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Abstract of the Dissertation
Physical and Chemical Modifications of Surface Properties
Lead to Alterations in Cellular Behavior of Osteoblasts
by
Kathryn Dorst
Doctor of Philosophy
in
Materials Science and Engineering
Stony Brook University
2013
Proper formation of the bone extracellular matrix (ECM), or osteoid, depends on the
surface properties of pre-existing tissue and the aqueous chemical environment. Both of
these factors greatly influence osteoblast migration, cytoskeletal organization, and calcium
nodule production, important aspects when considering the biocompatibility of bone
implants. By perturbing the physical and/or chemical micro-environment, it may be
possible to elucidate effects on cellular function. To examine these factors, murine pre-
osteoblasts (MC3T3-E1 subclones 4 and 24) were seeded on polydimethylsiloxane (PDMS)
substrates containing “wide” micro-patterned ridges (20 um width, 30 pm pitch, 2 pm
height), “narrow” micro-patterned ridges (2 pum width, 10 pm pitch, 2 um height), no
patterns (flat PDMS), and standard tissue culture (TC) polystyrene as a control. Zinc
concentration was adjusted to mimic deficient (0.23 uM), serum-level (3.6 uM), and zinc-

rich (50 pM) conditions.

iii



It was found that cells exhibited distinct anisotropic migration in serum-level zinc
and zinc-deficient media on the wide PDMS patterns, however this was disrupted under
zinc-rich conditions. Production of differentiation effectors, activated metalloproteinase-2
(MMP-2) and transforming growth factor - beta 1 (TGF-1), was increased with the
addition of exogenous zinc. Early stage differentiation, via alkaline phosphatase, was
modified by zinc levels on patterned polydimethylsiloxane (PDMS) surfaces, but not on flat
PDMS or tissue culture polystyrene (TC). Late stage differentiation, visualized through
calcium phosphate nodules, was markedly different at various zinc levels when the cells
were cultured on TC substrates. This susceptibility to zinc content can lead to differences in
bone mineral production on certain substrates if osteoblasts are not able to maintain and

remodel bone effectively, a process vital to successful biomaterial integration.
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Chapter 1: Introduction



Background and Significance

Motivation

Advancing medical technologies have provided people with the ability to live longer
than ever imagined, while also vastly improving the quality of life for millions. In 2009 the
number of people aged 65 and older in the U.S. represented 12.9% of the population, 39.6
million people. In less than 20 years time, by the year 2030, this number is expected to rise
to 19% of the population, an astonishing 72 million people in the U.S. alone.! Between 1990
and 2000, there was nearly a 25% increase in hip fractures worldwide.2 One in three
women and one in five men over the age of 50 will experience an osteoporotic fracture in
their lifetime.3 These numbers illustrate the dramatic increase in elderly population that
will require artificial replacements in the next several decades and beyond. In 2006, more
than 450,000 artificial knee replacements and nearly 180,000 artificial hip replacements
were performed, according to the National Center for Health Statistics.* However, present-
day artificial knee and hip implants have several flaws, causing them to only last an average
of 15 years. These include rejection by the body's tissues and mechanical failure due to a
more physically active population.> With a rapidly increasing elderly population, the

demand for better strategies in regenerative medicine is expected to rise significantly.

The foundation of better bone implants rests on understanding cell adhesion
mechanisms and what influences them. This bottom-up approach focuses on material
properties, how proteins adsorb on these materials when cells first interact with them, how
cells grow, migrate, and communicate with each other, and finally, how cells organize into

the initial layers of bone tissue. The complex, intercalated pathways that occur are still not



widely understood but piece by piece knowledge is gathered and continually added to

existing theories that can influence how prosthetics are manufactured in the future.

Osteoblasts and biomaterials interactions

The Extracellular Matrix (ECM)

The study of mechanotaxis (also referred to as durotaxis) among cell lines in the
bioMEMS field involves the mimicry of the extracellular matrix (ECM). The ECM is a region
of proteins and filaments that interconnects the outside of cells into networks of tissues
(Fig. 1.1). This organizational scaffold was once thought to be merely structural in use, but
now has been recognized as a much more complex player in cell to cell interactions.® The
ECM is now realized as playing an important role in several vital processes in cell adhesion,

survival and differentiation, migration, and proliferation.®

Osteoblast differentiation

Osteoblasts are derived from the mesenchymal cell line, along with adipocytes,
osteoclasts, chondrocytes, and myocytes. The determination of cell fate is regulated
through expression of a series of osteo-specific genes such as that of the bone-morphogenic
proteins (BMPs) and the core binding factor al (Cbfal).” Additionally, growth factors such
as transforming growth factor - beta 1 (TGF-31) and proteases such as metalloproteinase-
2 (MMP-2) play large roles in the intermediate stages of osteoblast maturation.? The
osteoblast phenotype is demonstrated through the increased production of alkaline
phosphatase (ALP), osteocalcin (OCN), and osteopontin (OPN), and finally discrete calcium

phosphate (hydroxyapatite) nodules.”
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Figure 1.1. Overview of the Extracellular matrix (ECM).
(Modified from Nature education 2010)



The production of these phenotypic proteins reflects cells’ adherence to the ideal
osteoblast maturation sequence. The peak production of these proteins occurs along a
strict timeline, where the surge and ebb of production will often determine continuation of
the differentiation pathways (Fig. 1.2). Osteoblast differentiation can be characterized by
three stages: proliferation, maturation of the ECM, and mineralization of the ECM.? As cells
divide they eventually become confluent, producing copious amounts of collagen in their
matrix while mitosis slows to a halt. The tapering of proliferation signals the start of ALP
production with a peak observed around day twelve and continuing to day eighteen (Fig.
1.2).% This enzymatic protein is the main source of inorganic phosphate that is combined
with calcium ions from the blood to form hydroxyapatite (calcium phosphate) bone
nodules.19 However, this process does not occur in a single linear step, as cells must loosen
their loci to migrate and form multi-layers with collagen fibrils in the ECM, a process
regulated by the proteolytic activity of MMPs.11 The TGF-B1 protein responsible for the
mid-late maturation of the ECM is present throughout the early mineralization process but
reaches peak levels midway through as MMPs have been found to be one of the maximal
activators of this protein.11.12 As the maturation process continues, the levels of ALP, MMPs,
and TGF-B1 decrease around day 21 while several genes, such as osteocalcin, osteopontin,
and bone sialoprotein, show increased expression and trigger the final mineralization stage

that peaks around twenty-eight days resulting in nodule formation (Fig. 1.2).13
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Figure 1.2. Timeline of osteoblast maturation



ECM forces

The mechanical forces the ECM imposes on adhered cells not only can direct cell
proliferation, migration, and differentiation but also have shown to have an effect on cell
alignment. As the Young's modulus of the ECM increases, cells produce more stress fibers
(indicating more force generated by the cells) and additionally align these fibers
centripetally from the nucleus.1# It is proposed that harder surfaces generate more tension
in the cell's cytoskeleton that enables the cell's focal adhesion complexes to attach to the
surface with better "grip" while softer substrates lead to cells' inability to stretch and form
large outward directional cytoskeletal networks due to these complexes losing traction and
slipping (Fig. 1.3). Thus, with a more rigid substrate surface, cells have a greater spreading
area and generate more directed traction and tensional forces.!5 This tension has been
found to be necessary to engage the cytoskeleton and to open stretch-activated channels
(SAC).16 These channels allow the influx of calcium ions into the cell, which, through
calcium signaling cascades, induces an increase in alkaline phosphatase and osteopontin,
important regulators of bone mineralization.17-20 Repetitive rather than continuous
stretching has been found to have more of an inductive effect on cells, modulating the area
and density of focal adhesions (such as vinculin and paxillin), increasing tyrosine
phosphorylation needed for F-actin polymerization, and increasing the amount of calcium

deposition in bone mineral nodules.21-24
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Figure 1.3. Cell tension as a function of cell rigidity.
(Modified from Kihara et al.?%)



Substrate rigidity

The rigidity of the ECM (or synthetic cell culture substrate) can induce changes in
the organization of the cytoskeleton via signaling of integrins. Khatiwala et al. reported an
exemplary study of MC3T3-E1 pre-osteoblasts in which the role of the rigidity of substrates
was investigated using polyacrylamide hydrogels.2¢ It was demonstrated that these pre-
osteoblastic cells proliferated and differentiated into osteoblasts that mineralized new
bone much faster and to a greater extent on the stiffer substrates. These effects have also
been studied previously with smooth muscle cells, as well as fibroblasts, which exhibited

faster migration speeds when traveling from softer substrates to stiffer ones.141527-29

The preferential migration of osteoblasts toward stiffer substrates supports
conclusions from other studies investigating the effect of substrate rigidity on lineage
outcomes. Engler et al. found that matrix stiffness greatly affected the differentiation
outcome of several progenitor cells. Mouse stem cells grown on substrates with varying
elastic moduli were found to differentiate (express lineage markers) into neurons,
myoblasts, or osteoblasts depending on the rigidity of the substrate material.3? Other
studies confirmed these findings, demonstrating that differentiated neurons are more
likely to extend dendritic arms on soft scaffolds, mimicking the small elastic modulus of
brain tissue, while optimal cardiomyocyte differentiation has been found to occur on rigid

but non-stiff scaffolds that mimic striated muscle fibers.31 32

BioMEMS
In the last decade, synthetic implant technologies have been greatly improved by

advancements in the field of bioMEMS (bio-microelectromechanical systems). The MEMS



field, first developed alongside the creation of narrower, more powerful computer
microprocessors, has contributed to the evolution of several new technologies in biological
roles.3334 Using lithographic patterning techniques previously reserved for circuit
construction, synthetic biomimetic scaffolds can be rendered to enhance the growth of cells
and tissues. Recent studies in this field have used these scaffolds in vitro seeking to provide
information on how these scaffolds would fare in vivo. Of particular interest, are the uses of
topography and variation of rigidity via lithographic patterning techniques on these
biomimetic scaffolds to understand how cells can be guided by these cues via

mechanotaxis.

Patterned substrates

Scaffold rigidity is only one of many factors that have been found to greatly affect
the destiny of progenitor cells. A developing technique that has risen to the forefront of
bioMEMS technologies is the micro- and nano-patterning of substrate surfaces. These
micropatterns are often created using standard photolithography and are then transferred
to a predominant material in the field of bioMEMS: polydimethylsiloxane (PDMS). This
optically clear, biologically inert, rubber-like polymer is often used as a cell substrate
surface because of its gas permeability and biocompatibility.3> 3¢ These topographical
features mimic those that would be present on the ECM as well as surfaces in vivo. The
narrow ridges and grooves on the ECM (or in the case of tissue engineering, synthetic
substrates mimicking bioscaffolds) have been found to promote cell adherence in several
cell lines, including osteoblasts, fibroblasts, and skeletal stem cells.37-46 These topographical
“hills” and “valleys” can be replicated as micropatterns on synthetic bone implant surfaces
and may decrease the chance of rejection of an implant in vivo. In fact, these patterns have

10



also been found to not only increase cell adherence but to also induce differentiation in

progenitor cell lines and can directly affect gene and protein expression (Fig. 1.4).47-49

By creating patterns of various shapes (such as rectangles, squares, and rings),
studies have also been able to elucidate how these structures create varying amounts of
stress and strain on cell morphology.>? A study by Ruiz et al. concluded that cells on outer
edges of patterns like squares or rectangles were under high stress while cells adhered to
inner edges of patterns such as rings or ellipses were under low stress. These stresses were
seen to correlate to cell lineage destiny when given differentiation media: cells under high

stress formed osteocytes while those under lower stress formed adipocytes.>!
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Figure 1.4. Possible scenario of how patterned surfaces may cluster focal adhesion
complexes and proteinases.
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Topographical effects

Mechanical cues from substrates not only lie in modular characteristics but also in
topographical ones as well. Studies of micropatterns of parallel ridges and grooves have
elucidated exciting new prospects in the field of regenerative medicine.!> In a study by
Soboyejo et al. the integration of linear micropattern gradients on PDMS, by standard
photolithography was investigated using osteosarcoma cells.3334 Cells were observed to
adhere well to the patterns, aligning their actin fibers along the direction of the ridges, as
compared to the cells on the non-patterned PDMS surfaces that adhered in random
directions. This directional alignment due to contact guidance is important factor in wound
healing: less scar formation and immune response from implantation of abiotic materials
would be present in materials that were micropatterned in this way according to their
findings.>Z, 53 Other studies using keratocytes, smooth muscle cells, and epithelial cells have
also found this actin directional alignment, resulting in parallel configuration of focal

adhesions and traction forces.34 54

The focal adhesion complex

Integrins

Integrins are one of the major components of the focal adhesion complex. In the last
decade, it was discovered that these proteins play a role in the communications between
the ECM and the underlying cytoskeleton, providing a direct link by which information is
exchanged bidirectionally and dynamically (Fig. 1.5).55°¢ Composed of a and 8 subunits,
these heterodimeric receptors have been found to be responsible for initial cell adhesion as

well as facilitating cell-cell and cell-ECM communications.5? Integrins not only work directly

13



as a physical link between the ECM and the outside cell surface, but also play a role in
triggering protein kinase pathways (FAK, Src, MAPK), thus indirectly controlling various
mitotic functions.>85° The inventive use of an arginine-glycine-aspartic acid (RGD) amino
acid chain in regenerative tissue engineering studies is commonly employed for changing
the surface chemistry of synthetic scaffolds. This residue is of particular importance, as it is
an integrin-binding specific peptide sequence present in type 1 collagen.®® This chain,
present in ECM ligands and often functionalized on polymer substrates, serves as an
artificial ECM-linking system on the substrate surface and has a high affinity for cell
integrins.®1, 62 The integrin receptors, once ligated to the ECM via this RGD sequence,
directly link the ECM to the cytoskeleton and provide a pathway which integrates
intracellular and extracellular events. Recent studies have shown that ordered RGD ligand

dispersion results in better cell spreading and adhesion.63-69
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Figure 1.5. The focal adhesion complex.
(Modified from Nature 2010 education)
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Fibronectin (FN)

Fibronectin (FN) is a 440-500kDa ECM associated protein that is vital to cell
adhesion and motility. This protein is generally found in-situ as a dimer, composed of two
identical monomers. These monomers consist of three repeating modules, FNI, FNII, FNIII.
FN exists in two forms in the body: a soluble, globular plasma form in the blood and an
insoluble, fibrillar form as a major constituent of the ECM network. The process of
fibrillogenesis, transformation from the plasma form to the fibril form, is not completely
understood. It is thought that cytoskeletal tension causes FN in the ECM to unwind and
expose cryptic sites.’%-72 These sites have been found in several modules, specifically the
IFNIII and 2FNIIl domains have been suggested as points of nucleation, where FN
fibrillogenesis would initiate.”? Migration of epithelial cells have shown a biphasic
dependence on this fibril formation via the FNIII domains. While matrix polymerization is a
requirement for cell adherence and migration, the addition of exogenous amounts of FN
after attachment has shown to cause a rapid decrease in migration speeds, perhaps as a

feedback mechanism switch reverting from a migration state to a fibrillogenesis state.”4

Investigations into how FN transforms shape and exposes binding domains have
given rise to studies dealing with the fragmentation of FN into grouped and individual
domains. These fragments have been found to have proteolytic and motogenic capabilities
that are not found in full-length, intact FN.7> Among these, binding sites for fibrin, heparin,
collagen and gelatin, and integrins have been discovered.’®77 The 70kDa N-terminal
fragment containing nine type I modules (1-°FNI), two type Il modules (1-2FNI), and part of
the beginning of a type IIl module (IFNIII) is of particular interest because it has been
shown to be necessary for both migration and cell development.”’8 This region, called the

16



migration stimulating factor (MSF), encompasses a 42kDa gelatin binding domain (GBD)
and a 25kDa heparin 1 (Hep 1) binding domain (Fig 1.6). Within the GBD are two
conserved amino acid residues, isoleucine-glycine-aspartic acid (IGD), in the 7FNI and °FNI
modules that have been shown to be implicated in migration in fibroblasts.”® The IGD sites
in the GBD domain have also been shown to be necessary for the phosphorylation of focal
adhesion kinase (FAK), a process known to regulate cell migration.>%7° Interestingly, two
other IGD residues also exist in the Hep 1 domain in the 3FNI and SFNI modules, but have
been found to be motogenic only with the addition of vitronectin, suggesting that the av33

integrin is important for this activity.”579

The GBD has been found to not only have binding and motogenic activity but also
proteolytic (gelatinase) activity as well.8081 This domain presents a similar zinc-dependent
binding motif as the gelatinase metalloproteinases 2 and 9 (MMP-2 and MMP-9), but has a
different inhibition profile and is able to autolyse under certain conditions.82-8> The
gelatinase MMPs and GBD share a HEXXH consensus sequence (a zinc-binding domain) that
has been found to be responsible for the degradation of ECM components, a process
necessary for migration to occur.8¢ The exposure of FNI cryptic sites like GBD could cause
matrix degradation through the unwinding of the triple helix of collagen 1 (a major

constituent of the ECM), allowing RGD sites to be exposed and bind to ayf33 integrins.60.87
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Figure 1.6. A diagram of the domains of fibronectin.
(Modlified from Ellis et al.”®)
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Differentiation effectors

Metalloproteinases (MMPs)

The investigations of FN autoproteolysis lead to the discovery that other proteases
can cleave FN into active fragments. The unwinding of the FN molecule allows cryptic sites
such as the GBD to be exposed and cleaved by MMP-2.8488-90 The MMP-2 site responsible
for FN cleavage is located in the C-terminal hemopexin domain (PEX; Fig. 1.7).°1 This
domain also has an important role in activating MMP-2: binding with tissue inhibitor-2
(TIMP-2; an activator only in small concentrations®?) during the activation of pro-MMP-2
(precursor to MMP-2) while it is bound to the membrane type 1 MMP (MT1-MMP; aka

MMP 14) complex (Fig. 1.8).9394

The activation of MMP-2 via MT1-MMP resulting in FN fragmentation down-
regulates fibrillogenesis. It has been demonstrated in epithelial cells and fibroblasts that
the inhibition of FN fibril formation results in ECM degradation via endocytosis and
remodeling and thus cells migrate faster on the existing matrix.’48895 The degradation of
the ECM by MMPs lowers the binding activity of MT1-MMP to the matrix via the (1 integrin,
which then down-regulates MT1-MMP, thus lowering MMP-2 activity and decreasing
migration (Fig. 1.9).9¢ One of the substrates of the gelatinase degradation is an inactivated
chemokine fragment, monocyte chemoattractant protein 3 (MCP-3).°1 This protein binds
to chemokine receptors and impedes migration and calcium signaling.°” The lowering of
MMP-2 activity allows accumulation of the matrix once again which up-regulates MT1-

MMP and MMP-2 in a feedback cycle.?899
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A similar feedback loop is also seen with MMP-1 degrading collagen-1 via the o231
integrin in keratinocytes.100 Interestingly, a new form of F-actin structures, called
invadosomes, have been found to degrade type 1 collagen fibrils and induce MMP-2 activity

through the MT1-MMP system, however, they are independent of 31 integrin.101

Needless to say, MMPs are crucial to the proper formation and remodeling of the
ECM. In regard to osteogenesis, MMP-2-null and MMP-9-null mice have been found to have
skull defects and delayed bone growth.102103 MT1-MMP-null mice have shown severe
skeletal defects, osteopenia, and fibrosis of soft tissue.1%4 Double knockout MMP-2 and
MT1-MMP mice resulted in severe vascular defects and postnatal death.192 Studies of
human mesenchymal stem cells and pre-osteoblasts have shown that MT1-MMP is
required for production of early differentiation marker alkaline phosphatase (ALP). 105-107
MMP-9 and MMP-13 were shown to regulate murine osteoblast ECM remodeling of soft
tissue, collagen and cartilage as well as osteocalcin (OCN), at an earlier timepoint than
MMP-2 regulation of mineral nodules during bone repair of a fracture.108109 MT1-MMP also
transiently regulates bone mineral nodule formation: the persistence of MT1-MMP impairs
formation of nodules, while a fluctuating pattern of expression is required for nodule

formation.105110
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Figure 1.7. The structure and possible model of activation of MMP-2.
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Transforming growth factor - beta 1 (TGF-f31)

Not only is MT1-MMP a key regulator of MMP-2 activation but it also serves to
regulate activation of a crucial cytokine for bone remodeling, TGF-1. This growth factor is
in the same superfamily as bone morphogenic proteins (BMPs) and is found in three
isoforms (B1, 2, and 3).111 TGF-B1 is the most abundant isoform and is found in high
quantities in bone.112 This factor plays a role in a number of diverse biological processes
such as cell migration, proliferation and differentiation. In particular, TGF-f1 is especially
important in regulating bone formation and is a known chemoattractant of

osteoblasts.111,113

Secreted in its latent form, the 390 amino acid protein complex consists of several
parts: a 112 amino acid mature peptide, with a latency associated peptide (LAP; 249 AA),
and the signal peptide (29 AA).12111 The LAP is a non-covalently associated region that
confers latency to the mature peptide, shielding the binding site from interacting with TGF-
B1 receptors. The term “small latent complex” (SLC) is used to refer to the LAP- TGF-1
inactive complex. This SLC can covalently attach to the latent TGF-f3 binding protein (LTBP)
to create the large latent complex, LLC, which is the final secreted form (Fig. 1.10). This
large complex, responsible for the correct folding and secretion of the mature peptide, is
then directed to the ECM and stored through binding between the LTBP and the ECM.111.114
The LTBP forms a network that coincides with the network formed by FN fibrillogenesis
during early bone development, with the latter being exclusively necessary to form the
prior.115-117 EN helps to localize the LTBP to the ECM by binding to the hinge domain; FN-

null cells minimally activate TGF-B1 and poorly incorporate LTBP-1 into their matrix.118
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Figure 1.10. Schematic of domains of TGF-{31.
(Modified from Janssens et al.111)
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In order to activate the mature TGF-1 protein, the LTBP-1 and LAP-1 (associated
with the 1 structure) must be disassociated from the LLC and SLC.119 Several theories
exist on how this process occurs. The two main conjectures are (1) degradation of the LAP
by proteases (Fig. 1.11) and (2) induction of a conformational change in the LAP triggered
by cell traction forces induced by attachment to a non-compliant surface (Fig. 1.12).12111
Proteolytic cleavage of the mature TGF from the LAP is thought to occur either through MT-
1MMP proximity-association or through the combined actions of MMP-2 and MMP-9.120-124
These metalloproteinases mediate TGF-$1 activation through interactions with cell surface
integrins that they share with the LLC, specifically the families of av, as, 1, Bs, and 3. These
integrins recruit the proteases near to where TGF-$1 is being stored and allow for close
access to the susceptible LAP-f1 and the ECM-binding hinge region of the LTBP-1.12118125-
127 Activated TGF-B1 then freely diffuses to act on the local ECM.

In the second activation method, substrate surface rigidity causes transmission of
traction forces throughout the cell membrane, through a similar set of integrins as the
previous hypothesis, and onto the LLC, all without proteolytic activity (Fig. 1.12).12128129 A
mechanically resistant ECM (mimicking the surface it forms on) will exert traction forces
onto the LAP-B1 and result in a deformation of the LLC and liberate activated TGF-{31.130.131
This process occurs only on rigid surfaces; a compliant ECM does not induce any
mechanical changes and thus is not responsible for TGF-f1 activation.13° [t is possible that
both methods are not mutually exclusive but that one may take place in certain

circumstances over the other.
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Once TGF-f1 is activated, it binds to a TGF-B1 receptor (either TBRI, TBRII or both
together) and carries out both Smad-dependent and Smad-independent pathways to
regulate several cell activities.111 In the absence of TGF-f1 it has been found that osteoblast
proliferation, matrix deposition, and collagen maturity were severely diminished, making
this factor crucial for bone and ECM formation.111.132133 [n studies with MC3T3-E1 pre-
osteoblasts, it was found that TGF-B1 activation was at the highest levels during the
maturation period (10-16 days after induction media), which coincides with the production
of collagen I and alkaline phosphatase (ALP).113134-137 The levels of TGF-1 then start to
decrease during the mineralization period (days 16-28). Experimental exogenous additions
of this factor during later stages showed cells being less receptive to its effects and it was
shown to decrease levels of differentiation markers such as osteocalcin and ALP, possibly
suggesting that TGF-1 has less of a role in later bone mineral production, in an auto-

regulatory feedback mechanism.134138-141

Zinc

The zinc-dependent GBD and MMPs highlight how important this cation is to proper
cell functioning. The GBD fragment of FN contains seven zinc binding domains in the
HEXXH region that are responsible for maintaining the structure of the domain. Addition of
exogenous amounts of zinc causes compacting of the GBD at low concentrations and dimer
formation of the GBD at high concentrations. This disruption in the structure of FN-GBD
caused it to dissociate from a collagen-bound state.142 It is possible that the exogenous zinc
out-competed the GBD for binding sites on the collagen, causing it to dissociate. Zinc in

MMPs is part of a highly conserved cysteine switch which is located in the pro-domain.
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When present, this domain keeps the MMP in an inactive latent state. Cleavage of the zinc-

cysteine bond leads to the loss of the pro-domain and hydrolysis-activation of the MMP.11

Zinc deficiency has been shown to impair calcium cell-to-cell signaling and cell
proliferation in fibroblasts.143144 The intracellular transport of zinc is controlled by zinc-
binding storage proteins such as the metallotheioneins (MT) and zinc transporters such as
ZnT and Zip.145-147 ZnT is a transporter protein responsible for decreases in intracellular
zinc (transporting it outside the cell), while Zip proteins are responsible for increases in
intracellular zinc (transporting it into the cell).148149 Zinc deficiency in osteoblasts results
in decreased ALP activity (early stage ECM mineralization) and the decline of inorganic
phosphate availability.150 Low ALP levels lead to a poorly calcified ECM, which explains
why zinc deficiency results in hindered skeletal growth.151.152 Zinc has been known to be
present in the active site of ALP, and dissociation from this site leads to ALP inactivation.150
Levels of inorganic phosphate can increase ALP activity by preventing this dissociation.153
More recently, it has been found that levels of additional late stage osteogenic

differentiation factors Runx2 and OCN levels can be depressed with deficiencies in

7inc.148154

Computational analysis

Migration analysis

In the absence of external stimuli cells migrate in a random walk fashion.1>
However, when mechanotaxis or chemotaxis is involved cells deviate from this random
walk and migrate in a more directed fashion. A simple fit to a random walk model would

not showcase the directionality of random walking of cells along topographical patterns.
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Therefore, we have used the radius of gyration equation (Eqn. 1 - 4) to determine center of
mass in both the x and y directions and step length (Eqn. 5) to determine if there exists a

promoted direction of migration.

Rcm(x) =X = % (1)
Rgxe = Xt=q (X — x)? (2)
Rgy = X(X — x¢)? (3)

Rg, = Rgys whenn =N

These parameters are also determined in the y direction (Rg,) and the ratio
between the radius of gyration in the x and y direction is used to find in which direction the

cells prefer to travel:

, . R
Preferred direction of movement = % (4)
X

SLy = |Ax]| (5)
Step length is reported as the average length of steps in the x and y direction at 6

minute time intervals.
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Chapter 2:

Motivation and Objectives of the Research
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Objective and hypotheses
The overall objective of this dissertation was to investigate how the exogenous zinc
environment modifies interactions between biomaterials and two subclones of pre-

osteoblasts and ultimately alters their cellular functions in vitro.

This objective was addressed with the following hypotheses and research questions:

Hypothesis 1: The amount of zinc in the environment determines the level of contact
guidance demonstrated by MC3T3-E1 subclone 4 pre-osteoblasts on micro-patterns. Initial
adhesion stages are driven by ionic surroundings and can modify physical interactions with

surface topography.

Research questions:

(1) Is early cell adhesion affected by the topography of the material surface? Is this

altered by variations in zinc concentration in the media?

(2)Does varying the surface dimensions of fabricated topographies result in
different cell shape from that on an unaltered flat surface? Can this be changed

with modified levels of zinc?

(3)Do cell migration patterns and rates differ depending on physical substrate
surface features? Does zinc concentration play a role in determining how cells

migrate on these surfaces?

(4) Do certain levels of zinc make cells more or less sensitive to the presence of

micro-patterns? Can zinc control contact guidance of cells on these patterns?
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Specific aim 1: Zinc was investigated as a modifier of cell interactions with physical
substrate features. Flat polydimethylsiloxane (PDMS), and micro-patterned PDMS (20 pm
wide with a 30 um pitch and 2 pm height, and 2 pym wide with a 10 um pitch and 2 pm
height) were compared alongside the tissue culture polystyrene gold standard (TC) in
regard to morphology and preferential cell migration. These surfaces were seeded with
subclone 4 MC3T3-E1 pre-osteoblasts and observed through time-lapse microscopy to

determine early stage cell speed, displacement, and directed migration.

Hypothesis 2: Differentiation effects, produced by culturing MC3T3-E1 cells on various
substrates, can be modified by zinc levels in the environment. This ionic environment also
mediates differentiation effectors, MMP-2 and TGF-f1, which ultimately results in
discrepancies in bone nodule formation. The interplay of surface topography and zinc level

determines ultimate cell fate.

Research questions:

(1) Do differences in contact guidance predict levels of cell migration factors in mid-
stage differentiation? Do variations in zinc levels alter cell response to
topography and yield differences in the production of activated MMP-2,

responsible for migration and cell multi-layering in early differentiation?

(2)Are variations in MMP-2 levels correlated to differences in production of

activated TGF-B1, a factor proposed to be activated by MMP-2?
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(3)Does altering of zinc levels yield differences in early stage differentiation on
patterned and flat surfaces, as measured by alkaline phosphatase (ALP) in-situ

staining?

(4) Are differences in media Zn concentration responsible for modifying late stage

differentiation, as measured by von kossa (VK) in-situ calcium nodule staining?

Specific aim 2: The two biomaterials, golden standard TC and PDMS (flat and patterned),
were seeded with a high density of MC3T3-E1 subclone 4 pre-osteoblast cells and given
induction media over a period of 0 to 28 days in either serum-levels of zinc or zinc-rich
media. The production and activity of the gelatin protease, MMP-2, and TGF-31 were
assessed using gelatin zymography or ELISA, respectively. The levels of early-mid stage
differentiation markers (ALP) and late stage (calcium nodules) were determined as

indicators of ultimate cell fate on these surfaces.

Hypothesis 3: Alterations in the chemical and physical environment, through introduction
of micro-topographies and modified zinc levels, allow for differentiation to occur in

otherwise weakly mineralizing subclone 24 pre-osteoblasts.

Research questions:

(1) Is there a difference in cell density and morphology with altered zinc levels

across the various surfaces?

(2) Are differences in early stage differentiation markers, as measured by in situ
staining of ALP, due to physical substrate features? Can these differences be

modified through zinc levels?
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(3) Are differences in late stage calcium nodule production, as measured by von
Kossa, due to physical substrate features? Can these differences be modified

through zinc levels?

Specific aim 3: Tissue culture polystyrene, patterned and non-patterned PDMS were used
to identify differences in production of differentiation markers using the weakly
mineralizing subclone of pre-osteoblasts (MC3T3-E1 subclone 24). Alterations in zinc
media content was used to determine the exogenous role of this cation in the production of
differentiation markers. Subclone 24 pre-osteoblasts were seeded at confluence and given
induction media to promote bone production over a 28 day span. Analysis of early and late
stage differentiation markers included in-situ staining for ALP and calcium nodules as well

as initial cell density and morphology to demonstrate healthy cell growth.
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Chapter 3: Migration
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3.1 Abstract

Initial cell-surface interactions are guided by the material properties of substrate
topography. To examine if these interactions are also modulated by the presence of zinc,
we seeded murine pre-osteoblasts (MC3T3-E1, subclone 4) on micro-patterned
polydimethylsiloxane (PDMS) containing wide (20 um width, 30 pm pitch, 2 pm height) or
narrow (2 pm width, 10 pm pitch, 2 um height) ridges, with flat PDMS and tissue culture
polystyrene (TC) as controls. Zinc concentration was adjusted to mimic deficient (0.23 uM),
serum-level (3.6 puM), and zinc-rich (50 uM) conditions. Significant differences were
observed in regard to cell morphology, motility, and contact guidance. We found that cells
exhibited distinct anisotropic migration on the wide PDMS patterns under either zinc-
deprived (0.23 puM) or serum-level zinc conditions (3.6 uM). However, this effect was
absent in a zinc-rich environment (50 pM). These results suggest that the contact guidance
of pre-osteoblasts may be partly influenced by trace metals in the microenvironment of the

extracellular matrix.

3.2 Introduction

Alterations in physical and chemical characteristics of biomaterial surfaces can
modulate cellular behavior via complex events in the extracellular matrix (ECM). In
particular, variations in microtopography, mechanical properties (Young’s modulus), and
surface chemistry can promote cell attachment and migration.2147.54156 The initial
formation and development of the ECM can determine cell fate as it undergoes remodeling

that is required for tissue homeostasis.
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Bone development and regeneration are dynamic processes that are intricately
regulated by the interplay between cells and their ECM.157 These processes are critical in
driving osteogenic differentiation by recruiting osteoblast precursor cells from the
surrounding tissues.158-161 Recently, it was shown that the motility of mesenchymal cells
was enhanced as soon as one day after treatment with osteogenic medium through the
increased activation of the small GTPases, Cdc24 and Racl, which are critical for
mesenchymal cell migration.162 As such, directional cell migration is crucial to the
successful recruitment of these precursor cells, however, its precise role in the regulation

of the differentiation of osteoprogenitor cells has not been fully established.

Engineered biomimetic anisotropic topographies (e.g. microscale ridges/grooves)
have been shown to promote the adhesion of human osteoblasts,42163.164 gsteosarcoma
cells, 34156 murine osteoblast-like and mesenchymal stem cells.>3.165 These microfabricated
patterns can be designed to induce cell elongation and alignment, resulting in an
anisotropic rearrangement of the cell, reorganization of its cytoskeleton, and the re-
distribution of the focal adhesions.166.167 [n contrast, the cytoskeleton of cells adhered on a
planar surface is randomly structured!®® and they migrate in a random walk fashion.168
When anisotropy is introduced into the system, such as via a mechanical or chemical
gradient, cells deviate from this random walk behavior and exhibit directional migration.
Contact guidance, which is bi-directional locomotion along an axis of anisotropy, is one
specific example of biased cell migration.16° Cells that exhibit a directional bias in their
motion alter the conformation of their cell body and the distribution of adhesion
complexes, which can result in the initiation of signaling events involved in actin
polymerization as well as the formation of new focal contacts at the leading edge.170
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Surface roughness can also modulate cellular response to nutritional factors, such as
vitamin D, as shown in an in vitro osteoblast model.171 Because trace metals are essential
for bone health,152 we hypothesized that they may also affect the responsivity of
osteoblasts to microtopography. Recently, the homeostatic regulation of zinc has been
implicated in impaired skeletal growth,144146.147 and zinc deficiency was shown to impede
synthesis of bone matrix proteins and calcification of the ECM.144150151 A secondary
messenger involved in many signaling pathways,107,.147.150,153,172,173 zinc plays a critical role
in cell survival and migration.86.147.172.173 Zinc homeostasis associated with bone growth is
facilitated by transporter proteins from the Slc39/ZIP and SIc30/ZnT families.145174175 Of
particular importance are Zipl3 and Zip14, which are involved in intracellular zinc
distribution and regulation of mammalian systemic growth via the BMP/TGF-$ and G-
protein coupled receptor (GPCR)-mediated signaling pathways,145174 as well as Znt5, which
is critical for osteoblast maturation in vitro and maintenance of bone density in vivo.l7>
Recent studies have shown that zinc is involved in the late-stage expression of RUNX2, a
gene that has been suggested to be essential for recruiting migratory osteoblasts during
bone mineralization.154176 Therefore early stage migration could be closely linked to ECM
turnover and bone mineral production, and could be a useful metric for predicting success

of bone formation.

In order to determine the role of exogenous zinc on the migratory behavior of
osteoblasts, we cultured MC3T3-E1 cells on micropatterned substrates under zinc-deficient
(0.23 uM), serum-level (3.6 uM), and zinc-rich (50 puM) conditions. We hypothesized that
early stage (within the first 24 hours) interactions at the cell-material interface are

interdependent on both substrate microtopography and zinc serum concentration.
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3.3 Materials and Methods

Microfabrication

Using a negative photoresist (SU-8, Microchem, Newton, MA), we fabricated master
molds on a silicon substrate at the Center for Functional Nanomaterials (CFN), Brookhaven
National Laboratory (BNL, Upton, NY). Silicon wafers (75 mm diameter, single-polished)
with <100> orientation were cleaned with acetone and 2-propanol (3000 rpm for 30
seconds) before a 2 um layer of negative SU-8-2 photoresist (Rohm and Haas; Midland, MI)
was deposited by spinning at 2000 rpm for 30 seconds. After prebaking for 1 minute at
65°C, micropatterns were transferred from a chrome mask to the resist using a 6 second UV
exposure on the Karl Suss M]JB3 Mask Aligner (277 Watts). The exposed photoresist was
post-baked for 1 minute at 95°C, and the pattern was developed by immersing in propylene
glycol monomethyl ether acetate (PGMEA) (Rohm and Haas) for 5-8 minutes and rinsing

with DI water, leaving behind raised SU-8 sections (Fig. 3.1).

Polydimethylsiloxane (PDMS) replicas containing two patterns (20 pm wide with a
30 um pitch and 2 um height, and 2 pum wide with a 10 pum pitch and 2 pm height) were
prepared as follows: Sylgard 184 (Dow Corning, Midland, MI) prepolymer was mixed with
curing agent at a mass ratio of 10:1, and degassed for 20 minutes. The unpolymerized
PDMS was then poured on top of the patterned SU-8 negative master and cured at 65°C for
1 hour (Fig. 3.2 & 3.3). After curing, the positive PDMS patterns were slowly released and
plasma etched with 98% oxygen plasma in CFN's Trion Phantom III Reactive Ion Etcher

(Clearwater, FL) in order to create silanol groups at the surface of the polymer, rendering it
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hydrophilic.1’7 Deionized water was added immediately after etching to prevent

hydrophobic recovery.
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Photomask

Photoresist

Spincoat 2 um layer of Transfer micro-patterns Develop resist
negative UV resist (SU- 8)  ontoresist using UV light

Figure 3.1. Creating a photolithographic pattern on silicon.
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2pum depth

Figure 3.2. Creating PDMS patterns from photolithographic patterns in silicon.
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Figure 3.3. SEM micrograph of PDMS patterns: 20 um wide/30 um pitch “wide PDMS”
ridges, and 2 um wide/10 um “narrow PDMS” ridges.
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Substrate preparation

Studies utilized 24-well tissue culture (TC) plates (BD Falcon, Bedford, MA) for cell
culture. PDMS samples were sterilized by immersion in 70% ethanol for 2 hours in their
corresponding wells in the 24-well plate. They were then rinsed twice with Dulbecco's
Phosphate Buffered Saline 1x (PBS; Gibco/Invitrogen) before any further substrate
preparation. PDMS samples were functionalized with fibronectin, as a 10 pg/mL solution
(Sigma Aldrich, St. Louis, MO) in PBS covered the substrates for 30 minutes at room
temperature. After subsequent rinsing with PBS, bovine serum albumin (BSA; EMD

Chemicals; Gibbstown, NJ) was used to block nonspecific protein binding.

Cell culture and development

Strongly mineralizing MC3T3-E1 pre-osteoblast cells (subclone 4; American Type
Culture Collection (ATCC), Manassas, VA) were maintained in 10-cm TC plates (BD Falcon;
Franklin Lakes, NJ) using MEM-a (Gibco/Invitrogen, Grand Island, NY) supplemented with
10% fetal bovine serum (FBS; Hyclone/Thermo Fisher Scientific; Logan, UT) and 1%
penicillin-streptomycin (Gibco/Invitrogen). Cells were kept in an incubator at 37°C with

5% COz2, 95% relative humidity.

Preparation of zinc-deficient and zinc-rich medium

Zinc-deficient medium was prepared by removing zinc from the FBS used in the
alpha MEM, similar to the procedure published by Prasad et al 178 and Cho et al.l7® To
prepare zinc-rich medium, the final concentration of zinc was adjusted to 50 pM with zinc

sulfate.
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Cell coverage

Cells were seeded at a density of 5,000 cells/cm? in a 24-well TC plate and incubated
(5% CO2, 95% humidified) at 37°C for 24 hours. Samples were rinsed with PBS and fixed
using 3.7% formaldehyde (J.T. Baker/Mallinckrodt Baker Inc; Phillipsburg NJ) for 15
minutes. The samples were then rinsed with PBS and stained using 2.5 pg/mL of 4’, 6-
Diamidino-2-Phenylindole Dihydrochloride (DAPI; Sigma) in PBS for 5 minutes covered at
room temperature and then rinsed twice with PBS. Approximately 150 fluorescent images
were captured for each sample. Images were quantified using Image]J software and analysis

was performed to calculate the average cell density per sample.

Actin analysis

F-actin distribution was visualized with a standard inverted fluorescence
microscope (IX51; Olympus Instruments, Melville, NY). Cells seeded at 5,000 cells/cm?
were maintained at 37°C for 24 hours to allow complete attachment to the substrate. After
fixing with 3.7% formaldehyde, the cells were permeabilized with 0.4% Triton X-100 for 7-
8 minutes. The samples were then rinsed with PBS and subsequently stained with 1:100
Alexa Fluor 594 phalloidin (Invitrogen). Using Image], the average spreading area was

calculated by converting the number of pixels2 in the cell area into micrometers?2.

The Image] particle measurement plugin was used to fit each cell area to an ellipse
shape that represented the ratio of width/length of the cell to determine elongation and
alignment to the y-axis/patterns. Actin alignment was defined as the angle formed between
the major axis of the cell and the direction of the micropattern (y-axis), such that a

complete, parallel alignment was indicated by 0°. For non-patterned samples, the y-axis
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was chosen arbitrarily to compare amongst samples. Around 50 cells from three

independent experiments were analyzed per sample.

Cell migration: time-lapse microscopy

To capture the migration behavior of cells on the optically transparent substrates,
cells were first seeded at 10,000 cells/cm? and incubated at 37°C for 2 hours to allow
complete attachment. The medium was then replaced with COz-independent medium
(supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% L-glutamine, plus zinc
additions) and cells were maintained on a 37°C heated stage. Phase contrast micrographs
were captured at 3 minute intervals with a CCD camera attached to the microscope, for a
total duration of 2 hours. Image] software was used to calculate migration speeds and

displacement using a manual tracking plugin.

Numerical analysis of migration
To analyze the directional dependent motility of MC3T3-E1 cells, a Matlab algorithm

was used to calculate step length as follows (Eqn. 1 - 2): 180

X — x| + |x3 — Xo| + oo + |Xy — Xp—q

SLy =
x n—1
(1)
_lya =yl +lyz —yol + . + lyn — yn-al
SL, =
n—1
(2)

Where SLx and SLy are defined as the step size in the x- and y-direction, respectively.
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Statistics
Each experiment consisted of a minimum of three replicates per treatment group.
Statistical analysis was performed using an unpaired student t-test to and differences were

considered significant at the level of p<0.01.

3.4 Results

Cell coverage

At twenty-four hours post-plating, area coverage of MC3T3-E1 pre-osteoblasts in
general was similar on both TC and PDMS (Fig. 3.4). The only statistically significant
increase in cell density was observed when cells were cultured on the flat PDMS at the
highest zinc concentration (50 pM). A similar effect, although not statistically significant
(p=0.5), was also observed for cells on wide PDMS patterns (Fig. 3.4). In contrast, cell

coverage on the other substrates was not affected by exogenous zinc levels.
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Figure 3.4. Area density of MC3T3-E1 (subclone 4) pre-osteoblast cells on various
substrates with modifications of zinc concentrations after incubation for 24 hours. A single
asterisk (*) indicates a p<0.01 level of significance.
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Actin analysis and morphology

Twenty-four hours after seeding, cells had sufficiently adhered to their substrates
and F-actin stress fibers were clearly visible on all substrates, as expected (Fig. 3.5 A-D).
Cell spreading on all the substrates was significantly different: cells on TC and flat PDMS
appear to be more spread out and thus larger in area (Fig. 3.5 A, B & Fig. 3.6) compared to
those on the patterned substrates (Fig. 3.5 C, D & Fig. 3.6). Additionally, cells on PDMS
surfaces appeared to have more protruding lamellipodia than on TC, typically at the trailing
edge (arrows in Fig. 3.5 B, C, & D). Analysis of the cell spreading area suggests that zinc
concentration only had a significant effect on those cells that were cultured on the wide

PDMS pattern, which appeared to be better adhered with increasing zinc (Fig. 3.6).

The orientation of the actin cytoskeleton was strongly correlated with the type of
substrate and topography (Fig. 3.7 A). On the wide PDMS micropatterns (20 pm/30 pm),
the actin fibers were most clearly aligned (low theta values) with respect to the
longitudinal direction of the pattern (Fig. 3.5 C and 3.7 A), whereas those on the narrow
PDMS micropatterns (2 pum/10 pm) were not as aligned (higher theta values), as several
cells were observed to be oriented diagonally (Fig. 3.5 D and 3.7 A). Additionally, actin
seemed to cluster on the edges of the wide pattern (arrowheads in Fig. 3.5 C). On TC and
flat PDMS, the actin fibers were not aligned in any particular orientation, as would be
expected for a non-patterned surface (Fig. 3.5 A, B, and 3.7 A). Cells on both TC and flat
PDMS were also elongated to a similar extent (Fig. 3.7 B), but with no statistical differences

between substrate type or zinc level.
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0.23 uM Zn 3.6 UM Zn 50 UM Zn

Figure 3.5. Immunofluorescence micrographs of F-Actin (visualized in the red channel) 24
hours after seeding at various zinc concentrations on (A) TC, (B) flat PDMS, (C) wide PDMS
pattern and (D) narrow PDMS pattern. Nuclei are visualized in the blue channel. Arrows
indicate discrete lamellipodia protrusions while arrowheads in (C) indicate actin clustering
on the edge of a micropattern. Bar = 50 um.
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Figure 3.6. Cell spreading area computed from fluorescence micrographs in Fig. 3.2 A-D. A
single asterisk (*) indicates a p<0.01 level of significance.
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Figure 3.7. (A) Cell alignment computed from Fig. 3.2 A-D, where 0 degrees indicates
complete alignment with patterned ridges/y-axis. (B) Cell shape aspect ratio was
calculated from the same set of images and represents the use of Image]’s ellipse fitting tool
to determine ratio of cell width/length. A single asterisk (*) indicates a p<0.01 level of
significance.
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Cell migration

Average migration speed, displacement, and directionality of cell movement varied
significantly with substrate type. Specifically, cells on TC typically did not travel far from
their starting point during the entire two hours of time-lapse video capture (Fig. 3.8 A) and
migration was randomly directed. Cell migration on flat PDMS (Fig. 3.8 B) also took a
random pattern, while cells on the wide PDMS patterns traveled much further, in line with
the pattern (on top of the ridges; Fig. 3.8 C). On the narrow PDMS patterns cell migration

appeared more random than on the wide patterns (Fig. 3.8 D).

In general, cell migration was noticeably slowest on TC (0.14 - 0.22 um/min) and
was not found to be dependent on zinc (Fig. 3.8 E). In contrast, cell migration on flat PDMS
was considerably faster (0.27 - 0.44 pm/min) and showed a steady decrease with
increasing zinc concentration (Fig. 3.8 E). The migratory behavior of MC3T3-E1 cells on flat
PDMS is similar to previous reports on breast cancer cells, where the addition of exogenous
zinc also attenuated migration.181.182 Motility of cells on both wide (0.29 - 0.34 um/min)
and narrow (0.28 - 0.36 um/min) PDMS patterns was similar to that on flat PDMS,
however zinc concentration did not have a significant effect (Fig. 3.8 E; p=0.35-0.86).
Under zinc-deprived (0.23 puM) and serum-level zinc (3.6 uM) conditions, migration on
patterned PDMS was reduced compared to flat PDMS, but this reduction was also not
significant (p=0.11 - 0.74). Under zinc-rich conditions (50 uM), migration speed did not
vary much at all among the three PDMS surfaces. This suggests that cells are less

responsive to substrate microtopography when zinc is abundant.
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Figure 3.8. Displacement paths of subclone 4 MC3T3-E1 cells in various zinc-modified
media after attaching for 2 hours on (A) TC, (B) flat PDMS, (C) 20 um wide/30 pm wide
patterned PDMS ridges, and (D) 2 pm wide/10 um narrow patterned PDMS ridges. Colored
lines represent the migration paths tracked using time-lapse video microscopy.
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Figure 3.8. (E) Migration speeds of MC3T3-E1 cells on various substrates with modified
zinc levels. A single asterisk (*) indicates a p<0.01 level of significance.
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Contact guidance

At all concentrations of zinc, noticeable differences in cell step size, as well as
distinction between step direction in x and y, were seen (Fig. 3.9). At 0.23 uM zinc (zinc-
deprived) cells on wide patterned PDMS demonstrated a statistically significant preference
for migrating in the y direction, along the lengths of the PDMS ridges (Fig. 3.9 A). Cells on
narrow patterned PDMS also exhibited a slight preference for migrating along the ridges,
but not at a significant level (p=0.064). For cells on TC and flat PDMS there was no
preference for either direction. At 3.6 uM zinc (serum-level) only cells on the wide PDMS
pattern retained their predilection for migration along the ridges, whereas cells on the
narrow PDMS pattern behaved as if they were on flat PDMS (Fig. 3.9 B). At even higher
zinc concentration (50 uM), step size was not significantly different in x or y direction for

cells on all surfaces (Fig. 3.9 C).
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Figure 3.9. Average cell step size in x and y directions with (A) zinc-deprived media, (B)
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3.5 Discussion

Motility of anchorage-dependent cells is known to be influenced by substrate
material properties such as Young’s modulus, surface energy, and microtopography.
However, the interplay between trace metals and cell migration is not as well understood.
In our study, adhesion, morphology and migratory behavior were examined for MC3T3-E1
pre-osteoblasts cultured in various concentrations of exogenous zinc on a microfabricated
anisotropic elastomer (PDMS), which has been frequently used to demonstrate contact
guidance in cells with a motile phenotype.167.183 Non-patterned PDMS was also used, as well

as standard tissue culture polystyrene as controls.

Cell coverage within 24 hours of seeding was not distinctly different on the four
types of surfaces, indicating that neither substrate nor zinc concentration played a
significant role in early stage cell survival. The morphology of the MC3T3-E1 cells was
round on both of the flat substrates (TC, non-patterned PDMS). In the case of motility, cells
on TC did not exhibit a dose dependence on zinc, while migration of the MC3T3-E1 cells on
flat PDMS was very sensitive to zinc concentration, similar to previous studies on cancer
cell migration.181.182184 Thjs suggests that the mode of migration on PDMS is fundamentally
different than on TC for the pre-osteoblasts. In contrast, cells cultured on the patterned
PDMS surfaces exhibited an elongated spindle-like morphology, typical of mesenchymal
cells,’>? and their migration speed was not significantly altered by zinc concentration. The
spindle-like morphology has been reported for cells cultured on softer substrates,8> and
therefore we believe that the compliance of the PDMS is partially responsible for the
elongation of the MC3T3-E1 cells and their ability to migrate faster than cells on TC. While
tracking cell movements, we also observed many more lamellipodia in cells cultured on
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PDMS compared to TC, suggesting that the elastomeric substrate is more conducive to the
formation of cell protrusions than polystyrene, which could explain the increase in
migration speed. In addition, the cells traveling on the larger patterned surfaces had
increased numbers of small lamellipodial protrusions, particularly when interacting with
the edges of the PDMS ridges. This indicates a more motile phenotype, which is in

agreement with the higher migration speeds we observed.

In addition to cell polarity, we observed a significant increase in actin alignment of
the MC3T3-E1 cells on patterned PDMS, similar to previous studies of human osteosarcoma
cells on PDMS 34156 as well as murine osteoblast-like and mesenchymal stem cells on
micropatterned titanium and silicon.165186 The elongation and alignment of the cells results
from an anisotropic rearrangement of the cytoskeleton, which re-distributes focal
adhesions.166.167 [n our study, the stress fibers of MC3T3-E1 cells on both TC and flat PDMS
were randomly oriented, which was expected based on previous studies on flat
substrates.168 There was, however, a visible increase in actin aggregation in the MC3T3-E1
cells along the edges of the wide PDMS ridges, but this clustering was not as pronounced in

cells cultured on the narrow PDMS patterns.

Shifts in the spatial distribution of focal adhesions are responsible for regulating
cell-substrate adhesion strength 187 and are dependent on both the adhesivity of the ECM
and the mechanical compliance of the substrate.188 A re-distribution of these adhesion
complexes would alter the magnitude of cell traction forces, 185 and in turn, would influence
cell motility. Previous studies using a rat macrophage model 183 have suggested that ligand

clustering on anisotropic surfaces is associated with increased substrate adhesiveness and
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is responsible for the contact guidance phenomenon.167 The migration trajectories of the
MC3T3-E1 cells, especially those cultured on wide (20 um) PDMS micropatterns, exhibited
some extent of biased migration along the length of the PDMS micropattern, particularly at
the lower zinc concentrations. Step size analysis further confirmed that the wide PDMS
micropattern was associated with anisotropic migration, as cells distinctly preferred to
migrate parallel to the ridges in the y direction. On the other hand, migration in the y-
direction for cells on the narrow PDMS micropatterns under zinc-deficient conditions was
only slightly significantly different (p=0.064) from that in the x-direction, indicating that

the requirements for contact guidance vary with surface microtopography.

Taken together, these results suggest that the extent to which exogenous zinc levels
alter pre-osteoblast motility and directional migration strongly depends on surface
dimension. While cell motility on flat PDMS distinctly showed dose dependence on zinc
concentration, migration speeds on either patterned PDMS or TC showed no clear trend.
Our data also suggest that the anisotropic structure of the PDMS surface was responsible
for the directional migration observed in MC3T3-E1 cells, however the contact guidance
behavior could be altered under zinc-rich conditions. Because zinc is known to play a role
in regulating the binding association between collagen and fibronectin,'#2 it is possible that
high levels of zinc directly interfered with contact guidance. Extracellular stimuli can
trigger zinc-mediated intracellular signaling events either via ZIP transporters or GPCR
receptors such as GPR39, which is involved in migration and metabolic activity.147.189
Further elucidation of the effects of exogenous zinc on the migratory behavior of pre-
osteoblasts can enhance our understanding of bone differentiation and mineralization
processes, and improve the design of medical devices for enhanced osseointegration.
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3.6 Conclusions

Using an in vitro model, we demonstrated that modifying the level of exogenous zinc
can alter the extent to which pre-osteoblasts respond to surface microtopography.
Specifically, contact guidance was exhibited on 20 pym wide PDMS patterns under either
zinc-deprived (0.23 uM) or serum-level zinc conditions (3.6 uM), but was absent in a zinc-
rich environment (50 pM). These results suggest that trace metals in the microenvironment
of the extracellular matrix can interfere with the migratory behavior of pre-osteoblasts,
which may have implications in downstream events such as differentiation and

mineralization.
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Chapter 4: Differentiation
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4.1 Abstract

Osseointegration of bone implants is a vital part of the recovery process. Numerous
studies have shown how patterned geometries can promote cell-substrate associations,
strengthening the bond between tissue and implant. Physical interactions at adhesion sites
may be manipulated by the aqueous environment of the serum. As demonstrated
previously in Chapter 3, zinc levels can be manipulated to render cells more responsive to
micropatterns, directing contact guidance. In this chapter, we sought to determine the
effect of exogenous zinc on osteoblast differentiation and mineralization of the
extracellular matrix. Production of differentiation effectors, activated metalloproteinase-2
and transforming growth factor - beta 1 (TGF-f1), were altered with the addition of
exogenous zinc. Early stage differentiation, via alkaline phosphatase, was modified by zinc
levels on patterned polydimethylsiloxane (PDMS) surfaces, but not on flat PDMS or tissue
culture polystyrene (TC). Late stage differentiation through calcium phosphate nodule
production, was markedly different when zinc levels were varied on patterned PDMS and
TC substrates. These results suggest that both surface dimension and zinc levels work

together in the regulation of osteoblast differentiation to promote bone deposition.

4.2 Introduction

Bone tissue morphogenesis is an intricately regulated process that depends on the
interplay between cells and their extracellular matrix (ECM). These interactions can be
elucidated by utilizing ECM-mimicking substrates in vitro.1>7 Small micro-topographies
present on the surface of bone have been determined to be an important factor for guiding
cell adhesion on the underlying ECM and promoting vital in vivo functions.#0.190 Studies
have demonstrated that biomimetic topographies (e.g. polymeric microscale
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ridges/grooves) can be used to promote the adhesion and differentiation of human
osteoblasts.*04246 The presence of these surface features has been shown to induce the
expression of bone-specific proteins such as osteocalcin and osteopontin, even in the

absence of osteoinductive media.191,192

It has been proposed that altered protein expression is due to the re-distribution of
focal adhesion complexes and sequestering of integrins along the edges of the
topographies.4047.63 For reasons that are still not fully understood, this reorganization and
clustering leads to changes in gene expression that enhances differentiation of
osteoblasts.193 The grouping of these adhesion complexes to the edges of a pattern results
in a more compacted shape as the cell is confined within the boundaries of the ridges. Cells
attempt to maintain tensional homeostasis of the cytoskeleton by re-distributing stress
fibers which, through the RhoA-ROCK signaling pathway, results in the up-regulation of
differentiation genes.188194-196 [inear patterns will induce a more elongated shape as the

cell stretches along the direction of the feature’s dimensions.4!

Results from Chapter 3 demonstrated that pre-osteoblasts preferentially migrated
atop patterned elastomeric ridges which caused them to polarize their shape as they align
to the pattern.197 In this way, the limitation of the cell body area within the confines of the
linear pattern acts as an indirect stretching mechanism. Elongation of the cell body has
been demonstrated to be important in the mineralization process of osteoblasts. For
example, Jansen et al. observed that polarization of human fetal pre-osteoblasts decreased
early stage differentiation marker, alkaline phosphatase (ALP), activity after 7 days but

increased calcium deposition after 21 days.22 Kim et al. observed that polarizing stretch of
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human mesenchymal stem cells increased osteopontin but decreased osteocalcin gene
expression.198 Ultimately, substrate surface topography, as an effector of cell shape, is one

of the critical factors directing mesenchymal cell fate.37.195

Additionally, it has been shown that micro-textured surfaces can also enhance cell
responsivity to certain differentiation co-factors, modifying cell function.171181 We have
previously demonstrated in Chapter 3 that levels of zinc in the microenvironment alter cell
interactions with topographical surface features in regard to actin organization and contact
guidance.197 Alcantara et al. determined that depriving pre-osteoblasts of physiological
concentrations of zinc resulted in a decrease in both early (ALP) and late stage
differentiation (calcium phosphate nodules).150 Zinc is present in the active site of ALP and
dissociation from this site leads to inactivation of the enzyme, resulting in a decrease
production of inorganic phosphate.l>0 The decline of inorganic phosphate availability

propagates a poorly calcified ECM, resulting in hindered skeletal growth.151

The zinc-dependent metalloproteinase-2 (MMP-2) represents another factor vital to
pre-osteoblast differentiation and ECM remodeling. Secreted in its inactive form, a
cysteine-rich pro-domain prevents hydrolysis of the zinc binding site until phosphorylation
by ALP renders the protease active during early-mid stage differentiation.11.197 The
proteinase acts to turn over the local ECM in order to allow for the multi-layering of cells
that is required for large bone nodule formation.!? Studies have shown that block the

activation of MMP-2 resulted in bone defects and delayed mineralization of the ECM.102,103

MMP-2 perpetuates pre-osteoblast differentiation as a known activator of another

critical component, transforming growth factor - beta 1 (TGF-f1).111 TGF-B1 is found in
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high quantities in bone and plays a role in a number of diverse biological processes such as
cell migration, proliferation and differentiation.111.112 In particular, TGF-B1 is especially
important in regulating bone formation and is a known chemoattractant of osteoblasts.111-
113 In the absence of TGF-f1, it was found that osteoblast proliferation, matrix deposition,
and collagen maturity were severely diminished, making this factor crucial for bone
formation and ECM mineralization.111.132.133 M3 et al. demonstrated that increased levels of
zinc stimulated TGF-B1 production and activation using in vivo rat skeletal studies.1??
Investigations using MC3T3-E1 pre-osteoblasts found that TGF-B1 activation levels were
highest during the maturation period (10-16 days after induction media), which coincides
with the production of collagen I and alkaline phosphatase (ALP), while levels dwindle
during the mineralization period (days 16-28).113135136 Exogenous addition of this
activated factor during the mineralization stage was shown to decrease levels of
differentiation markers such as osteocalcin and ALP and prohibit bone formation,

suggesting that TGF-B1 has less of a direct presence in later bone mineral production.139-141

Increasing the level of exogenous zinc from 3.6 pM to 50 uM disrupted early stage
directional migration of pre-osteoblasts on polydimethylsiloxane (PDMS) micropatterns, as
shown in Chapter 3.197 This study provided motivation to investigate whether osteogenic
differentiation is also affected at the same zinc conditions. To this end, PDMS micropatterns
were fabricated as previously described,°7 containing either wide (20 pm width, 30 pm
pitch, 2 um height) or narrow (2 um width, 10 pm pitch, 2 pm height) linear ridges. Flat
PDMS was used as a non-patterned control and tissue culture polystyrene (TC) was

provided as the biological golden standard.
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Based on the previous results of early stage pre-osteoblast migration on anisotropic
surfaces, it was hypothesized that exogenous zinc would also have an effect on topography-
guided osteogenic differentiation and biomineralization. More specifically, varying the zinc
level in the microenvironment would alter MMP-2 activation, TGF-f1 production and
calcium nodule formation. Knowledge regarding the physicochemical factors that
orchestrate the interactions between ECM substrates and their ionic environment can

advance the understanding of bone differentiation and, ultimately, tissue regeneration.

4.3 Materials and Methods

Substrate fabrication

The fabrication of micropatterns in PDMS was described in Chapter 3.197 Briefly,
standard photolithography was used to create sections of negative resist from which PDMS
replicas containing two patterns (20 um wide with a 30 um pitch and 2 pm height, and 2
pum wide with a 10 pm pitch and 2 um height) were created. PDMS substrates were
rendered hydrophilic using plasma oxygen.1’”” As a control, planar 24-well tissue culture
(TC) plates (BD Falcon, Bedford, MA) were used. PDMS substrates were functionalized with
fibronectin, at 10 pg/mL (Sigma Aldrich, St. Louis, MO) followed by bovine serum albumin

(EMD Chemicals; Gibbstown, NJ) to block nonspecific protein binding.

Cell culture and development

Pre-osteoblast MC3T3-E1 cells (subclone 4; American Type Culture Collection
(ATCC), Manassas, VA) were maintained using MEM-« (Gibco/Invitrogen, Grand Island, NY)
supplemented with 10% fetal bovine serum (FBS; Hyclone/Thermo Fisher Scientific;

Logan, UT) and 1% penicillin-streptomycin (Gibco/Invitrogen) at 37°C with 5% CO2, 95%
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relative humidity. Media was supplemented with 4 mM glycerol 2-phosphate (Sigma) and
50 pg/mL sodium L-ascorbate (Sigma) and replaced every 2-3 days. Subclone 4 MC3T3-E1
pre-osteoblasts were chosen due to their demonstrated ability to produce copious amounts

of calcium phosphate nodules on TC.200

As described in chapter three,17 zinc levels were varied using a standardized
process by Prasad et al.178 and levels of zinc were reported to be 3.6 uM (serum-level).17°
Zinc-rich conditions of 50 uM were used to mimic zinc supplementation to a deficient

system.

Alkaline phosphatase production (ALP)

Twenty-four hours after seeding at 50,000 cells/cm?, cells were given induction
medium (supplemented with glycerol 2-phosphate and sodium L-ascorbate) for 7 days or
10 days. At each time point, fresh ALP substrate buffer was prepared using 2-amino-2-
(hydroxymethyl)-1,3-propanediol (Tris base, Applied Science; Indianapolis, IN), sodium
chloride (Sigma), and magnesium chloride (Sigma), with the pH adjusted to 9.5 using
hydrochloric acid. Samples were rinsed with Tris-Buffered Saline Tween-20 (TBST) before
starting the assay. A working reagent of nitro blue tetrazolium (NBT, Sigma) and 5-bromo-
4-chloro-3-indolyl phosphate (BCIP, Sigma) was prepared fresh and added to each sample
and allowed to incubate for 10 minutes at room temperature. Color development was
stopped by rinsing the samples with deionized water. Images were captured using a color

photo scanner.

70



Calcium phosphate nodules (von Kossa)

Cells used for von Kossa assay were cultured in induction medium for 21 and 28
days after seeding at 50,000 cells/cm2. At each time point the samples were rinsed twice
with PBS and fixed using formaldehyde in PBS for 10 minutes. Following a water rinse, the
cells were covered with a silver nitrate solution and exposed to UV light for 20 minutes.
The samples were then rinsed with water and covered with sodium thiosulfate (Electron
Microscopy Sciences, EMD; Hatfield, PA) for 3 minutes, followed by final water rinse. A

color photo scanner was used to capture images.

MMP-2 activity: gelatin zymography

Twenty-four hours after seeding at 50,000 cells/cm?, cells were given induction
medium (supplemented with glycerol 2-phosphate and sodium L-ascorbate) for a period
through 11 days. At each timepoint, the samples were serum starved for 24 hours before
supernatant was removed from the cell sample and lysis buffer (Tris-HCI, Triton X-100)
was added and the plate frozen at -80°C. Samples were taken through several freeze-thaw
cycles to release the cell layer from the sample. Additional cell layer removal was done by
scraping and the lysates were then transferred to individual tubes. Next they were passed
through a needle several times before adding to a QIAShredder (Qiagen; Hilden, Germany)
containing a filter and a collection tube and then centrifuged to remove any cell structural

components.

Using a Nanodrop-1000 spectrophotometer (Wilmington, DE), protein
concentration in the samples was normalized to by the addition of Tris-Glycine SDS sample

buffer (Tris-HCI, glycerol, SDS, bromophenol blue, DI water) before being electropohoresed
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on a pre-made acrylamide gel containing 10% gelatin (Biorad, Hercules, CA). Tris-Glycine
SDS running buffer (Tris base, glycine, SDS, DI water) was used as reservoir buffer in the
gel box and a constant voltage of 125 V was maintained. Subsequent to running the gel,
samples were then incubated for 30 minutes in zymogram renaturing buffer consisting of
2.5% (v/v) Triton-X-100. The renaturing buffer was then decanted and developing buffer
(Tris base, Tris-HCI, NaCl, CaCly, Brij 35, DI water) was added to the gel for 30 minutes. The
developing buffer was then replaced with fresh developing buffer and incubated with the
gel at 37°C overnight. The developing buffer was then removed and a Coomassie Blue stain
was incubated with the gel at room temperature for 30 minutes and subsequently decanted
and rinsed with destaining solution over several hours until bands were clear. Areas of
protease activity appeared as clear bands against a dark blue background where the

protease has digested the substrate. Images were captured using a color photo scanner.

TGF-£31 ELISA

Cell lysates were prepared similarly to that of the MMP-2 samples. Briefly, Cells
were seeded at 50,000 cells/cm? and given induction medium (supplemented with glycerol
2-phosphate and sodium L-ascorbate) for 8 or 11 days and serum-starved for 24 hrs before
adding lysis buffer and freezing at -80°C. Additional cell layer removal was done by
scraping and the lysates were then transferred to individual tubes. Next they were passed
through a 21 gauge needle several times before adding to a QIAShredder containing a filter
and a collection tube and then centrifuged to remove any cell structural components. Using

a Nanodrop-1000 spectrophotometer samples were analyzed for protein concentration.
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Activated TGF-f1 was determined using the TGF-B1 Emax ImmunoAssay System
(Promega Co., Madison, WI). The assay was performed according to the manufacturer’s
instructions. Briefly, samples were diluted with PBS to an appropriate range for in vitro cell
culture samples and split into two sets. The first set was diluted again to the final
concentration for use, these samples contained only naturally processed TGF-f1 and
represented the amount of activated TGF-B1. The second set was acid treated with
hydrochloric acid and then neutralized with sodium hydroxide to activate all the TGF-$1 in
the samples, representing total amount of both activated and latent TGF-f1. Samples were

normalized to average mass of total protein amount.)

Statistics
Each experiment consisted of a minimum of three replicates per treatment group.
Statistical analysis was performed using an unpaired student t-test to and differences were

considered significant at the level of p<0.01 - 0.05.

4.4 Results

Metalloproteinase-2 (MMP-2)

Results from gelatin zymography showed distinct bands for both latent pro-MMP-2
(72 kDa) and the active form of MMP-2 (68 kDa) for some, but not all, of the substrates
(Fig. 4.1). At serum-level (3.6 uM) zinc, total MMP-2 production on either day 8 or 11 was
high in cultures extracted from TC and patterned PDMS, as can be seen by bright bands at
72 kDa and 68 kDa (Fig. 4.1). The intensity of the 68 kDa activated MMP-2 band in the TC
lane is noticeably stronger, particularly in 3.6uM zinc media. In contrast, cells cultured on

flat PDMS produced almost no MMP-2 at serum-level zinc (faint or absent bands in Fig.
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4.1). This coincides with the inability to exhibit contact guidance.’®” At 50 uM zinc,
however, both bands were clearly observed for cultures on flat PDMS. Additionally, there
was not a visible difference in MMP-2 production/activation between any of the substrates
under zinc-rich conditions (Fig. 4.1). Interestingly under these same zinc-rich conditions,

contact guidance was also absent for all treatment groups.1°7
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Figure 4.1. Gelatin zymogram demonstrating MMP-2 activity (indicated by bright bands).
Subclone 4 MC3T3-E1 cell protein samples on PDMS and TC surfaces in serum level zinc
(3.6 uM) and zinc-rich (50 puM) media conditions were isolated on day 8 and 11,
normalized to total protein concentration at 17.90 pg/lane.
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Transforming Growth Factor - Beta 1 (TGF-31)

Activated TGF-B1 levels were found to be influenced by exogenous zinc only when
cells were cultured on either TC or patterned PDMS (Fig. 4.2 A & B). Increasing exogenous
zinc concentration from 3.6 pM to 50 pM resulted in a significant increase in TGF-f1
activation only in MC3T3-E1 cells cultured on either TC or patterned PDMS (Fig. 4.2 A &
B). Specifically, TGF-B1 activation on TC increased by 450% (by day 8) and 150% (by day
11) (Fig. 4.2), similar to published findings in the literature.l’l In contrast, TGF-$1
activation for cells on flat PDMS either decreased (by ~25% on day 8) or was unaltered
(day 11) with the increase of exogenous zinc concentration (Fig. 4.2). When cells were
cultured on wide PDMS micropatterns, TGF-1 activation increased on both day 8 (200%)
and day 11 (67%), but to a lesser extent compared to cells on TC. On the narrow PDMS
micropatterns, activation increased by 67% on day 8 and 100% by day 11. The most
demonstrated difference in increase of activated TGF-B1 between the two zinc
concentrations over time was found on TC surfaces as compared to cells on the other

substrates (Fig. 4.2 C).
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Figure 4.2. TGF-B1 activation for subclone 4 MC3T3-E1 cell lysates collected on (A) day 8
and (B) day 11, normalized to total protein concentration (A & B) and to percentage of
serum-level (3.6 pM) samples (C). A single asterisk (*) indicates a p<0.01 level of
significance while double asterisks (**) indicate a p<0.05 level of significance.
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Figure 4.2 cont. TGF-B1 activation for subclone 4 MC3T3-E1 cell lysates collected on (A)
day 8 and (B) day 11, normalized to total protein concentration (A & B) and to percentage
of serum-level (3.6 pM) samples (C). A single asterisk (*) indicates a p<0.01 level of
significance while double asterisks (**) indicate a p<0.05 level of significance.
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Alkaline phosphatase (ALP)

ALP production was strongly positive for cells cultured up to 10 days on TC at both
serum-level zinc and zinc-rich conditions, as indicated by the dark purple coloration (Fig.
4.3). This was expected of the subclone 4 of the MC3T3-E1 cell line, whose ALP production
typically peaks around 14days.200.201 For cells that were cultured on flat PDMS, ALP activity
was negative irrespective of zinc concentration (Fig. 4.3). On the patterned PDMS surfaces,
ALP was positive at serum-level zinc (3.6 uM; but not at elevated zinc (50 uM); Fig. 4.3 B),
coincident with contact guidance behavior.197 It was previously observed that contact
guidance was absent in cells cultured on PDMS under zinc-rich conditions, regardless of
surface microtopography.1°7 This indicates that, while patterns in the PDMS sustained cell
ability to start differentiating on a soft hydrophilic surface, this effect was zinc
concentration-dependent. However, the modification of zinc did not interfere with cells’

ability to undergo early differentiation on TC (Fig. 4.3 A & B).
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Figure 4.3. ALP production (indicated by dark purple color) by subclone 4 MC3T3-E1 cells
in: (A) 3.6 uM zinc, (B) 50uM zinc.
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Von Kossa

Von Kossa staining revealed an abundance of dark, punctate nodules in MC3T3-E1
cultured on TC for up to 28 days at serum-level zinc (3.6 pM; Fig. 4.4 A).200 At elevated
levels of zinc (50 uM), the von Kossa staining was lighter and more diffuse in color (Fig. 4.4
A). On either flat or patterned PDMS, calcium deposition appeared to be completely absent
regardless of zinc concentration, except for the cells on wide micropatterns on day 28
(images representative of 30 fields of view), which produced a few small calcified clusters
(Fig. 4.4 B - D). While cells on patterned PDMS had previously produced ALP in serum-
level zinc conditions, this differentiation effect was not continued through late stage
differentiation (Fig. 4.4 C & D). Increased zinc levels not only prevented cells on patterned
PDMS from incurring ALP and bone nodules, it disrupted the cells’ ability to differentiate

on the rigid TC samples as well (Fig. 4.4 A; 50 uM).
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Figure 4.4. Von Kossa staining for calcium phosphate bone nodules (indicated by black
areas) of subclone 4 MC3T3-E1 cells on: (A) TC, (B) flat PDMS (C) wide PDMS ridges, (D)
narrow PDMS ridges. Images representative of 30 fields of view. Bar = 100 pum.
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4.5 Discussion

Cell differentiation is a process which requires precise timing and convergence of
factors that influence regulatory pathways. Thus, I sought to observe early and late stage
osteoblast differentiation as well as the activity levels of transforming growth factor - beta
1 (TGF-B1) and metalloproteinase-2 (MMP-2), both of which are known to be instrumental

in guiding the fate of differentiating osteoblast.171

It has been determined that both the chemical and physical factors in the
environment contribute to the success of osteoblastic differentiation and new bone
growth.152190 Previous studies have demonstrated that surface microtopographical
features, achieved via micro-abrasion or lithographic patterning, alter cell growth,
migration, and differentiation.38171.193 As shown previously in chapter three, anisotropic
micropatterns fabricated in PDMS result in the directional migration of pre-osteoblasts.197
This effect was mediated by levels of exogenous zinc, which could either enhance or
diminish contact guidance of the cells. Much is still unknown about the effects of exogenous
zinc on osteogenic differentiation and mineralization, a concern when considering the

ossointegration of biomaterial implants.

Woijciak et al. first suggested that alignment of cells to ridges/grooves may depend
on tyrosine phosphorylation of actin binding proteins, such as focal adhesion kinase (FAK)
which is believed to be involved in signaling pathways leading to osteogenic
differentiation.183202 On flat substrata the actin of rat macrophages was densest around the
periphery of the cell, whereas on patterned substrata, actin, integrins and vinculins

aggregated along the ridge/groove boundaries. Actin clustering at the edges of the PDMS
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ridges was also observed in our previous study, particularly in those cell populations that

exhibited contact guidance.197

The process of ligand clustering on anisotropic surfaces increases the local rigidity
of microfilaments, raising cytoskeletal tension, which has been found to alter signaling
pathways during the differentiation process.167.194195 However, the distinction between
patterned and flat PDMS was present only in serum-levels of zinc, as depleting or
increasing this cation abrogated all ALP production on the patterned surfaces. Cells on TC
produced high amounts of ALP, without regard to zinc levels. The clear differences in early
stage differentiation between patterned and flat PDMS were not upheld through late stage
differentiation. Cells on TC continued the mineralization process through 28 days but only
in serum-levels of zinc. Studies by Fukada et al. and Yamaguchi et al. have demonstrated
that zinc is a crucial element for regulating bone health and homeostasis; deficiencies in
this ion have resulted in diminished skeletal growth144146147 and poor calcification of the
ECM.150 Zinc has been shown to act as a signaling molecule that is involved in several
regulatory pathways.172173 The balance of intra- and extra- cellular zinc concentrations is
governed by transporter proteins such as Slc39/ZIP and Slc30/ZnT.145174175 Presence of
the Zip13 and Zip 14 proteins have been shown to be factors in the coordination of
mammalian cell growth through BMP/TGF-B and G-protein coupled receptor (GPCR)-
mediated signaling pathways.145174 A study by Ma et al. showed that zinc levels directly
determine production of TGF-B1 in newborn rats.!°® Znt5 has been presented as a

regulator of osteoblast maturation and is required for the maintenance of bone density.17>
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In order to better understand the processes that govern differentiation, we
investigated the role of the zinc-dependent metalloproteinase, MMP-2, in this system. This
protein is responsible for increasing cell motility through localized ECM remodeling, a
process which is required for multi-cell layering during mineralization.11.9¢ It is secreted in
its latent form and is then preferentially activated by a cell membrane-tethered MMP, MT1-
MMP. Studies have shown that up-regulation of MT1-MMP results in increased ECM
turnover, which is essential for osteoblast differentiation.11.9295 The activity of MMP-2 can
also be mediated by ALP via phosphorylation.197 [n this study, we showed that cells on
patterned PDMS produced similar amounts of MMP-2 and ALP as compared to cells on TC
and yet they were much more motile on the former.1°7 Cells on flat PDMS in serum-level
zinc conditions (3.6 uM) had little to no MMP-2 production while yielding the fastest cell
migration rate.17 This effect is counterintuitive, as MMP-2 has been previously shown to
be a promoter of cell migration.1! It is interesting to note the lack of both MMP-2 and ALP
on this flat PDMS surface in serum-level zinc conditions while zinc-rich (50 pM) media
remarkably raised the levels of MMP-2 production to that of both patterned PDMS and TC
while having little effect on ALP production. Thus, it was not increased ALP presence that
propagated the increase in MMP-2 production, as it has previously been thought that ALP is
an activator of MMP-2.107 This may point to a discrepancy in how MMP-2 is activated or
engaged on soft flat surfaces. A chemical imbalance via increased zinc levels on flat PDMS
produced the same effect on MMP-2 activation as interaction with a patterned physical

substrate.

We sought to further investigate this finding by observing TGF-31 activation levels
since zinc has been shown to promote secretion of this protein.19® MMP-2 is also a known
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effector of TGF-1: the ECM-bound latency-associated peptide-1 (LAP-1) which renders
TGF-B1 inactive, contains a metalloproteinase cleavage site for activation.l1l The LAP-1
associates with avf33 integrins, localizing it to the cell surface, and forming a triplex with
MMP-2. This bridges MMP-2 to the ECM, which cleaves the LAP-1 (activating TGF-$1) and
increases localized ECM remodeling as required for bone formation.l?2 A substantial
increase in the production of this activated growth factor was observed in the presence of
exogenous zinc (50 uM) as compared to serum-levels on both TC and patterned PDMS
surfaces, in agreement with other studies.1?? In all instances this increase was at least twice
that of levels in serum conditions, while in the case of TC on day 8 this increase was nearly
five-fold. In contrast, zinc-rich conditions on flat PDMS either caused a decrease or
maintenance of similar amounts of activated TGF-B1 compared to serum conditions on

days 8 and 11, respectively.

The precisely-timed activation of TGF-f1 is critical in the bone mineralization
process and mis-alignment of timing could result in disruption of the mineralization of the
ECM.132133141 We have shown that patterned PDMS substrates supported TGF-f1
activation to similar extent and timing as TC in both serum-level zinc and zinc-rich
conditions. Of note, flat PDMS produced the maximal amount of activated TGF-1 on both
days 8 and 11 in serum-level zinc (3.6 pM) media. Additionally, both TC and patterned
PDMS surfaces yielded a decrease in levels of activated TGF-1 from day 8 to day 11, while
cells on flat PDMS increased in production during the same time frame. This could indicate
that there exist differences in the timing of differentiation factors when cells are cultured
on the various surfaces. Addition of exogenous activated TGF-f1 to cells at times beyond
necessary has shown to decrease the levels of differentiation markers such as ALP and
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results in the halt of bone mineral production later.111134138 Thus, the distinctions in the
timing of activated TGF-B1 could be responsible for the differences in ALP and calcium
nodule production on soft non-patterned substrates. Presence of micropatterns in the
PDMS substrate resulted in a more timely accumulation of TGF-B1, similar to that of TC,
resulting in early, but not late stage differentiation of cells in serum-levels of zinc. This
suggests that directional migration/contact guidance could be a critical step during early

osteogenic differentiation.

As early as 7 days after induction with osteogenic media, distinct differences in ALP
generation were seen between the substrates in the various zinc levels. The activity of this
vital enzyme is an indicator of how well the cells generate inorganic phosphate to be used
for late stage mineral production. Levels of ALP production on patterned PDMS partially
complimented the trend seen in the activation of MMP-2. Patterns in PDMS were able to
induce cells to generate substantial amounts of ALP, resembling that produced by cells on
TC substrates (golden standard) in serum-levels of zinc. This effect was in stark contrast to
that seen on flat PDMS, which rendered cells unable to produce visible ALP at any zinc
level. The increase in ALP production may be explained from the clustering of actin fibers
seen previously during contact guidance.17 The process of ligand clustering on anisotropic
surfaces increases the local rigidity of microfilaments, raising cytoskeletal tension, which
has been found to alter signaling pathways during the differentiation process.167.194195 This
response may be owed to the inherent substrate rigidity of TC, which generates high levels

of cytoskeletal tension that promotes osteoblast differentiation.30.195
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Von Kossa calcium phosphate staining revealed that patterns in PDMS could not
sustain ECM mineralization through 21 days: all PDMS substrates were devoid of bone
nodules regardless of zinc level. It is possible that the total cytoskeletal force exerted on the
ECM was not sufficient to foster certain signaling events needed for complete osteogenic
differentiation.188 [t has been suggested that there may be interacting TGF-B1 activation
pathways that require attachment of cells to a non-compliant surface.l?2 In this manner,
integrins are engaged that are responsible for mechanically coupling cytoskeletal tension
with TGF-B1 activation.1295 This indicates that this tightly regulated long-term process
requires a certain level of zinc presence and cannot be sustained even when a high level of
cytoskeletal force is maintained: late stage differentiation must then be regulated through
an interplay of both substrate physical features and the trace metal conditions of the
environment. Our results collectively indicate that anisotropy, surface compliance, and zinc
levels in the extracellular fluid are all critical interdependent elements in directing the
secretion of activated factors, which have a pivotal role in the regulation of osteogenic

differentiation (Fig. 4.5).
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Figure 4.5. Differentiation timeline on TC, flat PDMS, and patterned PDMS
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4.6 Conclusions

Compliant substrates delay growth factor secretion, leading to a disruption in late
stage differentiation of pre-osteoblasts. The use of micropatterns in soft elastomers can
help re-align the timing of early- to mid-stage differentiation to that of the ideal osteoblast
phenotype. Without the aid of patterns this timing can be moderately re-aligned by

utilizing a zinc-rich environment to produce an increase in levels of activated MMP-2.
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Chapter 5: Clonality
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5.1 Abstract

Osteoblast phenotype is not only determined by origin and cell line, but can also be
influenced by subcloning of a particular cell line. In Chapter 4, subclone 4 MC3T3-E1 cells
demonstrated the ability to produce robust calcium nodules in the presence of serum-
levels of zinc on TC substrates. In this chapter, another subclone of MC3T3-E1 pre-
osteoblasts, subclone 24, is investigated in various substrate-ionic environments. This
subclone has been determined to weakly mineralize the ECM in the presence of serum-zinc
levels on TC, a direct opposite result as subclone 4. With altered zinc levels, cells were
observed to produce a distinct positive result in terms of calcium nodule production. It was
determined that growth and morphology were not hindered by modifying zinc levels, while
early (ALP) and late stage (calcium nodules) differentiation processes were altered greatly.
Therefore, zinc may play an important role in determining the mis-differentiation of this

subclone.

5.2 Introduction

MC3T3-E1 cells are a unique cell line in that two distinct subclones have been
identified, 4 and 24, which produce starkly different quantities of calcified nodules.203 It is
known that subclone 24 MC3T3-E1 cells are a weakly mineralizing clone of pre-
osteoblasts.18 While the intricate differentiation process is not fully understood, some
research has shown that differences in collagen production may be at the root of the
discrepancies in bone mineral production.’>® A study by Tang et al. found that mis-
functional subclones, like subclone 24, behave much like their cancerous counterpart

(osteosarcoma) by failing to produce bone mineral nodules.204
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Alcantara et al. demonstrated that subclone 24 naturally produced higher levels of
ALP, an enzyme required for the production of inorganic phosphate, a component of the
calcium phosphate nodules that comprise bone.15° This study also found that deprivation of
zinc in the fluid environment resulted in decreased collagen synthesis, ALP activity, and
calcium nodule production in both subclones 4 and 24.150¢ With an increase in zinc,
subclone 24 cells increased their ALP activity significantly, while subclone 4 cells had
moderate increases. This study preliminarily demonstrates the differences between the

subclones, as a factor of zinc content in the environment.

Subclone 24 cells’ lessened ability to differentiate and produce minerals may
possibly be due to sensitivity to ionic environmental factors, such as zinc. Chapters 3 and 4
highlighted the importance of zinc in the progression of early and mid-stage differentiation
in subclone 4 cells. The demonstrated increase in MMP-2 and TGF-f1 activity in zinc-rich
conditions of subclone 4 cells suggests that addition of exogenous zinc may be able to
rescue the subclone 24 osteoblastic phenotype. The zinc-modified differentiation factors
that aid in subclone 4 mineralization may be regulated differently under varied conditions

to propel the mineralization of subclone 24 cells.

5.3 Materials and Methods

Substrate fabrication

The fabrication of micropatterns in PDMS was described in Chapters 3 and 4.197
Briefly, standard photolithography was used to create sections of negative resist from
which PDMS replicas containing two patterns (20 um wide with a 30 um pitch and 2 pm

height, and 2 pum wide with a 10 pm pitch and 2 pm height) were created. PDMS substrates
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were rendered hydrophilic using plasma oxygen.177 As a control, unaltered 24-well tissue
culture (TC) plates were used. PDMS substrates were functionalized with fibronectin, at 10

pg/mL followed by bovine serum albumin to block nonspecific protein binding.

Cell culture and development

Pre-osteoblast MC3T3-E1 cells (subclone 24; American Type Culture Collection
(ATCC), Manassas, VA) were maintained using MEM-a supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin at 37°C with 5% CO2, 95% relative humidity.
Media was supplemented with 4 mM glycerol 2-phosphate and 50 pg/mL sodium L-
ascorbate and replaced every 2-3 days. Subclone 24 MC3T3-E1 pre-osteoblasts were
chosen to compare with subclone 4 MC3T3-E1 cells used in Chapters 3 and 4, which

demonstrated ability to produce copious amounts of calcium phosphate nodules on TC.200

As described in Chapters 3 and 4,197 zinc levels were varied using a standardized
process by Prasad et al. 178 and levels of zinc were reported as 3.6 pM (serum-level) and
0.23 puM (deficient chelexed FBS).17° Zinc-rich conditions of 50 pM were used to mimic zinc

supplementation to a deficient system.

Cell culture and development

Similarly to subclone 4 cells, subclone 24 weakly mineralizing MC3T3-E1 pre-
osteoblast cells were maintained in MEM-a supplemented with 10% FBS and 1% penicillin-
streptomycin. Cells were kept in an incubator at 37°C with 5% CO2, 95% relative humidity.
For differentiation assays, medium was supplemented with 4 mM glycerol 2-phosphate and
50 pg/mL sodium L-ascorbate. The medium was replaced every 2-3 days. Chelexed FBS

was produced as before and Zn levels were replenished using ZnS0Oa.

94



Cell coverage

Cells were seeded at a density of 5,000 cells/cm? in a 24-well TC plate and incubated
(5% CO2, 95% humidified) at 37°C for 24 hours. As described in Chapter 3, at each time
point the samples were rinsed with PBS and fixed using 3.7% formaldehyde and stained
using DAPI. Approximately 150 fluorescent images were captured for each sample. Images
were quantified using Image] software and statistical analysis was performed to calculate

the average cell density per sample.

Actin analysis

As described in Chapter 3, F-actin distribution was visualized with a standard
inverted fluorescence microscope. Cells seeded at 5,000 cells/cm? were maintained for 24
hours to allow complete attachment to the substrate. After fixing with formaldehyde, cells
were permeabilized and stained with Alexa Fluor 594 phalloidin. Using Image], the average
spreading area was calculated by converting the number of pixels in the cell area into

micrometers2.

The Image] particle measurement plugin was used to fit each cell area to an ellipse
shape that represented the ratio of width/length of the cell to determine elongation and
alignment to the y-axis/patterns. Actin alignment was defined as the angle formed between
the major axis of the cell and the direction of the micropattern (y-axis), such that a
complete, parallel alignment was indicated by 0°. For non-patterned samples, the y-axis
was chosen arbitrarily to compare amongst samples. Around 50 cells were analyzed per

sample.
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Alkaline phosphatase production (ALP)

Twenty-four hours after seeding at 50,000 cells/cm?, cells were given induction
medium (supplemented with glycerol 2-phosphate and sodium L-ascorbate) for 7 days or
10 days. As described in Chapter 4, freshly prepared NBT and BCIP were added to each
sample and allowed to incubate for 10 minutes at room temperature. Color development
was stopped by rinsing the samples with deionized water. Images were captured using a

color photo scanner.

Calcium phosphate nodules (von Kossa)

Cells used for von Kossa assay were cultured in induction medium for 21 and 28
days after seeding at 50,000 cells/cm?. As described in Chapter 4, cells were covered with a
silver nitrate solution and exposed to UV light for 20 minutes. The samples were then
rinsed with water and covered with sodium thiosulfate. A color photo scanner was used to

capture images.

Statistics
Each experiment consisted of a minimum of three replicates per treatment group.
Statistical analysis was performed using an unpaired student t-test to and differences were

considered significant at the level of p<0.01 - 0.05.

5.4 Results

Cell coverage
Across all surfaces and zinc concentrations, cell density did not vary much after 24
hours (Fig. 5.1). Thus, any subsequent results are not due to inability of the surfaces to

support cell growth.
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Figure 5.1. Cell coverage. Growth of subclone 24, MC3T3-E1 pre-osteoblast cells on various

substrates with modifications of Zn concentrations after incubation for 24 hours. Double
asterisks (**) indicate a p<0.01 difference.
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Actin analysis

Twenty-four hours after seeding, cells had sufficiently adhered to their substrates
and F-actin stress fibers were clearly visible in the cytoskeleton of cells on all substrates, as
expected (Fig. 5.2). Non-patterned surfaces (TC and flat PDMS; Fig 5.2 A & B and 5.3)
elicited a more spread out cell area than the patterned surfaces (wide and narrow PDMS;
Fig. 5.2 C & D and 5.3), in a manner similar to subclone 4 cells seen in Chapter 3. Also
reminiscent of subclone 4 cells, subclone 24 cells cultured on PDMS displayed increased
lamellipodia protrusions as indicated by white arrows (Fig. 5.2 B-D). There was not
distinguishable trend in cell shape due to fluctuations in zinc content. On wide PDMS
patterns, actin accumulated along the ridges of the pattern (arrowheads in Fig. 5.2 C),

much like that seen in subclone 4 cells.

The orientation of the actin cytoskeleton was dependent on topographical features,
with actin fibers most clearly aligned with respect to the longitudinal direction of the
pattern (Fig. 5.2 C and 5.4 A). Cells on the narrower PDMS micropatterns (2 pm/10 pum)
were not as aligned, as several cells were oriented diagonally (Fig. 5.2 D and 5.4 A). On the
non-patterned substrates, i.e. TC and flat PDMS, cell orientation was quite random (Fig. 5.2
A & B and 5.4 A). Elongation values, derived from comparing cell shape to an ellipse,
supported the morphological observations, where cells on flat surfaces took on more
rounded shapes (Fig. 5.4 B). Modification of zinc levels on a particular substrate did not
statistically alter cell shape on each surface, indicating that the process of cell spreading is
tightly controlled by physical features of the surface and not as affected by varied zinc

concentrations (Fig. 5.4 B).
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Figure 5.2. Actin Immunofluorescence. Immunofluorescence micrographs of subclone 24
MC3T3-E1 pre-osteoblasts 24 hours after seeding at various Zn concentrations on (A) TC,
(B) flat PDMS, (C) wide PDMS FN, (D) narrow PDMS FN. Arrows indicate discrete
lamellipodia protrusions while arrowheads in (C) indicate actin clustering on the edge of a
micropattern. Bar = 50 pm.
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Alkaline phosphatase (ALP) production

In a manner similar to subclone 4 cells, distinct differences in ALP production by
subclone 24 cells were seen across the various substrates after stimulation with ascorbic
acid and glycerol 2-phosphate (Fig. 5.5). Cells on TC and patterned PDMS produced a vivid
dark purple color by day 7 in serum-levels of zinc, indicating robust ALP activity (Fig. 5.5 A
& C-D). However, on patterned PDMS, this effect was not continued through modified zinc
levels (0.23 uM and 50 puM), while ALP levels remained constant on TC throughout zinc
variations (Fig. 5.5 A). In contrast to subclone 4 cells’ inability to produce ALP on flat PDMS
at any zinc level, subclone 24 cells did produce minor amounts of ALP on flat PDMS in both
zinc-deprived (0.23 pM) and zinc-rich media (50 uM; Fig. 5.5 B) but failed to produce

visible amounts of ALP in serum levels (3.6 uM).

Calcium nodules (von Kossa)

While cells produced small sparse calcium nodules (black areas) on TC after 28 days
of incubation in induction media at serum level Zn (3.6 pM), much larger nodules were
seen with altered levels of Zn at either 0.23 pM or 50 uM (Fig. 5.6 A). Of note, while cells
produced ALP at all zinc levels on TC, only at modified levels of Zn did cells produce
calcified nodules on this surface. In contrast, subclone 4 cells did not produce bone nodules
when cultured in modified levels of zinc on TC, the opposite effect seen with subclone 24
cells. All PDMS surfaces, both flat and patterned, failed to produce visible calcium nodules

at any zinc level (Fig. 5.6 B - D), despite signs of successful early differentiation (Fig. 5.5).
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Figure 5.5. ALP activity (days 7 and 10) of subclone 24 MC3T3-E1 cells on: (A) TC, (B) flat
PDMS, (C)wide PDMS ridges, (D) narrow PDMS ridges with modified Zn concentrations.
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0.23 uM Zn

Figure 5.6. Von Kossa staining for calcified nodules (days 21 and 28) of subclone 24
MC3T3-E1 cells on: (A) TC, (B) flat PDMS (C) wide PDMS ridges, (D) narrow PDMS ridges
with modified Zn concentrations. Bar = 100 pm.
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5.5 Discussion

Previous studies have found that mis-functional cells, such as subclone 24 MC3T3-
E1 non-mineralizing pre-osteoblasts, behave much like their cancerous counterpart
(osteosarcoma) in that they fail to properly undergo complete differentiation while over-
expressing other differentiation factors.150204 A study by O’Dell et al. demonstrated that
zinc deficiency resulted in decreased proliferation of cells,143 however we have shown that
both subclone 4 and 24 maintained their cell density, despite alterations in zinc levels.197
Morphologically, the subclone 24 cells appeared similar to the subclone 4 cells, indicating
that the divergence between the two subclones occurs at a later point in the differentiation

pathway.

Examination of early stage differentiation also indicated comparable results
between the subclones, as cells on TC and patterned PDMS produced large amounts of ALP
in serum-level zinc conditions. While sharing similarities in ALP production, these
subclones then diverged, indicating a break in the parallel pathways of differentiation. I
hypothesized that since additional levels of zinc were able to alter growth factor and
proteinase activity in subclone 4 cells that this cation could play a part in changing levels of
differention in subclone 24 cells. By modifying zinc levels, subclone 24 cells were able to
undergo late stage differentiation which was impossible in serum-level zinc. Studies have
indicated that osteosarcoma cells produce a superfluous amount of MMP-2, resulting in
excessive amounts of ECM turnover, disrupting later differentiation.2%4 It is possible that
subclone 24 cells also share this excess in MMP-2 production, although not investigated in
this study, and this may halt differentiation but would be disrupted by zinc level
modification.
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Alcantara et al. demonstrated the importance of zinc in their studies of both
subclone 4 and 24 MC3T3-E1 cells.150 It was found that by depriving both subclones of zinc,
production of ALP and subsequent collagen production and differentiation was halted, a
result supported by others.148154 Zinc has been determined to be a potent regulator of ALP
and collagen-I production: Zn is a co-factor of ALP and when it is dissociated from the
enzymatic protein it results in inactivation of the enzyme.179.205 Thus, it was unexpected to
observe ALP production in our zinc-deprived (0.23 uM Zn) and zinc-saturated (50 puM Zn)
TC samples. Nagata et al. demonstrated that while zinc deficiency resulted in poor calcified
nodules, that this deprivation is time sensitive.148 In their study, early differentiation was
promoted with addition of exogenous zinc, while zinc deprivation at a later stage seemed to

have less of an effect on mineralization, concurring with our results of subclone 24 cells.148

The intracellular transport of zinc is controlled by zinc-binding storage proteins
such as the metallotheioneins (MT) and zinc transporters such as ZnT and Zip.145146174 ZnT
is a transporter protein responsible for decreases in intracellular zinc (transporting it
outside the cell), while Zip proteins are responsible for increases in intracellular zinc
(transporting it into the cell).148149 It is possible that these pathways are regulated
differently between the subclones of pre-osteoblasts, which may be why zinc alters
differentiation in distinct ways. This hypothesis may be extended to other cells with mis-
functional differention pathways, such as osteosarcoma. Altering trace metal levels

therefore may be a possible means to rectify differentiation-based diseases.
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5.6 Conclusions

Strongly mineralizing subclone 4 and weakly mineralizing subclone 24 display
similarities in growth and morphology when grown on various surfaces and in modified
zinc media. The parallels between the subclones continue through early-mid stage
differentiation, as shown by similarities in ALP production. However, distinctions arise at
later stages of differentiation, where calcium nodule production is dissimilar. Modifications
in exogenous zinc levels determined that the subclones are affected by the cation in
dissimilar ways, producing bone nodules under opposite conditions. Zinc plays a critical
role in late differentiation of pre-osteoblasts and may regulate this process in different

ways in cells with mis-functional differentiation.
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Chapter 6: Summary
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6.1 Final discussion

Centuries ago, early medicine utilized the first materials that interacted with body
tissues and organs. Often accompanied by high rates of failure, these primitive means
propelled the desire to understand biocompatibility. The modern field of biomaterials is
relatively new and only now, with recent technologies, are we able to begin to elucidate the
interactions that take place when a foreign material meant for long-term use is placed into

a cellular system.

Cell behavior depends on small-scale interactions between focal adhesions and
proteins adsorbed on the surface of a substrate. Material properties have been shown to
influence this initial protein adsorption and ultimately determine how cells attach and
survive on the substrate. In their natural in vivo environment, proteins expressed on
surrounding tissues are presented to the focal adhesions of cells in a specific manner. It is
the goal of biomaterials to elicit a similar protein adsorption response and to successfully

develop the ECM of the external cell environment, a requirement for successful integration.

The purpose of this dissertation was to provide a better understanding of how
physical and mechanical properties of biomaterials (such as topography and rigidity) can
affect and produce very specific changes in regard to cell migration and differentiation.
Alterations in the ionic aqueous environment can mediate these changes to a large extent,
indicating that not only the physical but chemical surroundings must be considered.
Furthermore, cellular response to changes in the ionic environment can differ not only by

cell type or origin, but also within a single cell line, between subclones.
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Micro-topographies were utilized in this work to distinguish cell behaviors that are
affected by physical features, while maintaining constant surface chemistry and mechanical
properties. Two subclones of the same cell line of pre-osteoblasts were chosen due to well-
known contrasts in differentiation. In order to better understand the implications of the
aqueous environment on cell-substrate interactions, variations in zinc content were used
to demonstrate deficient (0.23 pM), surplus (50 uM), or serum-levels (3.6 uM) of this ion.
Time-points were selected to demonstrate adhesion, spreading, migration, and production

of differentiation markers, all critical components of biomaterial integration.

The first indicator of successful material biocompatibility is the ability to maintain
and grow cells. Both subclones maintained cell coverage across the varied surfaces,
indicating that these substrates supported cell adhesion to the same extent as the golden
standard, tissue culture polystyrene. Additionally, modification of zinc content did not
interfere with cell coverage or modulate cell morphology. However, cell morphology was
highly dependent on materials’ Young’s modulus and possibly surface chemistry. Both
subclone 4 and 24 cells on PDMS substrates had far more lamellipodial protrusions than
cells on rigid TC. Organization of the actin fibers within the cell body was varied based on
topographical features of the surfaces. Both flat PDMS and TC promoted more rounded, less
polarized cell spreading in a random fashion, while patterned PDMS surfaces encouraged
cell growth along the axis of the pattern, in a much more elongated, linear shape in both
subclones. Zinc levels only slightly modulated shape and alignment but not to a significant

amount and not with a distinguishable trend.
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Migration rates and displacement patterns were found to be different at the various
zinc levels. Increase in zinc content resulted in significant decreases in cell speed on flat
PDMS, but did not elicit a discernible trend on cells migrating on the other surfaces.
Augmentation of zinc levels hindered the significant contact guidance that was
demonstrated by cells on the wide PDMS patterns. This indicates that the chemical
environment plays a significant role in how cells interact with material substrates. Contact
guidance is considered the one of the first steps of integration of cells to topographies
which may eventually control later distribution of growth factors and alignment of the
cytoskeleton. This can be extended to biomaterial integration as a whole, where alignment

can lead to less scar tissue formation.206

As osteoblastic cells proliferate and become confluent, they develop their ECM in
preparation for the start of the mineralization process, which is indicative of properly
differentiating cells. Growth factors and proteases are mediators of the ECM development
stage and are secreted and activated in response to the physical and chemical environment.
Integrins of the focal adhesion complex are responsible for sequestering these factors to
the cell surface for localized activity. These integrins were initialized during attachment of
the cell to the substrate and the combination of the alpha and beta units and their
availability varies throughout the differentiation process. The specific integrins responsible
for sequestration of growth factors and proteases is still not clear, and it is possible that
groupings of several different alpha-beta pairs may compensate for more variability within

certain environments.
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In this work, it was also demonstrated that the increased availability of zinc ions
resulted in substantially more MMP-2 and TGF-f1 activation. This was most noticeable on
flat PDMS, which failed to produce significant amounts of MMP-2 in serum-levels of zinc,
but was able to support MMP-2 activation to the same extent as the golden standard, TC, in
zinc-rich conditions. The micro-topographies in PDMS produced a similar effect, where
levels of MMP-2 were comparable to TC in both serum and increased zinc levels. Activation
of TGF-B1 was also modified by both topography and zinc content, most noticeably on TC

and patterned PDMS surfaces.

In a similar manner to MMP-2 activation, patterns in PDMS induced cells to produce
TGF-B1 to the same extent as cells on TC. Additionally, zinc-rich conditions promoted
increased TGF-f1 production on both TC and patterned PDMS surfaces. Increased zinc
levels decreased TGF-1 activation on flat PDMS by day 8 and had no effect by day 11 on
the same surface. However, TGF-B1 production on flat PDMS was the highest among all the
surfaces at serum-zinc levels, indicating that this substrate may induce overproduction of
this growth factor. Increased levels of TGF-1 at late stages has been indicated as a
mineralization deterrent in other studies.!!! The peak timing of TGF-1 occurred on day 8
for cells on both patterned PDMS and TC in serum-levels of zinc, but occurred on day 11 for
cells on these substrates in zinc-rich media. The delay of TGF-B1 activation in both zinc-
rich conditions and on flat PDMS may have deterred late-stage mineralization of the ECM,
resulting in the inability for subclone 4 cells to produce bone nodules on non-patterned soft

substrates and those in surplus zinc environments.
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Early-mid stage differentiation, in the form of ALP production, was increased on
patterned PDMS samples to and raised to the same level as cells on TC in serum-level zinc.
However, this effect was disrupted when cells on patterned PDMS were placed in a zinc-
rich environment. Both flat PDMS and TC were unaffected by zinc concentration, but
produced stark contrasts in production of this enzymatic protein. Cells on flat PDMS failed
to produce any visible ALP at any zinc level while TC maintained continuous substantial
production. This effect could be explained through the differences in material rigidity, as
mentioned before, substrate compliance will often not provide enough cytoskeletal tension
in order to continue differentiation processes. The effect on ALP was consistent among
both subclone 4 and 24 cells but their parallel pathways diverged during late stage
differentiation. Both increased and decreased zinc content produced calcium nodules on TC
in subclone 24 cells, which are notoriously weakly mineralizing in serum-levels of zinc. In
contrast, subclone 4 cells only produced calcium nodules in serum-levels of zinc on TC and
altering the zinc content disrupted this effect. Both subclones failed to produce significant
calcium nodules on all PDMS surfaces, with only a small increase seen on subclone 4 wide
patterns in zinc-rich conditions. This indicates that while patterns can increase early stage
differentiation markers such as MMP-2, TGF-1, and ALP this effect is not carried through
to late stage differentiation and substrate rigidity and a specific ionic environment may be

the ultimate determinates of cell differentiation fate.

6.2 Limitations
No body of research is without its limitations and while this work endeavored to not

include biases, a few restrictions must be noted.
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Physical limitations, such as the inability to pattern TC without changing surface
chemistry and wettability, resulted in an incomplete set of both rigid and soft substrates
with micro-topographies. Additionally, fabricating patterns in PDMS may induce micro-
rigidity which may be responsible for the increased differentiation effects seen on these
substrates. Overcoming this limitation would involve making several sets of variations in
PDMS and determining micro-mechanical properties using an AFM. Beyond this, actin and
focal adhesion clustering could also create micro-tension by the spatial distribution of the

integrins along patterns.

Another limiting aspect is the inability to decouple surface chemistry from inherent
material properties. The surface compositions of TC and PDMS are vastly different and
cannot be compared directly. Some studies have tried to maintain surface chemistry while
adjusting material rigidity by utilizing various cross-linked polyacrylamide gels but this
requires this use of different amounts of cross-linking agent, which would still modify
surface chemistry. In regard to chemical limitations, this work uses small resin chelex
beads to remove zinc (and other metals) from FBS. This method is established, but there is
a lack of information on determining the actual content (ions, proteins, etc.) of FBS before
and after using chelex resin. This is especially difficult to characterize due to the inherent
variability of FBS from batch to batch, thus samples were incubated in the same set of

media to minimize batch-to-batch variation.

6.3 Future work and outlook
Additional experiments that would complete this work would include investigations

of MMP-2 and TGF-f31 activation in subclone 24 as to compare with subclone 4 levels and
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to determine if their parallel pathways diverge during this stage. A complete screening of
integrins responsible for differentiation effects would elucidate the molecular means which

lead to the changes seen in TGF-1 and MMP-2 due to Zn levels.

The studies in this dissertation were primary investigations into how cells and
materials interact on an interfacial level. To take this work beyond the lab and be more
applicable to available medical implants, other materials would need to be considered.
Most implants are created from metals and alloys, and are much more rigid surfaces than
the TC and PDMS surfaces utilized in this work. As a bridge to new investigations in the
medical realm, the same micropatterns created in PDMS could be fabricated in single

crystalline <100> silicon to observe effects of patterns on very rigid surfaces.

The signaling of integrins, as controlled by the organization of the cytoskeleton is
heavily influenced by the rigidity of the ECM or ECM-mimicking substrates. One study
demonstrated that pre-osteoblasts proliferated and differentiated into full-phenotype
osteoblasts that mineralized bone to a much greater extent and in a faster many on stiffer
substrates.26 Other cell lines, such a smooth muscle cells and fibroblasts have exhibited
faster migration speeds when traveling on softer rather than more rigid substrates.1415.27-29
These findings are in agreement with our own results, where the fastest migration took
place on flat PDMS and the slowest was on the rigid TC. This observation could be used to
determine how cells interact with their implanted metal substrate - a faster cell may not

anchor itself as well as a slower moving cell.

Demonstrated preferential migration, or mechanotaxis, of osteoblasts toward stiffer

substrates supports conclusions from other studies investigating the effect of substrate
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rigidity on lineage outcomes. Engler et al. found that matrix stiffness greatly affected the
differentiation outcome of several progenitor cells. Mouse stem cells grown on substrates
with varying elastic moduli were found to differentiate (express lineage markers) into
neurons, myoblasts, or osteoblasts depending on the rigidity of the substrate material.30
Other studies confirmed these findings, demonstrating that differentiated neurons are
more likely to extend dendritic arms on soft scaffolds, mimicking the small elastic modulus
of brain tissue, while optimal cardiomyocyte differentiation has been found to occur on
rigid scaffolds that mimicked striated muscle fibers.31.32 Thus, a stiffer surface should be

considered in investigations on how patterns induce pre-osteoblast differentiation.

This work has sought to increase understanding of cell-material interactions within
a set of physiologically relevant environments. In vitro results, demonstrating modified
contact guidance and differentiation factors, can be extended to imply significance of these

factors for consideration when progressing toward in vivo implantation of biomaterials.
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