osteogenesis, we treated BMSC on TMV substrate with ROCK
inhibitor, Y27632 and actin polymerization inhibitor, cytochalasin D and studied the
osteoblastic differentiation. BMSCs were isolated and cultured as reported in literature.
[13] The purity of the stem cells populations has been previously verified with several
stem cells markers such as CD73 and CD90. [13] The difference in the expression of
BMP2 gene, an early osteogenic marker, [12b] among BMSCs cultured on PDL and
TMYV substrates with or without Cytochalasin D and Y27632 treatment were recorded at
8 hours after osteoinduction (Figure 4.2a). Moreover, after 7 days of induction, ALP
activity and calcium mineralization supported the osteogenic differentiation of cells on
TMYV substrates. ALP is an early marker of osteogenesis and its activity mediates matrix
mineralization.[72] Calcium mineralization was analyzed by Alizarin S Red staining,
which was positive as shown by deep red color in big cells nodules on TMV substrate
without Y27632 treatment and small nodules when treated with Y27632. BMP2
expression, ALP activity, and calcium mineralization were dramatically declined when
cells on TMV substrates were treated with cytochalasin D. This indicates by the
intervention of actin polymerization process interfered cell cytoskeleton system therefore
obstructed the cell differentiation. Surprisingly, BMP2 gene expression was stabled when
Y27632 was administered to the cells while ALP activity and calcium mineralization
were reduced. Since Y27632 is a ROCK inhibitor, it is possible that BMP2 is an

upstream modulator of RhoA/ROCK
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Figure 4.2 RhoA/ROCK pathway involves in TMV substrates mediated osteogenesis of
stem cells. (a) The expression of BMP2 in cells on PDL and TMV substrates treated with
Cytochalasin D and Y27632 at 8 h after osteoinduction. BMP2 was upregulated in cells
on TMYV substrate without any inhibitors administration as expected. Cytochalasin D
abolished the effect of TMV substrate on osteogenic mediation as shown by comparable
level of BMP2 expression in cells treated with the compound on both PDL and TMV
substrates. Y27632 did not alter BMP2 mRNA level. This result may show that BMP2 is
an upstream signaling molecule of ROCK therefore inhibition of ROCK did not affect
BMP2 expression level. (b) Alkaline phosphatase activity of cells treated with
Cytochalasin D and Y27632 when cultured on PDL and TMV substrates 7 days after
osteoinduction. The enzyme activity decreased when either of the inhibitors was applied.
(c) Calcium staining of cells on TMV substrates without inhibitor (left), with
Cytochalasin D (middle), and with Y27632 (right) at day 7 after osteoinduction. Cells on
TMYV substrate without inhibitor exhibited positive stained as shown by deep red color
staining of extracellular calcium in cell aggregates and cells also form big nodules, which
is one of the characteristics of osteogenic differentiation of MSCs. The absence of cell
nodules as well as positive staining for calcium mineralization were noticed when cells
were treated with Cytochalasin D. When we treated cells with Y27632, nodule size was
reduced and cells were less aggregated compared to non-treated cells. The data were
expressed as mean + s.d. (n=3, * p <0.05, **** p <0.0001 based on ANOVA)
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pathway therefore its expression level was not disturbed by the application of the
inhibitor. Conclusively, inhibition of ROCK was demonstrated to impede the osteogenic
mediation property of TMV substrate, which indicates the involvement of RhoA/ROCK
pathway in TMV substrate mediates bone formation of MSCs.

4.2.3 Virus substrates mediated endogenous BMP2 expression enhanced
osteogenesis via RhoA/ROCK pathway
In the previous section, we have confirmed the significant of native BMP2 upregulation
in virus substrate mediated osteogenesis of MSCs. While, most of the other studies done
on BMP2 are on the inductive effect of recombinants BMP2 and downstream osteogenic
and protein expression,[73-79] there were some reports on the overexpression of BMP2
to improve bone healing process.[37-41] Although, little has been published on the native
regulation of BMP2, there were recent evidences that showed external mechanical stress
could induce the upregulation of endogenous BMP2 expression, leading to long term
osteogenesis.[42-44] Liu et al suggested that fluid shear stress promotes osteogenic
differentiation through two novel signaling pathways besides the classical MAPK/ERK 1
pathway.[80] These signaling cascades start at the important mechanoreceptors, integrins,
which sense the stimulation from the virus substrate and in turn activate ERK1/2 by
activating FAK. The activated ERK1/2 leads to the expression of BMP2 via activating
NF-kB, the increased BMP2 results in the activation of BMPs/Smad pathway and finally
leads to the expression of Runx2 and other osteospecific genes. Recently, RhoA and
ROCK have been stated as key signals during mechanotransduction and differentiation.
Results from our study also indicate RhoA/ROCK pathway as the downstream cascade of

the centralized BMP2 modulator, which correspond to a study by Wang et al.,[81] which
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demonstrated that BMP2-induced osteogenesis is regulated by RhoA/ROCK, cell shape,
and cytoskeleton tension. In addition, previous PCR array screening for genes involved in
the movement of cells confirms the association of cell adhesion and migration processes
to the osteogenic differentiation phenomenon.[82] Specifically, many genes that were
significantly changed in expression level were associated with RhoA/ROCK pathway.
For example the highest upregulated gene, ARHGEF7 (1766.22-fold) directly activates
RhoA, which trigger RhoA/ROCK pathway and leads to myosin contraction, formation
of actin stress fiber, and ultimately cell migration. Therefore the remarkable restricted
cell morphology and the presence of actin stress fibres observed in cells on TMV
substrate could also be another evidence of RhoA/ROCK activation. Furthermore, the
extreme activation activity of RhoA by ARHGEF7 may result in downregulation of other
signaling molecules involved in RhoA/ROCK pathway such as RhoA itself (-2.49-fold),
ROCK (-2.29-fold), MYLK (-47.22-fold), Actr2 (-33.97-fold), and Cfl1 (-27.3-fold).[82]
More importantly, the treatment of cells on TMV substrate with ROCK inhibitor, Y27632
intensely attenuated osteoblastic differentiation of cells as reported in section 4.2.2.
(Figure 4.3)

Collectively, these results suggest that structural changes to the cytoskeleton play
key roles in determining MSC differentiation. Although it is well established that RhoA
affects focal adhesions and stress fibres, and plays a key role in determining osteogenic—
adipogenic fate decisions,[71] the downstream effects of such factors on other MSC

differentiation pathways are less clear.
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Figure 4.3 Proposed signaling cascade of virus substrates mediated osteogenesis of MSCs.
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Further investigation on expression level of potential protein kinases such as
FAK, ERK1/2, and PI3K may confirm the contribution of these kinases in the osteogenic
process. It may also be insightful to inspect NF-kB expression levels to explore another
possible upstream pathway regulated BMP2 expression. Regarding the commitment of
RhoA/ROCK pathway in virus substrates mediated osteogenesis of MSCs, RhoA GTPase
assay could be performed to analyze the amount of active RhoA in the system and ROCK
activity can be probed by immunoprecipitation to isolate ROCK from cell lysates or

knock down ROCK by using siRNA method.

4.3 CONCLUSIONS

Early BMP2 upregulation was detected in cells cultured on TMV substrates and
osteogenesis of cells was diminished upon treatment with a BMP2 inhibitor, Noggin.
This confirms the significance of BMP2 in virus substrates mediated osteogenesis of
MSCs. Previous result from PCR arrays points toward RhoA/ROCK pathway, which
responsible for cell cytoskeleton tension and cell migration, guides to another experiment
focusing on RhoA/ROCK pathway. By applying a ROCK inhibitor, Y27632 osteogenesis
of cells was declined while BMP2 mRNA lever was not altered. This may approve the
involvement of the myosin-targeted pathway as a downstream signaling pathway of
BMP2 in this situation. Cell cytoskeleton system has strong relationship to the
differentiation of cells by virus substrates, as shown by Cytochalasin D: an actin
depolymerization compound withdrew the osteogenic mediation property of virus

substrates.
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Regarding upstream cascade of BMP2, further investigation on expression level
of potential protein kinases such as FAK and ERK1/2 that are common signaling network
of integrins may reveal the connection between the cell mechanoreceptor and native
BMP2 expression. Another pathway that could not be ruled out is the NF-kB pathway,
which was reported to activate BMP2 expression leads to osteoblastic differentiation of

MSCs by fluid shear stress induction.[80]

4.4 EXPERIMENTAL SECTION

TMYV purification: Infected leaves were blended with 3 volumes of 0.1 M
potassium phosphate buffer pH 7.0 and 0.1% B-mercaptoethanol. The mixture was
filtered, and the filtrate was subjected to centrifugation to remove bulk plant material.
The supernatant was collected and clarified by adding an equal volume of CHCI3/1-
butanol (v/v = 1:1). The aqueous layer was then collected followed by precipitation of
virus with 4% PEG 8K and 0.2 M NacCl. The pellet was centrifuged and resuspended in
buffer before it was subjected to low speed centrifuge to remove PEG. The virus in
supernatant was final pelleted by ultracentrifugation and resuspended in buffer.

Fabrication of virus based scaffolds: 1 mg/mL TMYV in aqueous solution 0.7 mL
were dropped into 12 well plates that were coated with Poly-d-Lysine using protocol
suggested by Corning®. The virus solutions were incubated with the PDL coated plate
under sterile cells culture hood for overnight. Then the bottoms of each well were rinsed
briefly with 18.2 mQ water before used for BMSCs culture.

Surface characterization of virus based scaffolds by AFM: The surface

morphology of virus based scaffolds was observed by AFM (Nanoscope IIIA MultiMode
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AFM (Veeco)). The bottoms of each 12 well plate were cut out after virus coating and
rinsed with 18.2 mQ water then dried with a stream of nitrogen gas before mounted onto
AFM sample holder for imaging in the tapping mode.

BMSC isolation and expansion: Primary BMSCs were isolated from the bone
marrow of young adult 80 g male Wister rats (Harlan Sprague-Dawley Inc.). The
procedures were performed in accordance with the guideline for animal experimentation
by the Institutional Animal Care and Use committee, School of Medicine, University of
South Carolina. Cells were maintained in primary media (Dullbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100
U/mL), streptomycin (100 pg/mL), and amphotericin B (250 ng/mL)), kept at 37 °C in a
CO; incubator with 95% air/5% CO. and passaged no more than seven times after
isolation. To induce osteogenesis, primary media were replaced with osteogenic media
consisting of DMEM supplemented with 10% FBS, penicillin (100 U/mL), streptomycin
(100 pg/mL), and amphotericin B (250 ng/mL), 10 mM sodium B-glycerolphosphate, L-
ascorbic acid 2-phosphate (50 ug/mL), and 108 M dexamethasone. Media were
replenished every 3-4 days. To inhibit BMP2, either 10 pg/mL or 50 ng/mL of noggin
was added to the osteogenic media in the first induction state and every replenishments.
Likewise, inhibition of ROCK and actin polymerization were experimented by adding 10
UM Y27632 and 1 uM Cytochalasin D, respectively to the induction media.

Quantitative real-time RT-PCR analysis (RT-qPCR): PDL and virus coated
substrates were seeded with 4.0 x 10* cells per well in primary media and allowed to
attach overnight. The unseeded cells were used as a control to normalize the change in

gene expression. The media were replaced to osteogenic media and cultured for 6 hours,
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4 days, 7 days, and 14 days. The cell cultures were terminated at these time points and
total RNA was subsequently extracted using E.Z.N.A® RNA Isolation Kit, OMEGA. At
least two separate experiments were conducted with each type of sample. The purity and
quantity of the extracted RNA were analyzed using Thermo Scientific Nanodrop 2000c
spectrophotometer and was reverse transcripted by qScript™ cDNA Supermix (Quanta
Biosciences). RT-qPCR (iQ5 real-time PCR detection system Bio-Rad Laboratories) was
done by the method described as: 60 cycles of PCR (95 °C for 20 s, 58 °C for 15 s, and
72 °C for 15 s), after initial denaturation step of 5 min at 95 °C, by using 12.5 pL of iQ5
SYBR Green I Supermix, 2 pmol/pL of each forward and reverse primers and 0.5 pL
cDNA templates in a final reaction volume of 25 pL. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the house keeping gene. Data collection was
enabled at 72 °C in each cycle and CT (threshold cycle) values were calculated using the
1Q5 optical system software version 2.1. The expression levels of differentiated genes and
undifferentiated genes were calculated using Pfaffl’s method (M. W. Pfaffl, G. W.
Horgan and L. Dempfle, Relative expression software tool) for group-wise comparison
and statistical analysis of relative expression results in real-time PCR, using GAPDH as
the reference gene. Quantification of gene expression was based on the CT value of each
sample which was calculated as the average of at least two replicate measurements for
each sample analyzed. “Pair Wise Fixed Reallocation Randomization Test” was
performed on each sample and a value of p < 0.05 was regarded as significant. The
primers used for RT-qPCR are shown in Table 4.1. Three independent experiments were

performed and analyzed for each gene expression study.
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Table 4.1 Primers used for RT-qPCR to measure gene expression levels. BGLAP: bone-
gamma-carboxyglutamate protein; BMP2: bone morphogenetic protein 2

Gene Sequence (5'-3")
BGLAP Forward: AAAGCCCAGCGACTCT
Reverse: CTAAACGGTGGTGCCATAGAT
BMP?2 Forward: ACCAACCATGGGTTTGTGGTGGAAGT

Reverse: TCCGCTGTTTGTGTTTGGCTTGACG
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Alkaline phosphatase (ALP) activity: After 4 and 7 days of induction in the
osteogenic media, the BMSCs seeded on PDL and virus coated substrates were
determined number of cells on each substrate by CellTiter Blue® assay. Then the cells
were fixed with 4% paraformaldehyde for 15 min at room temperature prior to analyze
ALP activity by incubating the briefly fixed cells with 1-Step p-nitrophenylphosphate
solution (Thermo Scientific) for 15 min at room temperature. The solution was
transferred to a new microfuge tube contained 250 pL of 2 N NaOH and the absorbance
at 405 nm was measured. The measure ALP activity from each sample was normalized to
the corresponding cell number. Three independent experiments were performed and
analyzed for ALP activity.

Alizarin red staining and quantification: Calcium deposition on each substrate
was visualized and quantified to confirm and compare osteogenic differentiation by
Alizarin red staining. Fixed cell on day 7 were stained with 0.1% Alizarin red solution
(Sigma-Aldrich) pH 4.1-4.5 for 30 min in the dark. The samples were washed with water
(18.2 MQ) prior to imaging. To quantify the amount of dye on each substrate, 300 pL of
0.1 N NaOH was added to each sample to extract the dye from the sample. The extracted
dye solution was measured the absorbance at 548 nm wavelength. The measure
absorbance from each sample was normalized to the corresponding cell number from
CellTiter Blue® assay. Three independent experiments were performed and analyzed for
Alizarin red staining and quantification.

Immunofluorescence assays and image analysis: For immunofluorescence
assays and image analysis, the substrates were seeded with 4.0 x 10° cells per sample.

The cultures were terminated at 8 hours after osteoinduction for BMP2 immunostaining
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analysis. After termination, cells were fixed in 4% paraformaldehyde at room
temperature for 30 min. Each of the samples was then permeabilized for 20 min by 0.1%
Triton-X 100 for 15 min and blocked in 1.5% bovine serum albumin (BSA, Sigma
Aldrich) in PBS for 1 hour at room temperature. After the blocking, the cells were
incubated overnight with mouse monoclonal antibody targeting BMP2 (R&D Systems) at
1:100 dilution in blocking buffer (Santa Cruz Biotechnology). After overnight incubation,
secondary goat anti-mouse antibody conjugated with fluorescein (Chemicon) was used at
1:400 dilution for 2 hours at room temperature. Rhodamin phalloidin (1:100 in PBS) was
used to stain filamentous actin. Nuclei were stained with DAPI (4,6-diamidino-2-
phenylindole, 100 ng/mL). The sample were then mounted and sealed with clear nail
polish before imaging. Images of the stained substrates were taken on an Olympus IX81

fluorescent microscope.
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