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EPIGRAPH

“You can differentiate to whatever you desire”

“You are what you adhere to”

Just papers tell a few successes and a little of imagination.

Yet they never spell a lot of imperative failures and distraction.
Likewise an iceberg surrounded with the sea and the sky,

the true volume is unseen through the eyes.
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ABSTRACT OF DISSERTATION

Measuring and Mapping Biophysical Properties and Their Influence on

Mesenchymal Stem Cell Fate

by

Somyot Chirasatitsin
Doctor of Philosophy in Bioengineering
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Professor Adam J. Engler, Chair

Mesenchymal stem cells (MSCs) as adherent stem cells are being increasingly
used as a therapeutic cell source, thus developing a better understanding of how to
control MSC fate choice is an increasingly important task. Unlike the well known
chemical cues, the biophysical properties of the surrounding extracellular environment,
such as the appropriate spatial display of adhesion sites and environment stiffness should
be clarified. The atomic force microscopy (AFM)-based technique called force
spectroscopy mapping (FSM) was applied for examination biophysical properties such as
elasticity and adhesion site size and spacing. Using the indentation, the spatial changes in
the mechanics of poly(vinyl pyrrolidone) (PVP) and poly(acrylamide) (PAam) hydrogels

were detected. PVP hydrogels had very heterogeneous elastic moduli as a function of

xviil



hydrogel position as well as the amount of crosslinker. PAam hydrogels were a much
more homogeneous substrate, showing little spatial variation in moduli. Coupled with
chemical-functionalized probe, the technique of chemical FSM (CFSM) was shown the
capability of recognizing sub-micron adhesive sites from probe retraction studies.

By functionalizing the probe to recognize the charged surface of copolymers, the
spatial display of adhesion sites in diblock copolymer foams was investiaged. Prepared
by high internal phase emulsion templating using amphiphilic copolymers of polystyrene-
block-polyacrylic acid and polystyrene-block-polyethylene oxide, the porous foams have
been synthesized and characterized. With nanoscopic domains of cell inert and active
chemistries mimicking native matrix, the nanodomains of adhesive sites were detected by
CFSM. Protein adsorption on surfaces was examined in spatially macro-, micro-, and
nanoscopic level. MSCs from different cell sources of human-embryonic stem-mesoderm
progenitors (hES-MPs) and human bone marrow derived-mesenchymal stem cells
(hBMSCs) were examined by quantitative PCR to assess their expression of myogenic,
adipogenic, and osteogenic genotypes as a result of their interaction with the foams of
varying composition. Interestingly, without the induction media, hBMSCs expressed
adipogenic genes and proteins on ‘patchy’ matrices where adhesive nano-domains were
present. More interestingly, and their expression depends on stem cell origin: marrow-
derived and mesenchymal progenitor cells exhibit fundamentally different differentiation
patterns, adipo- and osteogenic, respectively. Together these data for the first time

implicate adhesion as a complex regulator of cell fate.
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Chapter 1

Introduction

A new paradigm in therapy — Regenerative Medicine — may provide a means to
treat disease by replacing damaged or injured tissues that have lost their function rather
than removing them and irreparably altering or impairing function. Stem cells are a
significant source for a variety of regenerative approaches to repair tissues and organs.
Using naive, immature stem cells without regard for how they may respond to the
damaged niche into which they are injected can result in negative outcome as the cells
adapt or “differentiate” as a result of the cues they receive from their environment. If
these cues are incorrect or display abnormal properties, e.g. fibrosis stiffening the tissue,
this can lead to aberrant cell differentiation, e.g. ectopic calcification in the heart [1].
From these observations, we are beginning to appreciate that the cell niche or
microenvironment is very important. In past decades, information and cues involving in
the microenvironment have been considered and reported such as chemical and physical

cues. This chapter will review typical aspects in these stimuli.



1.1 Chemical and physical cues for stem cell differentiation

In vitro, cultured cells have been stimulated by several methods over the past
several decades (Figure 1.1) but they broadly fall into soluble signaling via chemistry and
physical changes in the environment. Some of these manipulations include changing
nutrient content or component and adding organic or inorganic chemicals for chemical
perturbations (which are most popular) and stirring or flowing media to shear cells and
varying culturing materials to affect a cell’s interaction with the substrate. Chemical cues
can elicit and/or be the result of either intra- or extracellular signaling or both. Stem cells
will sense and translate this chemical information so that genetic and phenotype changes
occur. In the laboratory, researchers use differentiation cocktails to stimulate and
inducing stem cells in order to differentiate them into the lineages they desire. A
thorough review for mesenchymal stem cells differentiation and protocol can also be
found in ref [2].

Physical cues, on the other hand, are interactions between cells and their
microenvironement and can include “outside-in” signal such fluid flow and topography
and “inside-out” cues including cell-cell and cell-matrix force transmission [3]. For
instance, cell shape and the expression of integrin adhesion molecules on a three-
dimensional cell-derived fibrillar network can be fundamentally different from typical
two dimensional tissue culture plates in terms of adhesion composition, assembly, and
force transmission capabilities [4]. Shear flow is a component of mesenchymal stem cell
extravasation as it encourages the interaction of P-selectin-ligand with endothelial cells

[5]. Both examples use physical cues in a positive manner, but these can also be used to



negatively regulate MSCs. For example, blebbistatin can pharmacologically inhibit
myosin-11, which is responsible for generating forces in the cell, and inhibition can
decrease the forces which are transmitted to the extracellular environment via integrin-
matrix interactions. The next result is that MSCs down regulate expression of CBFa-1,
an early bone differentiation marker [6].

Taken together, stem cells can sense and transduce intra- and extra cellular signals
via chemical and physical mechanisms. While chemical stimuli have been well known
for decades and employed routinely with stem cells, physical stimuli presented by
extracellular matrix are now coming to the forefront and gaining a wider appreciation
within the community of stem cell biologists. While the interplay of these cue in space

and time are also influential [7-9], it is beyond the scope of this dissertation.

1.2 Extracellular matrix as an insoluble factor for stem cells

Almost all stem cells are adherent, requiring anchoring molecules bind to
adhesion motifs, e.g. the Arginine-Glycine-Asparatic acid sequence (or RGD) on
fibronectin. The extracellular matrix (ECM) serves as an insoluble network that provides
stem cells with both chemical and physical cues for stem cell adhesion and differentiation,
unlike soluble growth factors that provide paracrine and autocrine signaling to cells.
ECM is able to bind to cell membrane receptors, i.e. integrins, to other ECM proteins, to
growth factors — acting as a sink for them, or even to itself to form a fibrillar network.
Each of these activities is indispensible for proper stem cell function. For example, ECM

Young’s modulus, E, commonly referred to in biological literature as “stiffness,” is



capable of regulate stem cell fate as shown by culturing MSCs on ECM of varying
elasticity, resulting in various phenotypes [6]. Without induction media, collagen-
functionalized on hydrogels with elastic moduli of 1, 11, and 34 kiloPascal (kPa) offer
the neurogenic, myogenic, and osteogenic expression, respectively. ECM adhesion
strength has also been shown by hydrophobicity-driven conformational changes leading
to differential binding of ECM proteins [10]. Coupled with osteogenic induction media,
different hydrophobic hydrogels provide distinct osteogenic gene expressions. These data
highlight the fact that multiple cues act in concert with each other to properly regulate
stem cell fate, and often these cues may combine in ways not previously anticipated or
involve completely different signaling mechanisms. For example, the release of active
transforming growth factor-f from stiff ECM activates a signaling pathway for
myofibroblast differentiation [11] and highlights the interplay of chemistry and elasticity
in regulating cellular mechanotransduction and ultimately cell fate.

Taken together, ECM as an insoluble factor plays an important role in adherent
stem cell differentiation in both aspects of chemical and physical cues (Figure 1.1).
Adhesion and elasticity of ECM represent the cues and have potential to regulate stem
cell fate. Studying stem cell fate controlled by ECM could reasonably employ MSC as

the model for adherent stem cell differentiation.



Figure 1.1: Cues for regulating stem cell fate.

1.3 Spatial Heterogeneity of Biophysical Properties

In the laboratory, a typical tissue culture substrate for adherent cells is a plasma-
treated tissue culture polystyrene (TCP) plate, which provides a homogeneous set of
chemical and physical properties to cells. Other biomaterials, including hydrogels such as

polyacrylamide, are typically given uniform coatings of ligands or have homogenous



physical properties such as topography or stiffness to ensure, at least from a reductionist
perspective, that the uniform properties of the environment will provide similar
stimulation to cells. Thus any global change in cell differentiation will have resulted from
a uniform extracellular property. Unlike TCP and other uniform substrates, cell-derived
extracellular matrix provides discontinuous biophysical properties especially at the
cellular length scale. For example, fibronectin ECM derived from fibroblasts supplies
cells plated on top of the matrix with a substrate that has a fibrillar structure,
discontinuous adhesion sites of RGD motifs [12], and tremendous spatial heterogeneity in
biophysical properties such as adhesion and elasticity. Here | have confirmed this
observation using micron-sized beads binding to cell adhesive site on fibronectin (shown
in Figure 1.2) revealing discontinuous adhesive sites with the average minimum distance
of 31 um.

While most methods to create cell substrates make homogenous materials, there
are many other methods to fabricate discontinuous biophysical properties on substrates
for adherent cells [13]. For example, photolithography (PL), scanning probe lithography
(SPL), and soft lithography or microcontact printing (UCP) can all create spatially
patterned materials, which could present discontinuous patterns to cells. PL can be
applied to microfabricated structures and substrates for biology by employing a spin-
coated polymer layer that can be selectively activated and removed to create a pattern.
Reverse molding from this substrate then creates flexible materials, often made out of
poly(dimethylsiloxane) (PDMS), that are suitable for cell culture, protein stamping such
as UCP, or other applications [14,15]. Moreover, PL can create precise features down to

the nanoscale level that can be repeated for high throughput use, integrate with



electronics, and now fabricate structures in three-dimensions; however, very expensive
equipment and high-quality-ambient-controlled fabrication site are needed, making it less
practical. LCP can be used to mass-produce PL-created structure and is cheap and fast,
but the patterns are often not a precise as the original PL master mold. SPL, which is
based on the scanning tunneling microscopy (STM) and atomic force microscopy (AFM),
can etch micro- and nanoscale features onto a substrate with precision and multiple
surface chemistries. Features are applied only on two-dimensional substrata and
fabrication is time-consuming, making this method impractical for mass production
While each of these methods have clearly defined advantages from a fabrication
perspective, their use as cell culture substrates ultimately must reflect in vivo behaviors in
order for them to represent an improvement versus widely used alternatives including
TCP.

Considered as cell responses of these heterogeneous biophysical properties, cell
shape or morphology, cell adhesion and cell migration have been reported (Figure 1.3).
Often for uCP, adhesion ligand area, interspacing distance, and the ligand used in
stamping have altered cell morphology [16] and can affect cell spread area as well as
influence cell behaviors including apoptosis [17]. Moreover enhanced cell adhesion via
integrin clustering can be found for RGD nanopatterns with disordered spacing above 70

nm [18], which recapitulates in situ matrix spacing (Figure 1.2).
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Figure 1.2: Heterogeneous adhesive sites on a three dimensional cell-derived fibrillar
network. (a) Fluorescent staining on cell adhesive sites (green dot) and fibronectin
fibrillar network (red), scale bar is 20pum. (b) Minimum distances of nearest neighbors of
cell adhesive sites.

Figure 1.3: Cell spreading corresponding to adhesive site geometry of (a) Homogeneous
(b) medium cellular discontinuous and (c) highly discontinuous substrate. ECM pattern in
red, cell borders in green, and cell nuclei in blue.



Taken together, the spatial heterogeneity of biophysical properties such as
adhesion and elasticity influence on cell responses, but none of these methods produces
discontinuous properties quite like those which have been reported [12] and which |
describe in Figure 1.2. Thus other fabrication methods, which are the subject of chapters
4 and 5 are needed to better mimic these parameters. Moreover, the discontinuities
observed may even exceed the length scale detection limits of conventional microscopy,

which | expand upon in the following section and motivate chapters 2 and 3.

1.4 The Atomic Force Microscopy-Based Technique for
Spatial Biophysical property Examination

To investigate the existence of spatial heterogeneities within biomaterials,
researchers often utilize convention light microscopy as electron microscopy has
significant disadvantages for hydrogel cell substrates. In case of adhesion molecules
printed on a substrate by pCP, protein is stained and then observed through a fluorescent
microscope. While pCP may have limited resolution, SPL and other methods have
limitations orders of magnitude lower and may no longer be observable by light
microscopy, which is limited by wave length of the light source of ~ 100 nanometers for
a typical microscope. Moreover, information from light microscopy is limited only
position corresponding to the exist feature on substrate, as well as samples or substrata
must be transparent. Besides positional or spatial information, mechanical information,
such as elasticity, is also important. To overcome the limitation of spatial resolution as

well as mechanical information, another technique should be employed.
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The atomic force microscopy (AFM) is a scanning probe microscopy technique in
that it uses a probe in contact with the substrate to create an image. The radius of
curvature of the tip of the AFM probe is in range of nanometers to tens of nanometers, so
is the resolution is sufficiently higher than light microscopes. For AFM, the probe is
attached to a cantilever, enabling it to also collect information about the mechanica
properties of the substrate from the interaction forces between the probe and substrate,
which is calculated from probe deflection, spring constant of the cantilever, and Hooke’s
law. Functionalizing the probe with a chemical of interest such as an antibody enables the
probe to measure the binding force between the antibody and proteins immobilized on the
substrate [19,20]. To measure forces interacting with substrate, the AFM will indent the
probe on the surface. Repulsive forces provide the approach force curves during
indentation; meanwhile probe retraction obtains attractive forces establishing the retrace
force curves. The approach force curves results in elastic moduli of substrate, whereas the
retrace ones lead to the adhesive forces such as binding forces between the anti-body and
protein ligands. Thus the AFM is a tool that can investigate material properties, the
chemical composition of the substrate, topography from the height of probe-substrate
contact, and many other parameters. Each of these properties can also be mapped across a
substrate surface providing spatial information of biophysical properties of material.
Taken together, AFM-based technique can improve the resolution as well as provide both
chemical and physical information better than a conventional light microscope. However
the potential to investigate the spatial heterogeneity of biophysical properties should be

proved.
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1.5 Stem Cells Response to Heterogeneous Biophysical
Properties

Homogeneous biomaterials with or without chemical factors certainly stimulate
stem cell differentiation [2,6,10,21], but the influence of more physiologically relevant
heterogeneous substrates, especially at cellular and subcellular length scales, is unclear.
While the literature in this area is relatively nascent, here | review what is known to date
about how non-homogeneous substrate properties influence cell fate. A common example
of an elastic but heterogeneous and continuous substrate is a hydrogel with stiffness
gradients, which can regulate MSC fate by directing migration and differentiation [22]. A
hydrogel gradient of 1.0+0.1 kPa/mm can stimulate MSC migration from softer to stiffer
region, which can then cause cells to proliferate and differentiate to myogenic phenotype.
Surfaces of self-assembled maleimide-functionalized polystyrene-block-poly(ethylene
oxide) copolymers, on the other hand, are most closely able to regulate cell behavior by
changing adhesion spacing [23]. However the surface chemistry was not characterized
intensively, with only surface roughness being examined, and these topographic patterns
were regular, resulting only in osteogenesis in vitro [24,25]. The spatial display of
nanoscale RGD ligands affects intergrin clustering [26,27] resulting in the maturity of
focal adhesion, cell spreading, and actin stress fiber formation [28]; yet the most robust
differentiation again occurred on RGD nanopatterns with disordered spacing above 70
nm [18], which recapitulates in situ matrix spacing (Figure 1.2).

Taken together there are reports related to the heterogeneity of the substrate

properties, they reported only in the scale higher than cellular scale, i.e. >100um. Even
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the material property can be fabricated down to cellular and nano scale, it is not for sure
if that is the confounding of surface roughness or chemistry heterogeneity. Therefore the

issue might be reasons of material characterization and fabrication.

1.6 Summary

The aims of this dissertation are (1) to develop the technique for detecting
biophysical properties like elasticity and surface chemistry corresponding to positions in
subcellular scale and (2) to investigate how the spatial heterogeneity of biophysical
properties within a scaffold can influence mesenchymal stem cell fate. Chapter 2
describes the application of AFM on investigating the heterogeneity of elastic modulus
on hydrogel surfaces comparing bulk and subcellular elastic moduli. Chapter 3 of this
dissertation describes the development of AFM-based technique for surface chemistry. In
chapter 4, surface chemistry of block copolymer materials is investigated. Chapter 5

examines mesenchymal stem cell fate on the block copolymer materials.
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Chapter 2
Mechanical Force Spectroscopy Mapping:

A Technique for Detecting Elastic Domain

Abstract

The bulk mechanical properties of soft materials have been studied widely, but it
is unclear to what extent macroscopic behavior is reflected in nano-mechanics. Using an
atomic force microscopy (AFM) imaging method called force spectroscopy mapping
(FSM), it is possible to map the nano-scopic spatial distribution of Young’s modulus, i.e.
“stiffness,” and determine if soft or stiff polymer domains exist to correlate nano- and
macro-mechanics. Two model hydrogel systems typically used in cell culture and
polymerized by a free radical polymerization process, i.e. poly (vinyl pyrrolidone) (PVP)
and poly (acryl amide) (PAam) hydrogels, were found to have significantly different

nanomechanical behavior despite relatively similar bulk stiffness and roughness. PVP

15
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gels contained a large number of soft and stiff nano-domains, and their size was inversely
related to crosslinking density and changes in crosslinking efficiency within the hydrogel.
In contrast, PAam gels displayed small nano-domains occurring at low frequency,
indicating relatively uniform polymerization. Given the responsiveness of cells to
changes in gel stiffness, inhomogeneities found in the PVP network indicate that careful
nano-mechanical characterization of polymer substrates is necessary to appreciate

complex cell behavior.

2.1 Introduction

Hydrogels are commonly defined as three-dimensional networks of hydrophilic
polymers that are able to absorb and retain large amounts of water.[1-3] The mechanical
behavior of hydrogels lies between viscoelastic polymer solutions and rubbers due to the
presence of polymer chain entanglements and/or chemical crosslinks between the
polymer chains.[4] A variety of classical methods including static elongation/
compression tests have been used to characterize the mechanical properties of hydrogels,
e.g. the elastic or “Young’s” modulus (E) measured in Pascal (Pa), which is the amount
of deformation possible for a given force. However, such techniques only provide
macroscopic information,[1] despite the fact that hydrogels can be intrinsically
inhomogeneous materials with crosslinks occurring at random active sites along the
polymer chains.[4-6] One such indication of inhomogeneities is that poly (acrylamide)
(PAam) gels have been reported to have minor spatial fluctuations in their refractive

index based on light scattering.[7] However, it is not clear if refractive index changes are
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reflected in the formation of actual domains with greater or fewer crosslinks than average
and what the spatial distribution of such domains would be.

To determine to what degree, if any, mechanical properties change spatially in
gels, we chose to test two hydrogels commonly used in cell culture, Poly(vinyl
pyrrolidone) (PVP) [8-10] and PAam [11,12] for the presence of nano-scopic spatial
variations as a function of their crosslinkers, di-ethylene glycol bis-allyl carbonate
(DEGBAC) and N, N’-methylene-bis-acrylamide, respectively. Since both PVP and
PAam gels are commonly used in biological applications, any spatial variation in
hydrogel properties could influence cell behavior.[12,13] Therefore, determining if
crosslinking inhomogeneties exist is critically important in understanding complex cell
behaviors.

The force-based imaging mode of Atomic Force Microscopy (AFM) called force
spectroscopy mapping (FSM) has been used as a tool to study the spatial variations of
mechanics for a variety of substrates.[ 14] Recent advances in with piezo-driven scanning
stages now enable FSM at resolutions up to 2500 indentations/um?”, which approaches the
detection limit of the AFM tip, i.e. 20 nm lateral spacing from tip geometry. The
improved resolution has made it possible to measure nano-scopic spatial variations within
a material,[15] which bulk measurement techniques cannot detect. Despite this, here we
show that bulk measurements correlate with average FSM-determined elasticity for both
PVP and PAam gels, though FSM also has detected the first nano-scopic elastic

inhomogeneties in PVP hydrogels.
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2.2 Experimental

2.2.1 Preparation of PVP and PAam hydrogels

PVP hydrogels were obtained by solubilizing 10 g of 1-vinyl-2-pyrrolidone, di-
ethylene glycol bis-allyl carbonate (DEGBAC) (Greyhound Chromatography; UK) at
different concentrations (0.25, 0.5, 1.0, 1.5 and 1.75% w/v) and 2,2-azobis (2-
methylpropionitrile) (Molekula; UK) in a molar ratio 1:1 with respect to DEGBAC
under nitrogen. Polymerization was carried out for 24h at 50°C and the obtained
hydrogels were immersed in an ethanol/water solution (70/30% v/v) in order to remove
any unreacted reagents. Hydrogels were then swelled until equilibrium was reached in a
0.1 M phosphate buffer solution (PBS) (pH 7.4) and then stored at 4°C before
characterization.

Preparation of PAam hydrogels was carried out as described before.[16] Briefly,
Acrylamide (Aam) (3, 4 and 5% wt) and N-N" methyl- Bis-acrylamide (1, 0.06 and 0.3%
wt respectively) were mixed in PBS and degassed under vacuum for 15 minutes. 10 pL of
ammonium persulfate (APS) and 1 pL of N,N,N’,N’-tetramethylethylenediamine
(TEMED) for each ImL of solution were added. Polymerization was carried out at room
temperature for 5-30 minutes between aminosilane- and chlorosilane-terminated
coverslips, with the hydrogel bonding to the aminosilane coverslip. PAam gel thickness
was approximately 70 pm for all experiments as determined by light microscopy. All

reagents purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
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2.2.2 Compression Test

Cylindrical samples of PVP hydrogels (10 mm diameter, 8 mm height) at
equilibrium conditions 24 hrs post-polymerization were tested in an Electro Force 3200
Test Instrument (Bose, Eden Prairie; MN) equipped with parallel plates. The tests were
performed using a displacement ramp at a rate of 0.1 mm/s with a load of 225 N.
Young’s modulus was calculated as the slope of the linear region in the stress/strain

curve. All data is shown as the average of triplicate tests with the standard deviation.

2.2.3 Rheological measurements

The viscoelastic properties of PAam gels were quantified by using a RFS II fluids
rheometer (Rheometrics Inc.; Piscataway, NJ). Measurements were conducted using cone
and plate geometry with a sample thickness of 200 um, which was previsouly shown to
be optimal.[12] Young’s modulus was calculated according to the equation E=(1+2v) G*,
where v=0.45 is the Poisson’s ratio commonly used for hydrogels[17] and G*=(G’ +
G’’)/2. Note that G’ and G” are the shear and viscous loss moduli, respectively. All data

is shown at the average of triplicate tests with the standard deviation.

2.2.4 AFM, Force Spectroscopy Mapping, and Analysis

PAam hydrogels were bonded to coverslips via aminosilane chemistry and cast as
70 um thick gels, which is sufficiently thick for small indentation analyses.[18] Large 1
mm thick PVP hydrogels were immobilized onto a glass slide using water-insoluble

adhesive. Triplicate samples were placed on an Asylum MFP-3D-BIO atomic force
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microscope (Asylum Research; Santa Barbara, CA) 24 hrs post-polymerization to ensure
measurement of equilibrium properties (see swelling behavior of PVP hydrogels in
Supplementary Figure A.1). To obtain topographic images (Supplementary Figure A.2),
samples were tested in AC mode in fluid using a SiN cantilever with a spring constant of
90 pN/nm. To determine surface roughness, Igor-pro software (Wavemetrics; Portland,
OR) was used for the following calculation, where y; is the height value for each pixel

and n is the total pixel count:

RMS = \/( ! , iz)
A - npmntszy Equation (2.1)

In the identical area after topographical imaging, an array of force-indentation
spectrographs with known xy-coordinates was obtained by indenting the material and
observing the resulting deflection. Knowing the spring constant and assuming Hookean
behavior for the SiN cantilever, data was converted to plots of force vs. indentation depth
(Supplemental Figure A.3). Fitting the data with the Hertz cone model determines the
Young’s modulus of elasticity[19,20] for that material, where stiffer materials register
higher forces for a given indentation depth. With known xy-coordinated, elasticity values
could be assembled onto an FSM image. Resolution was determined by the number of
points in the array, e.g. for 100 nm resolution (Figure 2.3), a 100 x 100 array over 100
um” was performed. For interpoint spacing to reach 20 nm, 2500 points from a 50 x 50
array were analyzed over a scan area of 1 um”. Since the AFM tip has a radius of 20 nm,
scans with a resolution of 20 nm represent a lower resolution limit. At 100 nm
indentation spacing, tip indentations up to 250 nm into the hydrogels should produce

sufficient deformation so that each indentation measures the properties of the entire 100 x



21

100 nm area.[19,20] The spatial information from each force-indentation curve was then
used to create a map of Young’s modulus, where the image colormap was scaled such
that £100% of the average modulus corresponded to maximum and minimum values.
Images were thresholded using Image J software to show data 50% above (stiff) and
below (soft) the sample’s modulus. A domain was considered any collection of at least 4
adjacent data points with modulii that vary no more than 20%.

AFM data was further analyzed and compared with the initial polymer chemistry
of each material to determine crosslinking efficiency. Rubber elasticity theory relates

Young’s modulus to the absolute temperature and crosslinking density via:

N=E/RT Equation (2.2)
where E is the Young’s modulus, R is the gas constant, T is absolute temperature, and N
is the crosslink chain density in the material (in mol/m®).[4,5] When N is divided by the
total crosslinker density present in solution pre-polymerization, it is possible to calculate

crosslinking efficiency, €x;.[21]

2.3 Results and Discussion

The elastic modulus of PVP and PAam hydrogels at varying crosslinker
concentration were first measured by compression or rheological tests, respectively
(Figure 2.1A). Note that to obtain elastic moduli from rheological measurements as
shown in Figure 2.1A, data was first converted from shear moduli.[17] These

conventional measurements that observe bulk properties can easily be compared to force-
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Figure 2.1: Elastic Modulus of A) PVP hydrogels by compression test (dots) PA
hydrogels by rheology (squares) and B) PVP hydrogels (dots) by AFM and PA hydrogels
(squares) by AFM as a function of the crosslinker percentage.

indentation spectrograms obtained from hundreds of localized AFM indentation
experiments,, which are fit using a Hertz model to obtain elastic moduli (Figure
2.1B).[13,16,20] In particular, elastic moduli for PVP hydrogels measured by AFM range
from 4.5 £+ 0.5 kPa, corresponding to the lowest crosslinking density (0.25% DEGBAC),
to 40.8 = 1.9 kPa for the highest crosslinking density (1.75% DEGBAC; Figure 2.1B) and
are comparable to with the results obtained by compression tests (Figure 2.1A;
correlation coefficient = 0.986). Similar results are shown with PAam hydrogels whose
elastic moduli range from approximately 2.8 = 0.3 kPa to 34.8 + 1.5 kPa, as determined
by AFM (Figure 2.1B), which are comparable to rheological values (Figure 2.1A) as has

been previously noted (correlation coefficient = 0.996).[13]
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Unlike traditional methods, AFM can indent materials with nanometer precision,
and by coupling a piezo-driven XY stage with AFM, hydrogels can be translated in X and
Y such that force-indentation spectrograms can be determined at regular intervals. Our
current version of FSM can collect data at high spatial resolution not previously possible,
i.e. 2500 indentations/um” or 20 nm lateral spacing. Given that AFM tip approaches 20
nm, this is the resolution limit.[15] Figure 2.2 show the results of the force-indentation
scans of PVP hydrogel surfaces at this resolution limit to detect nano-scopic domains.
Figure 2.2A shows scans of PVP hydrogels with initial crosslink densities close to the
minimum and maximum tested. Note the gray scale scheme (far right) indicates
differences in the elastic modulus in relation to the mean value of each image. Despite the
fact that the average elastic modulus of the two materials is very similar to their bulk
measurements, PVP hydrogels show the presence of soft and stiff domains. Figure 2.2B
illustrates how soft and stiff domains of different elastic moduli were selected. Though
there was no change in the prevalence of nano-domains between any of the PVP hydrogel
samples (~4 nano-domains/pum?), there was a 10-fold difference in nano-domain size with
a substantial size increase below 1% crosslinker (Figure 2.2C). It is important to note that
domain size differences did not depend on whether the domain was soft or stiff.
However, the presence of nano-domains did not dramatically influence hydrogel surface
roughness (Equation 2.1 and Figure 2.2C; gray data), which was not significantly
different across hydrogel samples, despite differences in swelling (Supplemental Figure
A2).

Given that there is a swelling change but lack of topographical change associated

with the presence of nano-domains, we attempted to clarify the differences encountered
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Figure 2.2: Force Spectroscopy Mapping of hydrogel surfaces of PVP at 20 nm lateral
resolution. Color map ranges from low (black) to average (gray) to high (white) modulus
and is shown as a percentage change from the average. B) Illustration of the domain size
measurement where stiff (red) and soft (green) domains are highlighted. C) Average
nano-domain size of PVP hydrogels as a function of DEGBAC crosslinking is shown in
black. Data was divided into stiffer and softer domains and replotted in red and green,
respectively. The hatched region indicates the domain size threshold, where a minimum
of 4 adjacent points of the same value were required to be called a domain. *p <0.05
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Figure 2.3: Force Spectroscopy Mapping of a 1% DEGBAC/PVP gel where successive
scans zoomed in from 100 nm resolution over a 10 x 10 pm? scan (left) to 2 x 2 (center)
and 1 x 1 um” scans (right) at 20 nm resolution. Red dashed boxes indicate where from
the previous scan the subsequent scanned area is. Red and green arrowheads indicate
stiff and soft domains, respectively; in the 10 x 10 and 2 x 2 pm?” scans. For 1 x 1 pm?’
scan, representative soft and stiff nano-domains are indicated. Note that nano-domains
present in the 2 x 2 um’ scan cannot be easily resolved in the micro-domains in the 10 x
10 ;,Lm2 scan at 5-fold lower resolution (15-fold versus Figure 2.2).

100 nm

1pm

Figure 2.4: Schematic of the mechanism of domains in PVP hydrogels. In left a scan of
10x10 of 1% DEGBAC / PVP, in center the polymer network, with domains of different
density which are represented by color, and left schematic of 1% PVP at a higher
resolution where sub-domains are easily resolved.
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in domain sizes via additional scans at two resolutions of same surface area. Using a 1%
crosslinked PVP hydrogel, which is the transition point for domain size and swelling,
sequential FSMs of the PVP hydrogel where made (Figure 2.3), continuously zooming in
from 100 nm resolution over 100 umz scan (left) to 20 nm scans over 4 umz (center) and
1 um” scans (right). While possible to observe at 100 nm resolution, nano-domains were
more difficult to detect and did not occur at the same frequency as with higher resolution
scans (1-2 domains/um?). Thus spatial changes in the pre-polymerized solution likely
exist below the 100 nm length scale and can possibly be explained by differential
chemistry at these length scales: below 1% crosslinker, crosslinker efficiency, exi, is
much more variable than it is above 1% DEGBAC (Supplemental Figure A.4a); a greater
difference in efficiency may be the result of poor nano-scopic mixing at lower DEGBAC
concentrations that is not present at higher concentrations and hence nano-domain
formation (Figure 2.4).

On the other hand, the spatial distribution of modulus in the PAam hydrogel
surface was found to be homogeneous compared with low crosslinker PVP hydrogels
surfaces. Specifically, PAam hydrogels had a much lower incidence of domain formation
(1-2 nano-domains/um?®), and regardless of composition and modulus, domain size was
small and did not change (Figure 2.5) as with PVP hydrogels (Figure 2.2C). No change
was also found among the size of the stiff and soft domains in all the PAam hydrogels
(not shown). With the absence of nano-domains (Figure 2.5C) within the PAam
hydrogels, one may argue that differences in crosslinking time and additional mixing of
different phases could induce such a difference.[22] In fact, PAam polymerization here

occurred within 30 minutes at room temperature while PVP hydrogels required 24 hours
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Figure 2.5: Force Spectroscopy Mapping of hydrogel surfaces of PAam at 20 nm lateral
resolution. A) Indicated Aam/Bis ratios were used to achieve the same average modulus
despite different bulk polymer concentrations without the formation of significantly
sized nano-domains. B) Force spectroscopy map of stiffer PAam gel also does not show
large nano-domains. C) Average nano-domain size of PAam hydrogels. The hatched
region indicates the domain size threshold, where a minimum of 4 adjacent points of the
same value were required to be called a domain.
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and 50°C to solidify. PAam elasticity is known to be temperature-dependent,[7,23]
suggesting temperature-dependent domain formation could be possible but not observed
in PA hydrogels given the polymerization temperature used here. On the other hand, PVP
hydrogels could contain nano-domains due to a low initiation rate,[24] where nucleating
clusters are not evenly distributed due to the energy required. Since this is known to scale
with crosslinker concentration, the sharp transition observed around 1% DEGBAC may
be explained by an activation energy change within the PVP hydrogel. PAam hydrogels,
which have a different activation,[25] are not likely to be subject to such a trend as they
do not form nano-domains in the first place.

A more likely explanation for the difference between PVP and PAam systems is
in the existence of separate “nucleation and growth steps” or phase separation[26]
previously observed for hydrogels after the introduction of an interpenetrating
polymer.[27] These processes would result in hydrogels that swell differently but which
have a relatively smooth surface given the overall domain size. Formation of network
chain by free radical polimerization, such as in the case of PVP, have been reported to
take place in short periods of time compared to the long relaxion time of network chains,
for this reason free radical polimerization reactions results in domain formation and
inhomogeneities during the long relaxion times. Such a process is not likely in PAam
hydrogels as their crosslinking efficieny, exi, is known to scale with crosslink density
[21] and in this study ranged from being as efficient to being 3-fold more efficient than
PVP hydrogels (Supplemental Figure A.4b). Though the exact mechanism(s) of

inhomogeneities in PVP hydrogels is unclear and warrants further study, nanoscale
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domains pose an interesting system to explore biological questions involving nanoscale

changes in stiffness.

2.5 Conclusion

Hydrogels are intrinsically heterogeneous, and depending on the crosslinking
method, control over regions with higher or lower crosslinking density can be
achieved.[28-30] However, the presence of these stiffer or softer regions has largely been
inferred from indirect measurements, e.g. the diffusion of water, different molecular
weight molecules, or light scattering through the hydrogel.[6,7] Since the crosslinking
density is directly related to hydrogel mechanical properties, the FSM method here
permits direct characterization of the crosslinking density distribution in hydrogels, and
our results from these direct measurements do not necessarily align with the previous
indirect measurements. Nonetheless, the heterogenous nature of hydrogels has important
consequences for the optimization of materials, especially for applications where uniform
surface properties are desired, e.g. cell culture [11]. FSM could also permit detailed
chemical analysis of the surface if the AFM probe is chemically functionalized, e.g.
mapping of the interaction between positively charged polymer such as poly-l-lysine
interacting with negatively charged DNA[31] or mapping out adhesive sites within a
matrix.

The combination of mechanical and chemical characterization make FSM an ideal
imaging mode to measure abrupt changes in the nano-scale spatial distribution of

elasticity,[ 19] which presently can only be reflected in the variability of bulk mechanical
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properties, e.g. the error in Figure 2.1, or inferred by indirect measurements. Moreover,
these techniques are not likely to be sensitive enough to detect such small crosslink
changes occurring with limited spatial variation. Whilst the presence of these
inhomogeneities can be an obstacle for the design of controlled release devices, if
patterned correctly, it can be a great advantage for emerging applications in tissue
engineering, where nano-patterned changes in microenvironmental properties, such as

stiffness, could be advantageous for the differentiation of stem cells.[11]
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Chapter 3
Detecting Cell-Adhesive Sites in Extracellular

Matrix using Force Spectroscopy Mapping

Abstract

The cell microenvironment is composed of extracellular matrix (ECM), which
contains specific binding sites that allow the cell to adhere to its surroundings. Cells
employ focal adhesion proteins, which must be able to resist a variety of forces to bind to
ECM. Current techniques to detect the spatial arrangement of these adhesions, however,
have limited resolution and those that detect adhesive forces lack sufficient spatial
characterization or resolution. Using a unique application of force spectroscopy, we
demonstrate here the ability to determine local changes in the adhesive property of a

fibronectin substrate down to the resolution of the fibronectin antibody-functionalized tip
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diameter, ~ 20 nm. To verify the detection capabilities of force spectroscopy mapping
(FSM), changes in loading rate and temperature were used to alter bond dynamics and
change adhesion force. Microcontact printing was also used to pattern FITC-conjugated
fibronectin in order to mimic the discontinuous adhesion domains of native ECM.
Fluorescent detection was used to identify the pattern while FSM was used to map cell
adhesion sites in register with the initial fluorescent image. The results show that FSM
can detect the adhesion domains at high resolution and may subsequently be applied to

native ECM with randomly distributed cell adhesion sites.

3.1 Introduction

Adhesion to the surrounding environment is an important cell behavior that
regulates a variety of processes, e.g. motility [1,2], matrix remodeling [3,4], cancer
metastasis [5,6] and even signaling and gene expression [7,8]. As the cell starts to attach
to its environment, which is composed of a large fibrillar network of proteins known as
the extracellular matrix (ECM), it does so by forming clusters of proteins that bind to
ECM known as focal adhesions; these adhesions connect the cell’s cytoskeleton to ECM
and enable the cell to contract against it. Yet given its fibrillar nature and localization in
tissues, the distribution of ECM in vivo is not uniform [9]. Moreover, ECM proteins
contain only a few small adhesive sites and cell binding can occur only at these sites, e.g.
the R-G-D peptide sequence on the 10" type 3 domain of fibronectin binds to asp;
integrins in focal adhesions [10]. With such specificity and a limited number of adhesion

sites with an ECM, characterization of receptor-ligand interactions and their distribution
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in a natural or synthetic material must be equally specific so that accurate control of cell
behavior is possible. Moreover, these interactions are mechanical in nature as they link
force-generating proteins, e.g. myosin, to ECM. Adhesion mechanics are especially
important given that force-dependent integrin behavior regulates the activity of many
proteins, e.g. Rho GTPases, resulting in changes in cell behavior and phenotype [11];
thus measurement methods that determine the force that cell adhesions can withstand
would provide an additional mode to evaluate cell adhesion.

Many techniques have been used to investigate the mechanical properties of
receptor-ligand interactions, both population- [12] and single cell-based [13], and have
been performed using native [12] and synthetic environments [14]. Spinning disc assays,
as population-based measures, apply a uniform or radially-dependent shear profile that
can examine the detachment force of a group of cells, and they has been used to
demonstrate the importance of matrix dimensionality [12], focal adhesion clustering [15],
and adhesive domain conformation [16]. On the other hand, single-cell techniques such
as micropipette aspiration [13,14], force spectroscopy [17,18], and optical tweezers [19]
are very sensitive and can measure the tens of pico-Newtons required to rupture single
integrin-ECM bonds [19,20]. For force spectroscopy, a probe is functionalized with
receptors or oppositely charged macromolecules [21], making it stick to ligands
immobilized on a substrate. As the probe translates up from the substrate, the bond tenses
until it ruptures, and this force is then determined from plots of probe force versus
position relative to the substrate’s surface [22]. While accurately measuring forces, none
of these techniques provide information on adhesion distribution on the cell or within the

ECM. Fluorescent microscopy, on the other hand, can be used to better appreciate
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adhesion distribution, yet this technique can neither provide similar mechanical
information nor can it easily resolve structures smaller than hundreds of nm without
complex image filtering, such as point-spread functions. As has been previously well-
documented, the distribution and size of these adhesive sites is much smaller than this
resolution limit [9,23], so their detection will require a combination of these techniques.
To detect and determine the localization of potential submicron-sized adhesive
regions, here we propose exploiting the high lateral resolution of a piezo-controlled
microscope stage with force spectroscopy for a technique we have termed force
spectroscopy mapping (FSM). This technique combines both force sensitivity and high
lateral resolution to create “maps” of surfaces that indicate how adhesion forces change
as a function of position. Using an atomic force microscope (AFM) tip, our technique is
only limited in lateral resolution by the diameter of our tip, which is typically 20 nm, and
in force resolution by thermal oscillations of the tip. Moreover, coupling this technique
with an AFM-mounted fluorescent microscope enables dual fluorescence and FSM
imaging, which makes it possible to align features that are large enough to be detectable
using both imaging techniques, e.g. micron-sized features made via microcontact

printing.

3.2 Methods

All materials were obtained from Sigma (St. Louis, MO), unless otherwise noted.

All values are shown as average + standard deviation unless otherwise noted.
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3.2.1 Preparation of Polyacrylamide Gels

Polyacrylamide (PA) solution was prepared using the mixture of 0.1% w/v bis-
acrylamide crosslinker and 10% w/v of acrylamide monomer (CsHsNO) providing the
elasticity of ~11kPa [24]. To initiate the polymerization, 1/100 volume of 10%
ammonium persulfate and 1/1000 volume of N,N,N’,N’-tetramethylethylenediamine
were added to the PA solution. 25uL of the solution was dropped on a chlorosilanized
coverslip to ensure easy detachment and a flat and uniform gel surface once polymerized.
A glutaraldehyde-treated aminosilanized coverslip 25mm in diameter was placed on the
top. When polymerized, PA hydrogel covalently bound to the top circular coverslip. The
hydrogel-coated coverslips were placed in a 6-well plate filled with dH,O and kept in 4°C

until immobilizing protein of interest.

3.2.2 Microcontact Printing (uCP)

To immobilize protein on the PA gel, a microcontact printing technique was
applied as modified from Tien and Chen [25]. Briefly, a polydimethylsiloxane (PDMS)
stamp was created from silicon wafer master containing 500 nm silicon dioxide features,
ie. 5 x 5 pm rectangles, which was fabricated using standard photolithographic
techniques (Innovative Solutions; Sofia, Bulgaria). To make the master less adhesive, it
was treated with a vapor of (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane
(United Chemical Technologies, Bristol, PA) for 60 min. Stamps of PDMS were then
made by curing Sylgard 184 (Dow-Corning) for ~1 h against the silanized silicon master.

100 pL of a 9:1 mixture of 100pug/mL rat plasma fibronectin and 100pug/mL FITC-
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Figure 3.1: (A) Tip functionalization schematic depicting the attachment of the R457
antibody using the BS3 crosslinker. (B) Spectrograph (bottom) of a typical adhesion
force curve containing a binding event between the antibody and fibronectin, which has
been labeled as an “Adhesion Event.” This is the result from tip indentation into the
material (top; red arrow), bond formation between the functionalized tip and substrate
(green tether), and bond rupture upon tip retraction (top; blue arrow).

conjugated fibronectin was incubated for 30 minutes at room temperature on the PDMS
stamp surface.

Before uCP, the PA gel was treated with sulfosuccinimidyl-6-(40-azido-20-
nitrophenylamino) hexanoate (sulfo-SANPAH; Pierce, Rockford, IL) to act as a
crosslinker between the gel and fibronectin. The phenylazide group of sulfo-SANPAH
covalently binds to polyacrylamide on photoactivation at 365 nm, leaving the
sulfosuccinimidyl group to react with primary amines of fibronectin. Sulfo-SANPAH-

treated PA gel was dehydrated at 60°C for 30 minutes, while the stamp was incubated by
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the fibronectin solution. Excess fibronectin solution was removed from the stamp, which
was then inverted and placed onto the dehydrated gel. Pressure was kept on the stamp for
90 seconds using tweezers before being gently peeled off. The patterned gel was then
rehydrated overnight. Pattern features are shown in Figure 3.5B with a grid of 5 x 5 um
rectangles spaced 5 um apart. The dimension and the orientation of the pattern were

examined by the fluorescent microscope before force mapping.

3.2.3 AFM Cantilever Functionalization

Gold-coated, pyramid-shape tips SiN cantilevers (TR400PB; Olympus; Center
Valley, PA) were functionalized (Figure 3.1A) with the antibody R457, rabbit polyclonal
anti-rat antiserum against the amino-terminal 70-kDa fragment of fibronectin [26], using
a previously establish method [27]. Briefly, the cantilevers were cleaned by chloroform
and incubated with ethanolamine-HCL in dimethylsulfoxide overnight, resulting in amine
group functionalization on the cantilever tips. After rinsing with Phosphate-buffered
saline (PBS), tips were incubated in 25 mM BS3 (bis[sulfosuccinimidyl] suberate; Pierce)
for 30 min. After rinsing again, tips were then incubated in 100ug/mL R457 for 30 min to

crosslink the antibody and tip. Functionalized cantilevers were kept in the 4°C until use.

3.2.4 Force Spectroscopy Mapping

PA gel samples were placed on an MFP-3D-BIO atomic force microscope (AFM;
Asylum Research; Santa Barbara, CA) with a BioHeater Closed Fluid Cell. Using custom
software written in Igor Pro (Wavemetrics; Portland, OR), samples were placed in PBS

and indented in a regular array of points with a resolution of 400 data points per pm’
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using a SiN cantilever with a spring constant ks, = 20 pN/nm, a scan area of 100 - 400
um” as indicated, and an indentation velocity of 5 um/s unless otherwise noted (~ 100
nN/s). Indentation into the gel was set not to exceed 10 nm in all cases. To promote
binding of the antibody-coated cantilever and the fibronectin-coated substrate, a dwell
time of 3 seconds was added between tip indentation (Figure 3.1B; red) and retraction
cycles (Figure 3.1B; blue). By knowing the resulting deflection and cantilever spring
constant and assuming Hookean behavior for the cantilever, deflection versus cantilever
position data could be converted into force-indentation spectrographs [28]. Data was then
analyzed to determine the maximum adhesive force, i.e. the greatest difference between
the retraction curve and baseline. Using each force measurement’s x- and y-position, data
was then plotted on a map of the surface and interpolated to generate a force
spectroscopy map. The maps shown in Figure 3.2, 3.4, and 3.6 are the average of at least

5 maps of the identical surface.

3.3 Results

3.3.1 Mapping Adhesion Forces using Force Spectroscopy

An atomic force microscope (AFM) tip, functionalized as indicated in Figure
3.1A, was indented into a compliant polyacrylamide (PA) hydrogel to allow the amino-
terminal 70-kDa fragment of fibronectin to bind to the R457 antibody [26]. As shown in
the force spectrogram in Figure 3.1B, upon retraction of the tip from the hydrogel

surface, a large adhesive force was observed, which was created by the deflection of the
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AFM tip as it was retracted from the surface. Low force, charge-based interactions
between the tip and unfunctionalized gel do not significant bend the tip but rather resulted
in forces driven by thermal fluctuations in the tip (not shown). Force spectrograms from
functionalized surfaces contain up to 3 adhesive events (labeled in Figure 3.1B), though
the final, largest event corresponds to the force to break the bond between the R457
antibody and fibronectin. This positive quantity is that we call the “adhesion force”
between the tip and the substrate.

To confirm the presence of fibronectin prior to indentation, FITC-labeled
fibronectin was crosslinked to the substrate (Figure 3.2, right). Force spectroscopy maps
averaged from 5 spectrographs of the same 20 x 20 pm region (Figure 3.2, left) show the
distribution of the adhesion forces in the area of scan. Average adhesion force for
unfunctionalized samples was 60.25 + 27.18 pN, and was chosen over bovine serum
albumin (BSA)-coating (data not shown) to minimize charge-based interactions, which
induced only + 3 nm tip deflection. It is important to note that a few adhesive interactions
for the unfunctionalized substrate result in forces larger than 2.0 nN, e.g. the dark blue
spot on Figure 2.2A, left, due to our effort to minimize non-specific binding via
averaging of multiple spectrography and probed regions. On the other hand, the specific
interaction between the tip and surface when functionalized with fibronectin was 360.75
+ 163.30 pN (Figure 3.3A), almost 6-fold larger than the unfunctionalized substrate.
Though there is a relatively uniform distribution of the fluorescent signal, the percent
deviation for the functionalized sample, i.e. the “roughness” of the surface, is ~45%.

This may be reflective of the small contact area, as determined by the Hertz model to be
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<1 nm” [28], which ensured that a minimal number of bonds formed during an adhesion

event.

3.3.2 Loading rate and temperature effects

Bond(s) strength between the cells and their substrate likely behave in a similar
manner to the bonds form between receptor-coated AFM tips and their immobilized
ligand as has been previously shown [29,30]. For such systems, the bonds that form have
“catch” characteristics as bond strength can be influenced by the rate of force application,
i.e. how quickly the receptor-ligand bond is stressed. To ensure that this mapping
technique is probing the adhesive domains of this bond type and not a non-specific
interaction between fibronectin and the antibody, the loading rate dependence of the
bonds formed during force spectroscopy mapping were tested using rates that varied from
2 — 200 nN/s (Figure 3.3B). For the unfunctionalized gel, the average adhesion forces did
not vary dramatically as expected for low force, charge-based interactions. However for
the fibronectin-functionalized gel, average adhesion force increased from 4-fold, with a
dramatic increase above 20 nN/s indicative of “catch bond” characteristics [29].

Cell-substrate adhesion is typically maintained at physiological temperature, and
as such, the lifetime and strength of these bonds would appear to be optimized for this
purpose. Regardless of temperature, unfunctionalized gels did not support measurable
adhesion (data not shown) while adhesion maps of fibronectin-functionalized gels
showed that these gels supported sufficient adhesion both at room and physiological

temperature, i.e. 25°C and 37°C respectively (Figure 3.4). At supraphysiological

temperature (60°C), adhesion force was statistically similar to unfunctionalized gels.
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Figure 3.3: (A) Histogram of unfunctionalized (red) and fibronectin-functionalized
(blue) PA gel fitted with a Gaussian distribution (n = 400). (B) Average adhesion force
plotted against loading rates for the unfunctionalized (red square symbol) and
fibronectin-functionalized (blue diamond symbol) PA gel. Error bars indicate the
standard deviation. n = 400 forcespectrograms/rate. Data fits were performed with
straight lines, though for the functionalized substrate, two separate lines were used to
indicate different loading rate dependences.
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Figure 3.4: The average adhesion force maps from 10 force maps of the fibronectin-
functionalized PA gel on a 10 pm x 10 pm region at the temperatures of 25, 37, and 60
°C, left to right respectively.



45

3.3.3 The Adhesion Map of a Microcontact Printed (LCP) Fibronectin

Patterm

A distinct advantage of FSM over fluorescent microscopy techniques or
convention force spectroscopy is that it can provide both spatial information about the
distribution of adhesive ligand on a substrate and mechanical information about its
capacity to bond to ligand. As is often the case, ligand is not uniformly coated on a
material or distributed in a 3-dimensional matrix [23]. To demonstrate the ability of FSM
to detect these spatial differences in adhesive ligand distribution, a pCP technique [25]
was employed to pattern FITC-conjugated fibronectin on a gel (Figure 3.5A), resulting 5
um x 5 um fibronectin features (fluorescently shown in Figure 3.5B). The AFM tip was
aligned with these surface features and systematically probed (Figure 3.6A; dash red
trapezoid) to generate a corresponding adhesion force map (Figure 3.6B) where the dash
green squares highlight the adhesive, FITC-conjugated fibronectin pattern. Note that no
significant detachment of fibronectin was observed during FSM probing (Supplemental
Figure B.1); thus any change in the average force map was not a result of ligand loss.
Adhesion forces of the fibronectin features was similar to that found for uniformly
functionalized substrates (Figure 3.2B), though the unfunctionalized regions had forces
that were 2-fold higher than the uniformly unfunctionalized substrate (Figure 3.2A) and
perhaps indicate regions where low levels of fibronectin exist but which are not detectible
by light microscopy. Despite the smaller difference in force magnitude, it does appear
that FSM could detect features resembling squares as student t-tests of forces from

patterned and unpatterned regions were significantly different (p < 107).
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Figure 3.6: (A) Schematic of the pattern beneath the AFM cantilever tip (red dashed
trapezoid) indicating the AFM scanning area (black solid rectangle) and fibronectin-
functionalized squares (green dashed rectangles). Note that the dark regions in the
fluorescent image are due to the cantilever positioned above the substrate. (B) Force
spectroscopy map of the substrate using the region shown in part (A) outlined by the
solid rectangle line. The average of eight force maps (with a resolution of 1 scan pm )
was overlaid with the 5 pm x 5 um fibronectin-functionalized pattern (green dashed
lines) from part (A).
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3.4 Discussion

3.4.1 Materials with a Distribution of “Sticky” Patches

Our comparison here between a patterned, protein-functionalized material and the
material’s non-adhesive, unfunctionalized surface emphasizes our ability to recognize
patterns at sufficient resolution that has not previously seen [31-34]; it should be noted,
however, that our antibody-fibronectin interaction could withstand upwards of 500 pN of
force versus low forces from the unfunctionalized surface (Figure 3.3A). Compared to the
interaction between previously mapped between bacteria haemagglutinin and heparin
[31] and those measured for strepavidin-biotin [35], mycobacterial proteins-fibronectin
[32], and normal integrin-ECM bonds [19,20,36], the forces observed here are at least an
order of magnitude higher, which may account for improved pattern recognition [22].
Though the higher magnitude, and the presence of single unbinding peaks does not rule
out the formation of parallel bonds to achieve higher rupture forces, it further enhances
our detection capabilities and emphasizes the differences in forces seen in the patterned
substrate, e.g. statistically different force distributions in the functionalized and
unfunctionalized regions (p < 10™) typical of the 6-fold force difference between two
substrates (Figure 3.2). That said, spectrograms did not indicate tandem events [37], and
given typical antibody affinities for R457 [26], this may well represent single antibody-
fibronectin bonds.

Unlike the regular array of adhesive islands presented by pCP, most native and
synthetic materials do not have a repeating pattern of adhesive regions but instead have a

random distribution of ligand. For example, the R-G-D domain of fibronectin is only seen
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by cells when fibronectin is unwound and assembled into a fiber in which the 10" type 3
domain is accessible [10,38]. Moreover after cells adhere to ECM, they often actively
remodel their matrix, and this further complicates the characterization of cell adhesion
site distribution, especially those sub-micron sites which escape detection by
conventional microscopy. Yet for matrix with unknown distribution of “sticky” patches
or to investigate cells [33], our specific method of FSM can provide improved
characterization, determining the distribution of adhesion sites with high lateral
resolution of 20 nm (Figure 3.6) as well as being sensitive to small changes in the
strength of adhesion by using flexible cantilevers, Ky, ~ 20 pN/nm (Figure 3.3 and 3.4).
However, there may be significant complications provided by the fibrillar structure of
these matrices [9,38] and the presence of cells versus a smooth functionalized hydrogel
surface. Non-cell adhesive regions of fibronectin may have higher non-specific adhesion
forces compared with the unfunctionalized substrate here, making the detection of
adhesive features within the matrix less accurate, as with BSA-coating. Using species-
specific antibodies could overcome such a limitation; force spectrograms using a human-
specific fibrinogen antibody could detect 5-fold force differences between human
fibrinogen and BSA [39] compared to our pan-fibronectin antibody recognizing the 70kD

amino terminal end of most fibronectin species [26].
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3.4.2 Exploiting Dynamic Responses and Specificity of the Antibody-

Fibronectin Bond for FSM:

As with other biological receptor-ligand interactions, e.g streptavidin-biotin [29],
fibronectin does not have the ideal, single energy barrier, and thus as loading rate of the
tip increases, the rupture force increase is non-linear [40]. Thus this transition in rupture
force, which was observed at 20 nN/s here (Figure 3.3B), is the result of a change in the
inner activation barrier of the complex [36], which also occurs in other complex bonds
such as mycobacterial proteins-fibronectin bonds [32] and integrin-fibronectin bonds
[36]. In other words when the fibronectin-antibody bond forms, it induces a
conformational change in the proteins which stabilizes their ability to resist increasing
force when applied faster. Formally, this behavior is predicted by the Bell model of
adhesion [41,42], where the antibody-fibronectin bond illustrates a catch bond. The
strong non-covalent interaction between the antibody and its 70 kD target [26] likely
confers a similar conformational change as with fibronectin-integrin binding [36]. Thus
we are able to produce up to a 6-fold difference in adhesion force to aid in our ability to
recognize surfaces features. It is important to note that this transition state is intrinsic to
the specific interaction; while we previously noted the fibronectin interaction transitions
at 20 nN/s [36], the streptavidin-biotin transition occurs at 1 nN/s [35]. Thus feature
detection with other molecules may be easier as is the case with lower transition bonds
such as streptavidin-biotin or more difficult with bonds whose transition state is higher.
Fortunately for the detection of cell adhesion molecules on a material, many cell-ECM

[22,36] and specific cell-cell bonds, e.g. E-cadherin [43] but not N-cadherin [30], have
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bond transition states so that sufficient loading rates can produce maximal differences in
bond forces between functionalized and unfunctionalized regions of the substrate.
Continually increasing the loading rate to further exploit this difference appears plausible,
however the Bell model [41,42] indicates that there is a limit to the loading rate due to the
surrounding solution’s viscous damping [44]. The transition state for fibronectin
amplifies our ability to recognize patterns at high resolution and with high fidelity unlike
previous spectroscopy or pattern mapping studies as summarized in Table 3.1. On the
other hand, many simple chemical bonds between functional groups [40] or with
alkanethiol bonds [34] lack this transition and would not be as easily mapped.

Bonds have specific lifetimes and affinities, and to increase detectability, the
antibody-fibronectin bond was chosen. Contact duration between the tip and sample
surface has also been used to increase adhesive interactions [48]. Here contact duration
was fixed at 3 seconds, resulting in 74% of the binding events producing forces 2-fold
higher than the average non-specific binding force. However, Lii and coworkers found
that contact time greater than 500 ms does not shift peak force [48], and while force
saturation is likely dependent on the particular bond, it nonetheless indicates that contact
time is not as critical a factor with high affinity bonds as are other parameters, e.g.
loading rate. Minimizing contact time should decrease scan time while not sacrificing

mapping resolution.
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Table 3.1: Evolution of the Force Spectroscopy Mapping Technique

A subset of the relevant results for adhesion-based spectroscopy mapping summarized in
Table 3.1 show our ability to measure a transition state in full length fibronectin binding,
which previously has not been observed. Using higher loading rates, we can then detect
micro-sized feature patterns with the high resolution of other studies but using fibronectin
and imaging with much higher fidelity.

Lateral Patterned
Measurement Adhesion Rupture Force Map Feature Citation
Resolution | Recognition
Force Avidin-Biotin Multiples of 160 £ - - [21]
Spectroscopy 20 pN
Streptavidin-Biotin | Force transition state - - [35]
at 1 nN/s
Fibronectin- S. No force transition - - [45]
epidermidis state, 100’s of pN
rupture force
Fibronectin—a5p31 Force transition state - - [36]
integrin at 10 nN/s
Fibronectin— No force transition - - [46]
heparin state, 100’s of pN
rupture force
Force Patterned carboxyl | 8.7+ 3.2 nN for 25/um’ Yes, tens of | [40]
Spectroscopy | and methyl groups | carboxyl groups micron-sized
Mapping features
Streptavidin-Biotin | ~ 1 nN ~10/um’ Yes, micron- | [47]
sized features
Haemagglutinin- 50+ 23 pNand 117 400/um” Not able to [31]
heparin on + 18 pN for single determine
mycobateria and double rupture
Hydrophobic tip 3.0+ 0.4 nN 400/pm’ Yes, micron- | [34]
interaction with sized features
Aspergillus
fumigatus
Agglutinin- Modal value of 125 <l/um?’ Yes, tens of | [33]
Epidermal Growth | pN micron-sized
Factor Receptor in features
Caco-2 cells
Mycobacteria- 52+ 19pN 400/pum’ Not able to [32]
fibronectin determine
associated proteins
Fibronectin-R457 Force transition state 400/ pmz Yes, micron- | Current
antibody at 20 nN/s and sized features | study
maximum rupture where p < 10™
force of 2.44 nN
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3.5 Conclusion

High resolution FSM using loading rates above the receptor-ligand transition
point as presented here is a useful technique to accurately determine the spatial variation
of material components within a substrate where such variation is not known. Moreover
coupling FSM with conventional fluorescence microscopy can further enhance our
understanding of complex materials and how cellular responses are dictated by the

arrangement of adhesive ligand.
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Chapter 4
Adhesive Nanodomain on Block Copolymer-
Based Materials Detected by Chemical Force

Spectroscopy Mapping

4.1 Introduction

As known, they are many factors or cues influence cell response, namely,
chemical, physical, and chronological cues. The chemical cue is one of the most well
known to stimulate cell behaviors, like chemical concentration of growth factors [1],
adhesive strength [2], and extracellular protein composition [3]. Most reports assume that
substrate properties are homogeneous, i.e. the properties are the same entire system of
interest such as pressure and chemical concentration in a bioreactor or tissue culture

plate, substrate hydrophobicity, and protein distribution on hydrogels. As recent

57
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establishments of techniques such as microcontact printing [4,5], self-assembly diblock
copolymer immobilization [6], and photolithography [7,8], cell engineers can employ the
heterogeneous biophysical properties down to cellular scale to regulate cell behaviors.
However, the existence of chemical heterogeneity is assumed from the topographical
images like scanning electron micrographs (SEM) or atomic force micrographs (AFM).
Another technique applied for forming patterns on surface is diblock copolymer-
based polymersome synthesis [9,10] — the fabrication of vesicles or micelles formed from
diblock copolymers in liquid. Based on hydrophobic and hydrophilic conformity, block
copolymer chains will turn the hydrophobic part against water, meanwhile the
hydrophilic one towards water. This will form micelles made from block copolymer. If
there are 2 block copolymers in aqueous solution, micelles will be hybrid with 2
surfactants in one micelle [11]. Simplified that there are block copolymer AB and CB
which A and C are hydrophilic, while B is hydrophobic. So after forming micelles, A and
C will be distributed and form patchy-like structure on the outer surface of polymersome.
If in oil solution, in vice versa, the patchy A-C will form on the inner surface.
Analogically if consider at the interface between water and oil layer, the film of the block
copolymers would be formed. This could also form the heterogeneity of surface
chemistry. The polymersome investigated by fluorescent microscopy has shown the
pattern with the area of square micron [12], meanwhile using transmission electron
microscope (TEM) shows in nanoscale pattern [13]. To detect this chemical topology,
high resolution detection like AFM-based would be an optional. AFM-based technique,
not only the topography but also the chemical information could be drawn. With a

chemical-coated probe, AFM-based technique, called chemical force spectroscopy, can
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Table 4.1: Diblock copolymer foam compositions.

Name PS-PEO molar fraction  PS-PAA molar fraction
PEO100 100 0

PEO75 75 25

PEO50 50 50

PEO25 25 75

PAA100 0 100

measure the interaction between probe and substrate chemicals such as hydrophobic [14]
or protein-ligand interaction [15]. AFM therefore would be an option to investigate the
chemical existence corresponding to positions.

Herein macromolecular surfactants consisting of amphiphilic block copolymers
polystyrene-b-poly(ethylene oxide) (PS-PEO) and/or polystyrene-b-poly(acrylic acid)
(PS-PAA), which we have previously demonstrated in vesicles undergo interface
confined phase separation [13,16] will be established. The chemical force spectroscopy
mapping (CFSM) developed elsewhere [17] will be employed on the films of PS-PEO

and PS-PAA.
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4.2 Materials and Methods

4.2.1 Preparation of BCP 2D films

The two dimensional (2D) films of PS-PEO and PS-PAA copolymer preparation
employs the molar ratios indicated in Table 4.1. Briefly, the aqueous phase, consisting of
0.1 wt/wt % potassium persulfate initiator, was added to a glass vial using a syringe. The
oil phase (monomer of PS + block copolymer surfactants of PS-PEO/PAA) was then
carefully layered on top of the aqueous phase to maintain phase separation. The
copolymer mixtures were then allowed to adsorb at the oil-water interface for 24 hours
without agitation and then polymerized at 60 °C for 24 hours. The resulting films were
washed extensively with deionized water, left in ethanol for 1 week to remove unreacted

monomers, and dried before analysis.

4.2.2 Chemical force spectroscopy mapping (CFSM)

CFSM provides adhesive force maps generated by measuring the rupture force
between bonds that form between a functionalized tip and the surface. As shown in
Supplemental Figure C.2a, tips were functionalized by poly-L-lysine (PLL, M,, 1000-
5000, Sigma-Aldrich) based on a technique described elsewhere [17]. Briefly, AFM tips
were cleaned by chloroform and immersed in 5 M ethanolamine-hydrocholide in
dimethyl sulfoxide (Sigma Aldrich) overnight. After washing with phosphate-buffered
saline (PBS), cantilevers were immersed in 25 mM BS3 (bis[sulfosuccinimidyl] suberate;
Pierce) for 30 min. After washing again with PBS, cantilevers were then immerged in 1

mg/ml poly-L-lysine for 30 min. All steps were done at room temperature. Functionalized
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cantilevers were air-dried and kept in 4°C until use. CFSM was performed on the
MFP3D-BIO atomic force microscope (AFM, Asylum Research) to measure the adhesive
interactions with films maintained at pH 9 overnight and immerged in pH 7 immediately
before tested. Force curves were generated with a 2 pm/s approach velocity, 1 nN surface
trigger force, 3 second dwell time between tip indentation and retraction, and a 32 x 32
scan resolution over 2 x 2 and 20 x 20 pm scan areas (resolutions of 62.5 and 625 nm,
respectively). Typical force curves for interactions without (top) and with adhesion
(bottom) are shown in Supplemental Figure C.2b. Area fraction and domain surface areas

were determined using ImageJ software from a thresholding scheme described below.

4.2.3 X-ray Photoelectron Spectroscopy (XPS)

Surface analysis was carried out with a Kratos Ultra DLD X-ray photoelectron
spectrometer. A monochromated Al Ko X-ray source at a power of 150 W was used. The
spot size was 300 pum by 700 um. The pressure in the main ultra-high vacuum chamber
was maintained below 1 x 10™® mbar for all samples. As the polymers analyzed here are
electrical insulators, charge neutralization was required to prevent positive charge build
up on the substrate’s surface; an electron flood gun was focused onto the sample to
compensate for the positive charging effect. High-resolution spectra of the elemental core
level C 1s were also completed to assess surface carbon. The parameters used were a
binding energy range of 275 to 300 eV, a pass energy of 20 eV and a step interval of 0.1
eV. All data collected was then analyzed using CasaXPS software peaks were again fitted
by removing unwanted background using CasaXPS software. Asymmetry of the peaks

was fixed at zero and the position of each peak was fixed relative to the hydrocarbon
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peak. After initial rough automatic peak fitting, the carbonyl peak was then moved
slightly to obtain a good fit of the C 1s line scan. Subsequent carbon functional group
peaks were then calculated from the total of the C 1s peak to give the carbon environment

composition.

4.2.4 Contact Angle Measurements

Scaffold hydrophobicity was ascertained by determining the water contact angle
with the substrate using a Ramé-Hart contact angle goniometer. 2 - 4 uL droplets of
neutral (pH 7) and acidic (pH 2.2) deionized water (pH 7) were used. Measurements were

made in triplicate for each sample.

4.2.5 Statistical Analysis

All values are shown as averages + their standard deviation. The analysis of
variance (ANOVA) was performed as indicated between the 5 combinations of PS-

PAA/PS-PEO foams with 3 replications of each combination.

4.3 Results and Discussion

4.3.1 Surface chemistry modification of films

High-resolution x-ray photoelectron spectra (XPS) C 1s spectra were made for
single copolymer foams, i.e. PEO100 and PAA100. For PEO100, the C-O signal,
detected at 285.0 eV, overlaps with hydrocarbon C-C and C-H bonds, making

identification difficult (Figure 4.1b, top). For PAA100 however, data confirms the COOH
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Figure 4.1: Morphologies of Porous Foams and Films. a) AFM topographs of films from
20 x 20 (left) and 2 x 2 um scans (right). Image colormap ranges are 0 — I pym and 0 —
200 nm. b) X-ray photoelectron spectra of foams containing only polystyrene-b-
poly(ethylene oxide) or polystyrene-b-poly(acrylic acid) copolymers, i.e. PEO100 and
PAA100, respectively. ¢) Average contact angles of pH 2 (open circles) and pH 7
(closed squares) deionized water on 3D foams as a function of the molar ratio of
polystyrene-b-poly(ethylene oxide). Mean comparisons of one group versus all samples
have the same symbol, e.g. 1, 2, a, b and c. 1p <0.05 from pure polystyrene foams. 2p
<0.05 from all other foams at pH 7. ap <0.05 from other mixed composition foams but
not polystyrene. bp <0.05 from other copolymer-containing and pure polystyrene foams.
cp <0.05 from mixed composition foams PEO50 through PEO100.
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group’s presence with a distinctive shoulder at 287 eV and a smaller peak appearing at
higher energy 289 eV corresponding to the a carbon (C-COOH) and C=0 double bonds,
respectively (Figure 4.2b, bottom). To further confirm bulk surface composition, contact
angle measurements were employed to investigate composition-dependent changes in
macroscopic foam wettability, which can be tuned by pH. At pH 7, contact angles for all
block copolymer compositions are significantly lower than the polystyrene/divinyl-
benzene only film, e.g. SPANSO. Since polyacrylic acid has a pKa of about 4, its side
groups make it hydrophilic and hydrophobic in pH above and below its pKa,
respectively. As shown in Figure 4.1c at pH 2, high PAA-containing foams have a more
hydrophobic surface than high PEO-containing foams and are similar in hydrophobicity

to polystyrene.

4.3.2 Surface topology characterization of BCP 2D films

Homogenous surface chemistry does not mimic the natural adhesive
heterogeneity of matrix [18] and might result in less inductive matrix for stem cells. As
such, we investigated to what extent mixtures of cell adhesive PAA [19] and cell inert
PEO [20] block copolymer could undergo interface-confined phase separation in foam
morphologies versus the surface domains we have previously observed in amphiphilic
polymersomes [13,21]. While bulk metrics identify composition (Figure 4.1), they cannot
identify copolymer phase segregation, and fluorescent detection is complicated by spatial
resolution limitations [13]. Chemical force spectroscopy mapping (CFSM) uses a
functionalized AFM probe (Supplemental Figure C.2a) to monitor adhesion forces

between the probe and film (Supplemental Figure C.2b). Poly-L-lysine (PLL)-
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functionalized probes mapped adhesive interactions with films of different diblock
copolymer composition at 62.5 nm lateral resolution. Though films were maintained at
pH 9 to deprotonate PAA and increase its PLL adhesion, PEO100 films appeared to be
substantially more adhesive than PAA100 (Supplemental Figure C.3), perhaps due to
counter ion screening of the PAA-PLL electrostatic interaction. This may be plausible
since negative charges can be screened by free salt typical in quasi-neutral brushes [22]
and indicating that PAA chains may have a dense brush configuration [23]. Regardless,
differential probe interactions allow us to map the different domains. By defining
adhesion as any value above one standard deviation below the PEO100 film’s average
adhesion, more than 84% of PEO sights could be identified. Conversely, this threshold
correctly identifies nearly all of the PAA100 film’s surface (Supplemental Figure C.3,
shaded box) and is illustrated again as the grey shaded area in Figure 4.2b. Using this
threshold, CFSM maps and adhesive force histograms were generated for 2 x 2 (Figure
4.2a, right) and 20 x 20 um scan sizes (Supplemental Figure C.4) for the indicated
copolymer compositions to show PEO- (white) and PAA-containing (black) regions. For
both scan sizes, PEO area fraction reflected the same increasing trend as in bulk, namely
higher PEO content yields a higher adhesive area fraction (Figure 4.2¢). Domain surface
area, defined as a cluster of 4 identical and contiguous observations, were measured from
adhesion maps and found to vary from 0.06 to 3.78 um” for PEO (opened squares) and
2.04 to 0.02 um2 for PAA (solid circles) as PEO mole fraction increased. ANOVA
analysis clearly indicated that low (PAA100 and PEO25) and high (PEO75 and PEO100)
PEO mole fraction behaved similarly, reflecting domains of either PEO or PAA,

respectively. The force maps suggest typical bimodal (PEO75, PEO25) and spinodal
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Figure 4.2: Film Characterization by Chemical Force Spectroscopy Mapping. a) Ideal
(left) and experimental (right) adhesion images of the distribution of PS-PAA (blue and
black regions, respectively) and PS-PEO (yellow and white regions, respectively) shown
for a 2 x 2 um scan area with a resolution of 32 x 32 points. b) Normalized adhesive
force distribution as a function of the molar ratio of PS-PEO for all samples. The shaded
regions correspond to the threshold for PAA determined in Supplemental Fig. 3. c)
Average PS-PEO area fraction as a function of the PS-PEO mole percent. d) Average
domain surface area of PS-PAA (closed circles) and PS-PEO (open circles). Scan limit
indicates the maximum area of the scan and the detection limit is the area of four
adjacent measurements. Mean comparisons of one group versus all samples have the
same symbol, e.g. 1, 2, a, and b with p <0.05 versus all data not in the group.
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(PEO50) decomposition patterns as represented by the schematic (Figure 4.2a, left). In
addition to domain surface area, inter-domain spacing was also determined between all
domains within a given image, e.g. Supplemental Figure C.5a showing PAA domain
spacing in PEO75 films; when examining PEO domains, minimum spacing was greatest
when the PEO mole fraction was lowest (Supplemental Figure C.5b). Thus with
increasing PEO composition, domain spacing decreases while size increases

(Supplemental Figure C.5c).

4.4 Conclusion

The films of PS-PEO/PS-PAA diblock copolymer surfactants have been
characterized. The topographs show no difference in range of 200 nm, meanwhile surface
chemistry is different according to % PEO content. XPS technique reveals the existence
of PEO and PAA, moreover the contact angles are distinct at pH 2. CFSM shows trend of
area fractions and nanodomain of PEO and PAA corresponding to PEO content. The
chemical nanodomains are down to subcellular scale (magnitude of 10 pm?). This would
control cell adhesion and differentiation which will be intensively investigated in chapter

5.
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Chapter 5
Adhesive Nanodomain on Block Copolymer-
Based Materials Effects Mesenchymal Stem

Cell Fates

Abstract

Understanding human mesenchymal stem cell (hMSC) differentiation in three-
dimensional matrices in vitro is important for potential stem cell therapies and requires
that scaffolds correctly display the same adhesive heterogeneity as native extracellular
matrix. Here, we report the synthesis and characterization of porous foams prepared by
high internal phase emulsion (HIPE) templating using amphiphilic copolymers that act as
surfactant during the HIPE process. We combine different copolymers exploiting oil-
water interface confined phase separation to engineer the surface topology of foam pores

with nanoscopic domains of cell inert and active chemistries mimicking native matrix.

71
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We further demonstrate the control of protein and hMSC adhesion through specific
copolymer domains and how these ‘patchy’ matrices in turn determine hMSC lineage

specification.

5.1 Introduction

Human mesenchymal stem cells (hMSCs) are multipotent cells with the capacity
to self-renew as well as differentiate into a limited subset of tissue cells. They serve as an
autologous source of cells and play an important therapeutic role, which often requires
the aid of a construct or scaffold to repair of damaged or diseased tissue. Key scaffold
design aspects must mimic native extracellular matrix (ECM) of the body; they must
provide both structural support and intrinsic properties to the cell to influence its behavior
[1], e.g. topography [2], stiffness [3], and cell binding [4]. These cues show exquisite
micro- and nano-scopic organization in vivo [4], and in the absence of traditional growth
factor cocktails, their spatiotemporal presentation alone can regulate cellular behavior,
e.g. adhesion, proliferation, differentiation, and apoptosis [5]. However much of our
understanding of stem cell differentiation relies on in vitro, two-dimensional studies
which could elicit fundamentally different behaviors than physiologically relevant three-
dimensional environments [6]. These studies suggest the need for rationally designed
biomaterials that present cues in a way that reflects ECM’s complexity.

Surface chemistry engineering has dominated recent biomaterials design and
shown how specific surface functionalities are cell adhesive, e.g. carboxyl, amine, or

hydroxide groups [7]. The topological arrangement of such chemistries has an equally
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important effect; the order of nanoscale surface roughness can either maintain hMSC
phenotype [8] or direct differentiation [9] depending on its spacing and size. Clustering of
these sites into a more mimetic and well-spaced arrangement can alter cell adhesion and
spreading [10] but only when sites are adequately spaced to generate forces and further
recruit focal adhesion proteins [11]. While these efforts highlight how nano-scale
topological properties influence cells, most of these studies have been limited to two-
dimensional systems. Three-dimensional scaffolds often present uniform surface
chemistry via surface immobilization or direct crosslinking of a binding motif to the
scaffold, yielding either homogeneous or protein polymer hydrogels [1]. Often however,
these materials have very little control over their surface topology; their topology and the
surface motifs they present can also be substantially different from native ECM [4].
Herein we propose the synthesis of a new class of three-dimensional matrices
using a ‘bottom-up’ approach to better mimic the adhesive heterogeneity of matrix and
thus direct hMSC differentiation in vitro. We propose the combination of high internal
phase emulsion (HIPE) templating with interface confined block copolymer self-
assembly to engineer 3D porous nano-functionalized materials as scaffolds for cell
culture [12,13]. To date, the most utilized HIPE systems are surfactant-stabilized water-
in-oil emulsions, where the oil phase consists of polymerizable monomers [14] or block
copolymers to polymerize nanostructured materials [15,16] or control cell adhesion [17-
19]. Herein, we employ macromolecular surfactants consisting of amphiphilic block
copolymers polystyrene-b-poly(ethylene oxide) (PS-PEO) and/or polystyrene-b-
poly(acrylic acid) (PS-PAA), which we have previously demonstrated in vesicles

undergo interface confined phase separation [20,21] (Fig. 1a), to establish cell adhesive
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Figure 5.1: HIPE Polymerization Scheme. a) Schematic of high internal phase emulsion
templating to form surface cell adhesive and inert domains through amphiphilic block
copolymer phase separation at the oil-water interface. b) Macro- and micro-porosity of
3D foams shown by X-ray micro-computational tomography (left) and scanning electron
micrographs of the foam (center) and its surface structure (right).
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or non-adhesive domains in a scaffold predominantly comprised of PS unlike previous
attempts. Due to the high affinity of the polystyrene block with the matrix, subsequent
polymerization of the oil phase will ensure anchorage of the copolymers in the scaffold
and thereby introduce surface functionality in a 3D foam (Fig. 1b). Stem cells grown on
these foams differentiate in a cell source and lineage-dependent manner, indicating the

complexity of adhesive heterogeneity as a cue for stem cell differentiation.

5.2 Materials and Methods

5.2.1 Preparation of HIPE matrices

The monomer divinylbenzene (DVB) (80% mixed with m- and p-ethyl styrene,
Sigma Aldrich) was passed through a basic alumina column (Fluka, Brockmann activity
I) to remove the inhibitor; p-tert butlycatechol. Potassium persulfate (Sigma Aldrich),
polystyrene-b-poly(ethylene oxide) (PS-PEO, Mw= 22500-27500 g/mol, polydispersity
index, PDI = 1.1-1.3, Sigma Aldrich), Poly(Styrene)-b-poly(acrylic acid) (PS-PAA, Mw=
8100-8500 g/mol, PDI=1.1-1.3, Sigma Aldrich)) and Span 80 (Sorbitan monooleate,
Sigma Aldrich) were all used as received. The monomer: surfactant ratio was maintained
at 2.5x10%:1 for PS-PAA and PS-PEO. PS-PAA was first dissolved in tetrahydrofuran (10
ul/mg) before solubilizing in the monomer. Emulsions with copolymer mixtures at the
indicated molar ratios were prepared (Table 4.1). The aqueous phase, consisting of 0.1
wt/wt % potassium persulfate initiator adjusted to pH 10 with 1M NaOH, was added drop
wise to the oil phase (DVB and surfactant) using a peristaltic pump at a rate of 10

ml/min. Once the aqueous phase was added, the resulting emulsion was stirred for 5
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minutes to homogenize. The emulsion was polymerized at 60 °C for 24 hours. The
resulting foam was then extracted in a soxhlet for 48 hours using a 50/50 v/v% of

deionized water / isopropanol.

5.2.2 Protein adsorption and detection on films

Cylindrical foams of ~12 mm in diameter and ~4 mm thick were placed in a 24-
well tissue culture plate and submerged in the culture media. After 2 hrs in culture media,
foams were rinsed with PBS 3 times. Absorbed protein was dissociated with mRIPA
buffer (1% Triton-X, 1% sodium deoxycholate, 0.1% SDS, 10% glycerol, 0.5 mM
MgCl,, 150 mM NaCl, 50 mM HEPES pH 7.5) plus the protease inhibitor
phenylmethanesulfonylfluoride overnight. Protein concentration within the lysates was
measured by the bicinchoninic acid (BCA) assay (Pierce).

Micro- and nano-scale protein clustering was visualized by immunofluorescence
and CFSM. 100 pg/ml rat plasma fibronectin in PBS was incubated with film samples for
2 hours at 37°C and washed with PBS. For those samples observed by confocal
microscopy, films were incubated with the R457 fibronectin antibody [22,23] in 2% BSA
in PBS (1:500) for an hour at 37°C. After rinsing with PBS, samples were incubated with
an Alexa Fluor® 647-conjugated secondary antibody in 2% BSA in PBS (1:1000) for an
hour at 37°C. A spinning disc confocal fluorescent microscope (BD CARV II, BD
Bioscience) and 60X water-immersion objective was used for image acquisition. For
those samples observed by CFSM, the R457 fibronectin antibody was bound to an AFM
tip using the same chemistry as PLL. All CFSM parameters were described as the same

as the previous paragraph. The scan area was set to 2 x 2 um with 62.5 nm resolution.
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The specific interaction between the antibody and fibronectin was identified from the
rupture force-loading rate graph, providing the threshold as 300 pN, which we have
previously established for fibronectin [24]. Again, area fraction and domain surface areas

were determined using ImagelJ software.

5.2.3 Cell Culture

Human embryonic stem-mesoderm progenitor (hES-MP) cells (Cellartis, UK)
were cultured in basal alpha modified-modified eagle’s medium (Gibco, UK)
supplemented with 10% FBS, 1% penicillin/streptomycin and 0.25% fungizone and
maintained at 37 C and 5% CO,. Media was replenished every 2-3 days and passaged at
70-80% confluency. Human bone marrow derived- mesenchymal stem cells (hBMSC)
(Lonza) were cultured in growth media (20% fetal bovine serum, 79% Dulbecco’s
Minimum Eagle’s Media, and 1% Penicillin-Streptomycin. Passages between 5-10 were

used for all experiments and all cell sources.

5.2.4 MTS assay

Cell viability was examined by the MTS assay on both the hES-MP cells and
hBMSC cultured on scaffolds for 7 days. Experiments were carried out in triplicate.
Growth media was removed and treated with 600 pl of MTS/PMS solution (Promega,
UK) in culture medium at the final concentration of 333 pg/ml and 25 uM respectively
were added to each well. Cells were then incubated for 3 hours at 37°C to let the substrate
react with the dehydrogenase enzyme present in mitochondria. 100 pl of the resulting

solution was transferred to flat-bottomed 96-well plates in duplicate and the absorbance
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was measured at 490 nm. Number of viable cells on the scaffolds was calculated from a
calibration curve using cell densities ranging from 0 to 2.5x10* cells. Student’s t-test was
performed to check for statistical differences in viability across the different surface

chemistries.

5.2.5 DAPI and Texas Red Phalloidin Staining

hES-MP and hBMSC:s cells were cultured on the foams for 7 days. Scaffolds were
washed with PBS, fixed in 3.7% paraformaldehyde for 30 min, washed with PBS twice
before 0.2% Triton-X100 was added to each scaffold for 15 minutes. Scaffolds were
washed with PBS twice and then incubated in Texas Red- or Rhodamine-labeled
phalloidin and 4',6-diamidino-2-phenylindole (DAPI) in PBS (Invitrogen) at room
temperature for 1 hour before washing again in PBS. Scaffolds were mounted and
visualized under either an inverted Zeiss LSM 510 META confocal laser-scanning or BD
CARV 1I spinning disc confocal fluorescent microscope using 10x objective lenses,
respectively. Microscopy was performed in a sequential multiple channel fluorescence
scanning mode. The polystyrene-based foams were auto-fluorescent at 488 nm in the

green channel. Image analysis was performed with NIH ImagelJ software.

5.2.6 Vinculin Expression

hBMSCs were lysated by mRIPA buffer and their proteins separated
electrophoretically. After transferring the proteins onto a nitrocellulose membrane, the
membrane was blocked using a 2% BSA solution in PBS and subsequently incubated

with a primary antibody for vinculin (1:1000, Abcam) followed by an HRP-conjugated
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secondary antibody (Biorad). Protein signal was detected via chemiluminescence on X-

ray film.

5.2.7 Gene expression

Total RNA was isolated from 7 day hES-MP and hBMSC culture using Trizol®
reagent (Introvigen). Reverse transcription was applied using 2-5 pg total RNA to obtain
cDNA for real time-quantitative PCR. A customized Low density Tagman array (Applied

Biosystems; for genes, see Supplemental Tables D1, D2) was used to detect gene
expression analyzed by the relative quantification 22T method [25]. Gene expression

was expressed as a fold change of the cells cultured in each foam versus those

undifferentiated cells maintained on tissue culture plastic plates.

5.3 Results

5.3.1 Surface chemistry modification of foams

HIPEs were produced using combinations of PS-PEO and PS-PAA reported in
Table 1. Note that foams will be referred to by their PEO content, e.g. 25% PEO will be
PEO25, except for pure PS-PAA, which will be referred to as PAA100. As shown in Fig.
1, emulsion templating allows foam porosity to be controlled by droplet interaction.
Scanning electron microscopy (SEM) confirmed that all foams contain microscopic
porosity regardless of polymer composition (Figure 5.2a, left). While void distribution is
polydisperse, no significant differences in void diameters were observed amongst mixed

formulations. Similarly higher resolution SEM images showed that foam composition
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Figure 5.2: Morphologies of Porous Foams and Films. a) Scanning electron micrographs
of the HIPE foams showing microscale void diameters (mean + SD; left) and higher
magnification images to illustrate surface roughness (right). Scale bars are 100 um (left)
and 100 nm (right). b) AFM topographs of films from 20 x 20 (left) and 2 x 2 um scans
(right). Image colormap ranges are 0 — 1 um and 0 — 200 nm. c) X-ray photoelectron
spectra of foams containing only polystyrene-b-poly(ethylene oxide) or polystyrene-b-
poly(acrylic acid) copolymers, i.e. PEO100 and PAA100, respectively. d) Average
contact angles of pH 2 (open circles) and pH 7 (closed squares) deionized water on 3D
foams as a function of the molar ratio of polystyrene-b-poly(ethylene oxide). Mean
comparisons of one group versus all samples have the same symbol, e.g. 1, 2, a, b and c.
Ip < 0.05 from pure polystyrene foams. 2p < 0.05 from all other foams at pH 7. ap <
0.05 from other mixed composition foams but not polystyrene. bp < 0.05 from other
copolymer-containing and pure polystyrene foams. cp < 0.05 from mixed composition
foams PEOS50 through PEO100.
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had no qualitative effect on void surface roughness (Figure 5.2a, right; Supplementary
Figure D.la), allowing any biological response to be compared across the different
matrices without bias. For quantitative comparisons of surface morphology, film
analogues were synthesized and, when interrogated by atomic force microscopy (AFM),
mixtures were found to structurally resemble the foam surface topography regardless of
scan size (Figure 5.2b); maximal height variation was sub-micron for all compositions,
though average surface roughness for single copolymer substrates was slightly higher
(Supplemental Figure C.1a). However, roughness differences between formulations are

less than those previously described to influence differentiation [2].

5.3.1 Surface chemistry and topology effects on hMSC responses

Having characterized its surface chemistry and topology from chapter 4, how
specific surface structures associate with biological function was investigated next.
Adhesion and viability was analyzed for two separate sources of hMSCs: human
embryonic stem cell derived mesoderm progenitors (hES-MP) and primary human bone
marrow derived mesenchymal cells (hBMSC), both which differentiate towards the
adipogenic, myogenic and osteogenic lineages [26,27]. hES-MP and hBMSC viability
was measured after a period of 7 days (Figure 5.3b). It is important to note that hES-MP
viability differences were minimal, indicating little if any scaffold toxicity (Supplemental
Figure D.1), and thus cell adhesion differences occurred as a response to the surface
chemistry. hES-MP and hMSC adhesion and spreading were poor on PEO100 foams
(Figure 5.3a), which is not surprising given PEO’s non-fouling and biologically inert

properties [28]. Interestingly, poor cell adhesion was also seen on ‘sticky’ PAA100
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Figure 5.3: Cell viability and protein adsorption on HIPE scaffolds. a) Ideal phase
separations of PS-PAA (blue regions) and PS-PEO (yellow regions) are shown as a
function of PS-PEO content. Images of nuclear (blue) and filamentous actin (red)
staining of hES-MPs (middle) and hBMSCs (right) cultured for 7 days on the foams
show varying cell attachment and spreading with changing PS-PEO molar ratio. Note
that polystyrene within the scaffolds auto-fluoresces in the green color channel. b)
Average cell number examined by an MTS assay on hES-MP (open circles) and
hBMSC:s (closed rectangles) cultured for 7 days on the 3D foams and plotted versus PS-
PEO molar percent. ¢c) Western blot of vinculin from hBMSCs on foams shown as a
function of PS-PEO molar ratio as well as hBMSCs cultured on tissue culture plastic as a
control. d) Average total protein adsorption per foam volume.
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foams, where the highest cell viability and adhesion would be expected. Instead, cell
spreading was highest for hES-MPs on PEO75 foams. hBMSCs, on the other hand,
preferred foams with copolymer mixtures but not any one specific formulation (Fig 5.3b).
However, immunoblotting for the focal adhesion protein vinculin in hBMSCs revealed
higher expression for cells bound to ‘patchy’ compositions, i.e. PEO50 and PEO75 foams
(Figure 5.3c). Together these data would indicate that while hES-MPs adhere in a
composition-dependent matter, those hBMSCs that bind to the foams are well attached.
We next sought to ask “why cells preferentially adhered to certain surface patterns
over others?” The answer may rest with which PEO/PAA mixture most closely mimics
the natural adhesive heterogeneity of extracellular matrix, providing the appropriate
spatial distribution of cell binding and cell inert domains [4]. First, protein adsorption
from serum-containing media was measured, but no statistical difference was found in
the quantity of serum proteins adsorbed for any foam composition (Figure 5.3d). While
total protein adsorption may not determine how ‘adhesive’ a specific copolymer
composition is to cells, how such proteins might cluster due to specific surface chemistry
may correlate with cell adhesion and ultimately behaviour. In fact when fibronectin
binding to films of PEO75 and PEO25 was examined by confocal microscopy (Figure
5.4a) and CFSM (Figure 5.4b), fibronectin clustering was found to be surface chemistry-
dependant (white regions, Figure 5.4b); the changes in fibronectin’s distribution on the
surface (Figure 5.4c) was found to correspond with area fraction changes previously seen
with PAA, where protein adsorption should occur due to its opposing charge. Fibronectin
bound to PEO75 substrates aggregated into 0.13 um” domains spaced at least 0.52 um

apart (Figure 5.4d), reflecting the smaller adhesive domains of PAA on PEO75
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Figure 5.4: Protein adsorption in cellular scale. €) Immunofluorescent staining of
fibronectin adsorbed on PEO75 (left) and PEO25 (right) films. Brighter regions
represent immobilized fibronectin on the surface. f) Fibronectin adsorption on PEO75
(left) and PEO25 (right) films detected by CFSM over a 2 x 2 um scan size. White
regions represent immobilized fibronectin on the surface. g) Area fraction of fibronectin
adsorption evaluated from CFSM images for foams of indicated PS-PEO content. h)
Average fibronectin domain size determined from CFSM images corresponding to the
indicated PS-PEO content. *p<0.01. i) Rupture force distribution of the fibronectin-
antibody interaction (Fiyresnoa =300 pN; grey shaded region) from fibronectin
immobilized on PEO25 (open bar) and PEO75 (closed bar) films.
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substrate’s surface. On the other hand, larger adhesive domains spaced much closer
together in PEO25 approached the scan size limit (Figure 5.4d) and equated to 50% more
rupture events on PEO25 than PEO75 (Figure 5.4¢), together implying a more uniform
protein coating. Thus it would appear that preferential cell adhesion is likely due to

protein surface clustering.

5.3.2 Surface chemistry and topology effects on hMSC fate

To better understand how copolymer composition could influence hES-MP and
hBMSC fate, cells were seeded onto foams for 7 days and characterized for their
expression of specific lineage markers for known mesenchymal phenotypes in the
absence of soluble induction factors [3,29]. Little difference was observed in genes
specific for the mesenchymal compartment for either cell source (Figure 5.5, MSC;
Supplemental Tables D1, D2). For hBMSCs, no discernable differentiation trend was
observed for more contractile lineages, e.g. myogenic and osteogenic differentiation
(Figure 5.5, Myo and Osteo). However, hBMSC adipogenic genes globally were
upregulated in a domain-dependent matter; highest adipogenic expression occurred on
PEOS50 to PEO100 foams (Figure 5.5, Adipo). hBMSCs at these compositions do not
spread well (Figure 5.3a) but remain adherent (Figure 5.3b), consistent with previous
reports of adipogenesis in poorly spread, less contractile hBMSCs [29]. Volcano plots
indicating statistically different and highly changing hBMSC genes versus
undifferentiated cells, 1.e. p < 0.1 and a greater than 100% change in expression
(Supplemental Figure D.2, bottom; Supplemental Tables D4, D6), show that most genes

meeting these criteria are contractile genes that decrease in expression, again consistent
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Figure 5.5: Gene expression of hES-MPs and hBMSCs cultured on foams for 7 days.
Heat maps of hES-MPs (a) and hBMSCs (d) were separated by genotypic expression of
mesenchymal, adipogenic, myogenic and osteogenic expressions (from top to bottom).
Colour bar represents down- (green) and up-regulation (red) relative to undifferentiated
cells from the same source. Columns within each heat map represent cell responses on
scaffold of 0 - 100 mole percent of PEO (left to right). Heat map rows represent
individual genes, which are listed at right. The average log base-2 fold change for hES-
MPs (b) and hBMSCs (c) are also shown as a function of the mole percent of PEO for
genes of each lineage.
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with a composition-dependent preference for less contractile adipocytes. hES-MPs had
divergent behavior from hBMSCs in that they were well spread (Figure 5.3a) and showed
their greatest change with myogenesis, albeit in a domain-independent manner (Figure
5.5, Myo). Interestingly enough, osteogenic genes were also upregulated but in a domain-
dependent manner (Figure 5.5, Osteo). Volcano plots indicated that genes in hES-MPs
that were highly significantly different from undifferentiated and also highly upregulated
were clustered in the myogenic and osteogenic lineages. Few adipogenic genes exhibited
the same pattern (Supplemental Figure D.2, top; Supplemental Tables D3, D5), consistent

with a lack of global adipogenic differentiation (Figure 5.5, Adipo).

5.4 Discussions

Together these data generate 3D matrices using a strategy that exploits
macromolecular self-assembly and creates chemically and topologically defined surfaces
that illustrate how scaffold patterns can control protein adsorption and thus cell adhesion
in a way that better reflects natural differences in matrix properties. Other systems, which
employ spatially patterned ligands in 2D [17-19,30], have shown differential cell
adhesion, spreading, and migration, but here using interface-confined phase separation of
adhesive domains in a 3D scaffold, we show that such control ultimately affects stem cell

differentiation in a way that appears cell source-dependent.

5.4.1 HIPE template as a scaffold template

A HIPE template provides highly tunable physical and chemical characteristics

suitable for cell growth and proliferation, e.g. pore size, surface roughness, surface
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chemistry, etc. Scaffold pore size for rigid scaffolds typically ranges from 100 to 600 um
to maintain adequate cell infiltration [31,32]; natural biomaterials such as collagen gels
sustain excellent cell adhesion and proliferation despite pore sizes of less than 100 um
[33]. Depending on emulsion parameters, HIPE scaffolds here provided pore sizes
between 40 and 120 um while maintaining sufficient adhesion and infiltration. With
porosity much closer to natural matrices, this suggests that as was observed in 2D
[18,30], adhesive domains may in fact encourage migration into the scaffold despite
lower pore interconnectivity. HIPE templates—especially when composed of a mixture of
copolymers as they were here—have surfaces with a roughness ranging between 10 and 70
nm. Previous reports using roughened surfaces from e-beam lithography show that
substrates with features in excess of 100 nm promote cell adhesion [34] and
differentiation [35]. Roughness most likely induces integrin clustering to some degree
with those substrates. However scaffold surface roughness was less than 100 nm and
relatively composition-independent, indicating that it is not likely to differentially
influence stem cell fate. Clustering induced by other HIPE properties, e.g. adhesive
domains, may account for the cell and focal adhesion assembly differences observed
between the two cell sources here, and this could ultimately affect differentiation.

Most scaffolds with homogeneous surface chemistry do not recapitulate the
heterogeneous adhesivity of natural matrix [4]. More recently, spatially controlled surface
chemistries have been used to better understand how adhesion formation and even
differentiation are affected by heterogeneously distributed adhesions in 2D. RGD
peptides spaced at small intervals (< 50 nm) favor mature adhesions [18,30], spread cells

[19], and osteogenesis [17], whereas larger intervals (> 50 nm) appear to favor an
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adipogenic fate [17] resulting from dynamic adhesions in less spread cells [30]. Given
that the link between cell spreading, shape, and fate is due to differences in membrane
tension [36,37], differentiation control by heterogeneous adhesion sites in 2D would
appear to have mechanical origins. Scaffold adhesive spots detected by CFSM here were
10-fold larger than the largest domains previously reported, and thus they may support
fundamentally different types of adhesions. However despite this size difference, which
may simply be due to detection methods [18,38], hBMSC adipogenesis also correlated
with greater adhesive site spacing, i.e. cells were more adipogenic on scaffolds
containing well-spaced PS-PAA domains. Interestingly, hES-MPs exhibited opposing
behavior, with osteogenesis favored on the same scaffolds. On the other hand, micron-
sized pillars arrays also provide discrete adhesion sites to cells [39], but cell behavior
remains largely unchanged versus continuous surfaces [40]. However, focal adhesion
assembly between these substrates is also qualitatively similar; thus differences observed
here with HIPE scaffolds containing well-spaced PS-PAA domains versus conventional
substrates are most likely the result of adhesive domains reflecting a length scale more

representative of heterogeneously adhesive matrix [4,5].

5.4.2 Differential stem cell differentiation in response to nano-domains

hBMSC differentiation depends on Rho-ROCK-induced contractility [3,36,37]
but ultimately relies on sufficient cell adhesion in order to pull against the matrix [36].
The disparate adhesive behavior and ultimately differentiation responses of hBMSCs and
hES-MPs observed here provides additional evidence that cell source, even between cells

of the same lineage, i.e. mesenchymal stem cells and their progenitors, respectively, can
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influence how cells respond to stimuli. For example, hBMSCs and human adipose-
derived stem cells (hASCs), which share a common background (CD34'CD45
CD90'CD105") [27,41], respond differently to matrix stiffness as hASCs undergo near-
complete differentiation while hBMSCs remain differentiated but somewhat ‘plastic
[41].” Though methylation states for adult stem cells and their progenitors remain similar
[42], using difference cell sources for the same lineage here may have contributed to
difference epigenetic signatures [43] and thus differential responses to adhesive nano-
domains.

Underlying these observations, however, was composition-independent
upregulation of myogenic signals in hES-MPs. While this may further emphasize stem
cell source differences, it more likely highlights the influence of other scaffold
parameters, e.g. stiffness. However, copolymer composition does not influence scaffold
stiffness, and such properties likely cause the composition-independent differentiation
noted here. Changing stiffness by divinyl benzene crosslinking should modulate stiffness

which would enable one to induce other lineages in a stiffness-dependent fashion [3].

5.5 Conclusion

Together these data show a simple and cost effective method to generate three-
dimensional matrices using a strategy that exploits macromolecular self-assembly. This
process results in chemically and topologically defined surfaces that control hMSC
adhesion and differentiation. The work described here illustrates how topological patterns

in a scaffold can control protein adsorption and thus cell adhesion in a way that better
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reflects the natural differences in matrix properties. While the work describes adsorbed
protein on an electrostatically charged foam, the results suggest that chemistries with
tailored presentation of specific cell recognition peptides, e.g. RGD, could more directly
regulate cell-matrix interactions and mimic matrix even better than these PEO/PAA
foams. This work also uses a rigid polystyrene backbone, but as shown with hydrogels,
controlling mechanical properties is critically important [3]; changing the oil phase
monomers to viscoelastic ethylhexyl acrylate or methacrylate [44] or to biodegradable
polycaprolactone [45] and poly(lactic acid) [46], all of which have been previously used
in the HIPE process, could further make these foams more clinically translatable. Finally,
these investigations occurred over one week and were sufficient for cell differentiation,
but current HIPE scaffolds may lack sufficient interconnectivity to support cell growth
over longer time periods relevant for tissue engineering and regenerative medicine.
Regardless of potential modifications, these data show that with careful choice of block
copolymer mixtures, HIPE scaffolds can provide a three-dimensional matrix that presents
a cue, adhesive heterogeneity, which can direct stem cell differentiation in the absence of

specific growth factors.
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Chapter 6

Conclusion

Understanding stem cell differentiation will greatly further its use in regenerative
applications. An adherent stem cell such as a mesenchymal stem cell (MSC) is one of
most promising cell sources for stem cell-based therapy, whether derived from bone
marrow, adipose, etc., as it is multipotent [1], adherent and responsive to the properties of
its niche [2], and thought to be immune privileged [ref]. Given these requirements and
benefits of MSCs versus other stem cell types, a common strategy for regeneration has
been to provide MSCs with substrates that are capable of guiding their differentiation but
which also support cell adhesion. As shown in Chapter 1, the spatial organization of such
adhesion sites is often inappropriately arranged, and the goal of this thesis was to develop
techniques and materials to make and characterize materials that could display adhesive
heterogeneity. Through model materials, the fidelity of high resolution spatial mapping
via atomic force microscopy (AFM) in chapters 2 and 3 and the application of those
methods in chapters 4 and 5 to a foam scaffold and stem cells was tested. As a final

summary, the accomplishments of the work presented in this thesis, the need for the
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improved AFM detection methods used here, e.g. force spectroscopy mapping (FSM),
and its application to stem cell biomaterials will be outlined here.

First it is necessary to comment on the technical improvements in imaging
required for subsequent chapters of this thesis. By using a typical light microscope,
spatial information is limited by the wavelength of light sources. FSM is a solution to
overcome the scale limitation down to tens of nanometers, given that its resolution is only
limited by the quality of the fabrication methods available, which currently can create
nanometer-sized AFM probes. The raw force curve data from FSM includes both
approach and retrace curves corresponding to positions of indentation, which enabled two
modes of imaging shown in chapters 2 and 3. From an approach curve, a physical
property such as elasticity, i.e. the compliance of material resisting to forces, can be
obtained from FSM, which referred to in this thesis as mechanical FSM (MFSM), by
mapping the elastic modulus of each indentation back to its position within a regular
array of positions over an area of interest. While this method can provide a wealth of
information for the user, there are certainly some limitations discussed in the chapter but
which deserve a mention here. For instance, depth-dependent elastic moduli were not
calculated here, but further refinement of the technique and use of linear transform
analysis method that has been recently published [3] should help further refine the
method implemented in this thesis. This refinement and others should help improve our
understanding of cell responses over a range of the stress-strain values relevant to cell
mechanics.

Given suitable functionalization, retraction curves from AFM indentation can also

be analyzed, and their properties mapped using chemical FSM (CFSM). In chapter 3,
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CFSM was made possible by coupling the probe with a fibronectin antibody, and it was
used to test the fidelity of the detection method by probing an artificial pattern of a grid
of squares of fibronectin made from microcontact printing (LCP). The chemical
interaction between protein on the substrate and the ligand-functionalized probe created
binding or adhesive forces between the two, which could be directly measured. With the
appropriate controls, it was possible to then assess whether each retraction curve
contained a bond-breaking event. CFSM therefore provided not just adhesive forces but
with spatial information, the data could be rendered and shown in form of a spectrum of
adhesive forces over area, even in conditions where loading rate and temperature were
varied to probe that bond formation occurred and was measured by this method. With
these parameters optimized, the detection accuracy of CFSM of protein-ligand binding
can be maximized.

CFSM is also a tool that can be used to examine the adhesivity of diblock
copolymer-based materials such as polystyrene-block-poly(ethylene oxide) (PS-PEO)
and polystyrene-block-poly(acrylic acid) (PS-PAA) as shown in chapter 4. Probing with
PLL-functionalized tips, the results showed that nanodomains with a sub-microscopic
interspaced surface chemistry corresponding to %PEQO content can be measured; this
would not be possible with conventional light microscopy due to length scale and
transparency issues. Protein adsorption on the substrate was determined for various
length scales such as bulk adsorption by protein lysate and bicinchonicic acid (BCA)
assay of whole samples, microscopic-scale characterization by immunofluorescence, and
nanoscopic-scale examination by CFSM. The area fractions from immunofluorescence

and CFSM had the same trend as the total amount of protein adsorption detected by the
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BCA assay according to %PEO content; again however, spatial information cannot be
obtained from the BCA assay. The macro- and micro-domain sizes were evaluated by
immunofluorescence, but CFSM was able to show the presence of adhesive
nanodomains. Comparing these data with nano-domains detected by CFSM on uncoated
and coated PEO/PAA films indicated that PAA domains promote protein and thus
adhesive site clustering at least to the same degree as observed in native matrix in chapter
1, albeit with different metrics being used.

Finally, PS-PEO and PS-PAA diblock copolymers were used as surfactants in
scaffolds made from high internal phase emulsion (HIPE) polymerization (shown in
chapter 5). MSCs cultured on the scaffolds of various composition of PEO had different
cell adhesion as shown directly by immunofluorescence and indirectly by vinculin and
actin expression. Meanwhile different cell sources such as human embryonic stem cell-
derived mesenchymal progenitors (hES-MPs) and human bone marrow derived
mesenchymal stem cells (hBMSCs) proliferated and differentiated differently. Evaluated
by gPCR-microarray, only an adipogenic phenotype was found in hBMSCs, yet hES-
MPs displayed a more mixed population with induction of adipogenic, myogenic, and
osteogenic genes. While hBMSC adipogenesis was confirmed by immunofluorescence,
material limitations lead one to only speculate as to why induction of multiple lineages
was observed with hES-MP cells. While other parameters including topography,
stiffness, etc. may have induced the response, it is clear that further investigation is
warranted for these cells, especially considering that other reports claim only osteogenic
differentiation on HIPE scaffolds [4,5]. Yet the differences between the polymerization

methods of the work performed here versus previous reports, such as the use of a rigid
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polystyrene backbone, may indicate some reason for the difference as mechanical
properties is essential for stem cell differentiation [2]. Changing to different monomers
could improve material compliance, yet the proper surfactants should also be considered.
Moreover scaffold connectivity should also be improved by changing the water-oil phase
volume ratio, polymerization temperature, surfactants, and molar ratio of surfactants and
monomer.

The surface mechanical and chemical engineering with intensively investigated in
subcellular scale in this dissertation has been shown the probability to fabricate
biomaterials and regulate mesenchymal stem cell fate. In the aspect of stem cell
engineering, this could be a promising future on the therapeutic stem-cells for

regenerative medicine.
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Appendix A

Supplemental Information for Chapter 2

B
R
Supplemental Figure A.1l: Topographic profile of the surface of Poly (vinyl

pyrrolidone) hydrogel using Atomic force microscopy imagining in liquid. A) 2D image
and B) 3D image.
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Supplemental Figure A.2: Weight Swelling Ratio (q) of Poly (vinyl pyrrolidinone)
hydrogels.
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Weigh Swelling Ratio. Samples of poly (vinyl pyrrolidinone) hydrogels (PVP)
(0.25, 0.5, 0.75. 1.0, 1.5 and 1.75 %) were dried to a constant weight in a laminar flow
hood at room temperature. Pre-weighted dry hydrogel samples (approximately 590mg)
were placed in glass vials containing a solution of Phosphate buffer saline (pH=7.4) at
37+ 2° C. Swelling ratio was determined gravimetrically, for this purpose samples were
removed from the buffer solution and dried superficially at regular intervals of time
before being weighted. The weight-swelling ratio (q) for all the samples is equal to

swollen weight divided by the dry weight of the polymer sample. [1]
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Supplemental Figure A.3: Representative indentations of a 0.5% DEGBAC gels from

soft (gray) and stiff regions (black). Hertz model fit[2] was was used to determine the
elasticity, either soft (green) or stiff (red), of these regions.
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Supplemental Figure A.4: Efficiency of crosslinker polymerization, &, as a function of
DEGBAC crosslinker, was determined for PVP hydrogels (A) using rubber elasticity

theory.[3] Polymerization efficiency was also determined for PAam hydrogels (B) used
in Figure 2.5. Black bars indicate the total range of crosslinking efficiencies measured.
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Appendix B

Supplemental Information for Chapter 3

AFM Tlp Fibronectin Patterned Substrate

Pre-Force Mapping

Post-Force Mapping

Supplemental Figure B.1: Fluorescent images of the antibody-functionalized AFM tip
and fibronectin patterned substrate before and after undergoing force spectroscopy
mapping are shown. Note that there is only a marginal change in the fluorescence signal
on the tip post-mapping and no change in the fibronectin patterned substrates.
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Appendix C

Supplemental Information for Chapter 4

C.1 Additional Materials and Methods

C.1.1 Topographical imaging by AFM

Tapping mode atomic force microscopy (TM-AFM) was applied to determine
height images of 2D polymer surfaces. All samples were examined in distilled water at
pH 7 at room temperature on MFP3D-BIO atomic force microscope (Asylum Research;
Santa Barbara, CA) with acoustic and vibration isolation. A gold-coated, pyramidal AFM
tip (TR400PB; Olympus; Center Valley, PA) with a nominal radius of 40 nm, half-angle
of 35°, and spring constant of 20pN/nm was then used in TF-AFM to image the surfaces.
TM-AFM images were made with a set point to resting amplitude ratio (A/Ay) of 0.5, Ay
~ 1V, drive frequency of ~22 kHz for the tapping, scan rate at 0.5 Hz, and a 512x512
image resolution for scan sizes of 2x2 and 20x20 pm’. Surface roughness was
determined by Igor-pro software (Wavemetrics; Portland, OR) following the formula of

height root mean squared:

RMS = \/Zy*/n Equation (C.1)
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C.1.2 Chemical Force Spectroscopy Mapping

Functionalized cantilevers were calibrated before indenting samples to account
for batch-to-batch variability in tip functionalization. Using 100% PS-PEO (large
adhesion forces) and 100% PS-PAA (minimal adhesion forces), force maps of 16x16
resolution over 20x20 pm” were performed so that adhesive forces could be internally
calibrated to each cantilever. After calibration, the adhesive forces lower than one
standard deviation from the average adhesion of the 100% PS-PEO map were set as non-
adhesive regions. Those low tip interaction forces also overlapped with the maximum
forces measured from the 100% PS-PAA map, and thus we determined this threshold for
to be an acceptable definition of adhesion versus non-specific adhesion (see
Supplemental Fig. 3). Using this definition, a distribution of the normalized adhesion
forces was generated from all images (Fig. 3, top right) and the ratio of adhesive to total
area was determined for each image, i.e. the PEO area fraction (Fig. 3, bottom left). A
nano-domain, calculated by ImageJ software, was defined as at least 4 adjacent data
points higher or lower than the threshold in the case of PEO or PAA domains,

respectively (Fig. 3, bottom right).
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C.2 Supplemental figures
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Supplemental Figure C.1: Surface Characterization. RMS surface roughness on 2 pm x
2 um area of (a) 3D foams and (b) 2D films. Table of Atomic percentages of XPS of (c)
PEO100 and (d) PAA100.

a Poly-L-Lysine (PLL) _ b
coated tip |\ No Adhesion
Z bl
£
\/ ®
"NH g
BS3 ?O S
<4 Adhesion Force
AN
" " Substrate of diblock Z Displacement (mm)

copolymer material

Supplemental Figure C.2: Chemical Force Spectroscopy Mapping (CFSM) (a) Probe of
chemical force microscopy mapping which is covalently bond to bis[sulfo-succinimidyl]
suberate (BS3) and poly-l-lysine (PLL). (b) Force curves of chemical force microscopy
mapping with (bottom) and without (top) interaction between probe and surfaces.
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Supplemental Figure C.3: Force Histograms. Adhesive force threshold estimation to
distinguish between PAA and PEO by normal distribution curves of PAA100 surface and

PEO100 surface
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Supplemental Figure C.4: Adhesion maps. Example of chemical force maps of 20 x
20pum” corresponding to combination between PAA and PEO.
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Supplemental Figure C.5: Domain Spacing. (a) The distribution of inter-domain
spacing for PAA domains in a sample film. (b) Minimum distance between PEO domains
as a function of bulk PEO composition. (¢) Schematic relationship between inter-domain
spacing and domain size. The dark gray arrow indicates the observed behavior of PEO:
with increasing PEO content, PEO domain size increases while inter-domain spacing
decreases.



Appendix D

Supplemental Information for Chapter 5

D.1 Preparation of 3D scaffolds for cell culture

For 3D experiments, circular scaffolds off all compositions (1.2 cm in diameter
and 0.3-0.5 cm in height) were first sterilized in 70% ethanol overnight and then washed
with PBS three times. Scaffolds were then pre-wet prior to seeding at a density of 10
cells per scaffold in total volume of 50 pl to allow maximum cell attachment. Cells were
then incubated at 37 °C for 1 hour before media (1ml/well) was added. Media was
replenished every 2 days. Note that no soluble induction factors were used in any

experiments.

D.2 SEM and Image analysis

Scaffold morphologies were characterized by scanning electron microscopy.
Fractured segments from various parts of the foam were mounted on an aluminum stub
with a sticky carbon pad. Samples were gold coated (approx 15-20 nm) using an
Emscope SC 500 A sputter coater unit and viewed with an FEI Inspect F field emission
gun scanning electron microscope. Samples were viewed at an accelerating voltage of
5kV and a spot size of 3.0.

Porosities of the scaffolds were measured from SEM micrographs using the image

analysis software Image J (NIH Image). A random selection of 100 voids were measured
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from several micrographs of the same foam to obtain a more representative
measurements. The assumption that the fractures of the segments exactly bisect the voids
is made, which means that the measured values are all underestimates of the true value.
Therefore a statistical correction is introduced[1]. This was done by evaluating the
average of the ratio R/r, where R is the equatorial void diameter and r is the measured
diameter on the micrograph (see figure). The statistical factor is calculated using the
following formula:

h2=R2-12 Equation (D.1)
Where the probability of the sectioning takes place at a distance given by h, from the
centre of the void is the same for all values of h. This means that the average probability
h is R/2. By substituting this in the above equation we get R/r = 2(1/3), which is the
statistical correction. By multiplying this number to the measured diameters, a more
representative value is obtained. Surface roughness of 3D foams was measured by image

analysis using Image J.

D.3 Micro-Computational Tomography

To evaluate the porosity of the scaffolds micro CT analysis was performed using
SkyScan 1172 high-resolution scanner. Scaffolds with a diameter of 1.4 cm and height of
2-3mm were used. The applied X-Ray voltage was 35kV and no filter was used. The
pixel size (resolution) was 1.7um. A total of 1400 scans were achieved and reconstructed
using the SkyScan micro-CT analysis software package. Circular regions of interest

(diameter=1.25 mm, height= 0.6 mm) were chosen and 3D models were generated using
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the adaptive rendering algorithm available in the SkyScan software which also calculated

scaffold open porosity, closed porosity, volume and pore strut thickness.

D.4 Supplemental results
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Supplemental Figure D.1: Toxicity testing of scaffolds of copolymer mixtures
compared with 2D and Span 80 controls. Scaffolds were soaked in basal medium for 5
days, cells seeded were then treated with this conditioning media as they were plated and
an MTT assay was performed 24 hours later to test for toxicity.
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Supplemental Figure D.2: Volcano plots of the base-2 logarithm of fold change comparing
with undifferentiated cell cultured on tissue culture plate against negative base-10 logarithm
of P-value. The horizontal red dot line represents the significant value at P = 0.1, meanwhile
the vertical represents the fold change of 2. High light in red circles, green triangles, and blue
rectangles are adipogenic, myogenic, and osteogenic expression of human embryonic stem
cell-derived mesenchymal progenitor (top graph) and human bone marrow-derived
mesenchymal stem cell (bottom graph).
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Supplemental Table D.1: Data of heat map of hES-MP gene expression after 7 days in
culture on the indicated foams. All data is displayed as a fold change from
undifferentiated cells.

Symbol-GID Description PAA100 | PEO25 PEO50 PEOT75 PEO100 | Note
CD4- CD4 antigen (p55) 1.370116 | 3.207447 | 1.288065 | 0.871861 | 0.833891 | MSC-like
Hs00181217_ml

CD44- CD44 antigen 1.176511 | 2.001224 | 1.483954 | 1.134273 1.43661 | MSC-like
Hs01075861 _ml

CD9- CD9 antigen (p24) 1.229727 | 1.684523 | 1.662585 | 0.516272 | 0.686614 | MSC-like
Hs00233521 ml

ITGA1- Integrin, alpha 1 -0.34598 | 0.84502 | -0.15684 | 0.689366 | -0.18697 | MSC-like
Hs00235030 _ml

ITGA2- Integrin, alpha 2 1.748009 | 2.602612 | 2.182825 | 1.009742 1.94884 | MSC-like

Hs00158127 ml (CD49B, alpha 2
subunit of VLA-2

receptor)
ITGA3- Integrin, alpha 3 0.998752 | 0.900416 | 1.244429 | 1.114809 | 1.265821 | MSC-like
Hs01076873 ml (antigen CD49C)
ITGA4- Integrin, alpha 4 -1.33921 | -0.37502 | -0.60694 | -0.35844 | -0.74294 | MSC-like
Hs00168433 ml (antigen CD49D)
IL2RA- Interleukin 2 receptor, 1.210702 | 2.089822 0.02299 | -0.84001 | 11.65834 | MSC-like
Hs00907778 ml | alpha (IL2RA)
CD34- CD34 antigen -1.28782 | 1.352201 | 0.323038 | 0.898934 | 0.952242 | MSC-like
Hs02576480 ml
PTPRC- Protein tyrosine -0.53591 | 1.689225 | -1.72363 | -2.58662 | -0.09922 | MSC-like
Hs00236304 _ml phosphatase, receptor

type, C
ENG- Endoglin; CD105 1.074315 | 1.405897 | 1.005838 | 0.625478 | 1.149467 | MSC-like
Hs00923986 ml
THY1- Thy-1 cell surface 1.342088 | 0.568154 | 1.085017 | 0.423678 | 0.635098 | MSC-like
Hs00174816 ml antigen
PAX3- Paired box gene 3 6.127621 | 4.307693 | 5.631713 | 0.983098 2.78054 | Myo-like
Hs00992437 ml
PAX7- Paired box gene 7 -1.07343 | 1.687007 | 2.817901 | 3.669572 | 1.654872 | Myo-like
Hs00242962 ml
MYOD1- Myogenic Factor 3 4.07241 | 2.089822 0.02299 | -0.84001 | 0.298948 | Myo-like
Hs00159528 ml | (MYODI1)
MYOG- Myogenic Factor 4 0.802932 | 4.779949 | -3.69376 | 2.824708 3.91242 | Myo-like
Hs01072232 ml (Myogenin)
MYF5- Myogenic Factor 5 3.806667 | -3.00146 | 7.241888 | 13.18011 | 1.483662 | Myo-like
Hs00271574 ml
MYFeo- Myogenic Factor 6 5.932363 | 2.089822 | 8.570708 | -0.84001 | 5.620987 | Myo-like
Hs00231165 ml | (herculin)/Mrf4
MEOX2- Mesenchyme homeo 3.978212 | 2.089822 0.02299 | -0.84001 10.9817 | Myo-like

Hs00232248 ml box 2 (growth arrest-
specific homeo box)

FOXKI1- Forkhead box K1 0.429692 | 0.142743 | 0.743707 | 0.533281 | 1.036883 | Myo-like
Hs01595620 ml | (KIAA0415)/MNF
MSTN- Growth differentiation 6.655553 | 5.731352 6.52493 | 6.472233 | 3.562145 | Myo-like
Hs00976237 ml factor 8

(GDF8)/myostatin
MEF2A- MADS box -0.45182 | 1.829737 | 0.954687 1.25474 1.1662 | Myo-like

Hs00271535_ml1 transcription enhancer
factor 2, polypeptide A
LOC729991- MADS box 0.352557 | 0.144381 | 0.684146 | 0.829969 | 1.224284 | Myo-like
MEF2B;MEF2B- | transcription enhancer
Hs01021286_ml factor 2, polypeptide B

MEF2C- MADS box 1.435345 | 1.414376 | 1.624878 | 0.842315 | 1.328415 | Myo-like
Hs00231149 ml transcription enhancer
factor 2, polypeptide C
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Supplemental Table D.1: Data of heat map of hES-MP gene expression after 7 days in
culture on the indicated foams. All data is displayed as a fold change from
undifferentiated cells. (continue)

Hs00195437_ml

against DPP homolog 5

Symbol-GID Description PAA100 | PEO25 PEO50 PEO75 PEO100 | Note
MEF2D- MADS box 0.744234 | 2.122654 | 1.382121 | 0.937969 1.0437 | Myo-like
Hs00232237_ml1 transcription enhancer

factor 2, polypeptide D
GRB2- Growth factor receptor- | 1.517617 | 2.076399 | 1.458747 1.00447 | 1.284202 | Myo-like
Hs00157817_m1 | bound protein 2
DES- Desmin -0.07962 | -0.62614 | -1.26241 | -0.42643 | -1.62812 | Myo-like
Hs00157258 ml
MSX1- Msh homeo box 0.806522 | 0.952505 | 1.657293 | 0.941516 | 1.899899 | Myo-like
Hs00427183 ml | homolog 1
MSX2- Msh homeo box 0.238 | 1.107536 | 0.786418 -0.1385 0.93713 | Myo-like
Hs00741177 _ml homolog 2
LBXI- Ladybird homeobox 0.522552 | 0.709087 | 0.072645 | 0.291362 | -2.31762 | Myo-like
Hs00198080 ml homolog 1
NRAP- Nebulin-related 1.210702 | 2.089822 0.02299 | -0.84001 | 0.298948 | Myo-like
Hs00328987 ml anchoring protein
MYOT- Titin immunoglobulin -8.27747 -4.494 | -8.09781 | -6.86087 | -8.43879 | Myo-like
Hs00199016_m1 | domain protein

(myotilin)
TTN- Titin 1.210702 | 2.089822 | 2.386893 | -0.84001 | 1.402737 | Myo-like
Hs00399225 ml
CDH15- Cadherin 15, M- 1.210702 | 6.980902 0.02299 | 9.540572 | 0.298948 | Myo-like
Hs00170504 m1 cadherin (myotubule)
ITGBI1- Integrin, Beta 1D 0.088255 | 0.847759 | 0.314917 | 0.222432 | 0.069572 | Myo-like
Hs01127543 ml
ITGA7- Integrin, Alpha 7 1.144128 | 0.232152 0.45989 | -0.12575 | -1.65607 | Myo-like
Hs01056475 ml (Muscle)
RUNX2- Core Binding Factor -0.04613 | 1.116269 0.29063 | 0.457558 | 0.965867 | Osteo-like
Hs01047976_ml | Alpha |
CDHI11- Cadherin 11, type 2, -0.19213 | 0.391462 | -0.10014 | 0.248083 | -0.24644 | Osteo-like
Hs00901475_m1 | OB-cadherin

(osteoblast)
SPP1- Secreted 2.486393 | 3.239134 | 3.664667 | 2.603084 | 2.966988 | Osteo-like
Hs00959009 m]1 phosphoprotein 1

(osteopontin)
TFIP11- Tuftelin interacting 0.771565 | 2.062508 | 1.155049 | 0.443461 | 0.751975 | Osteo-like
Hs00201749 ml | protein 11
TWISTI- Twist homolog 1 0.510055 | 0.994984 | 0.979656 | 0.740772 | 0.234266 | Osteo-like
Hs00361186_m]1 (acrocephalosyndactyly

3)
TWIST2- Twist homolog 2 4.580946 | 6.480531 | 2.331914 | 0.824672 | 0.721357 | Osteo-like
Hs00382379_ml
SOX9- SRY (sex determining 1.044182 | 0.796241 | 1.926098 | 1.555717 | 1.698624 | Osteo-like
Hs00165814 ml | region Y)-box 9
SMADI- SMAD, mothers 0.144588 | 0.631538 -0.1777 | 0.085283 | 0.155667 | Osteo-like
Hs00195432_ml against DPP homolog 1
SMAD2- SMAD, mothers 0.351553 | 1.364225 | 0.513051 | 0.270203 | 0.445436 | Osteo-like
Hs00183425 ml against DPP homolog 2
SMAD3- SMAD, mothers -0.03329 | 0.989969 | 0.694163 | 0.744128 | 0.764377 | Osteo-like
Hs00232222 ml | against DPP homolog 3
SMAD4- SMAD, mothers -0.00774 | 0.701569 | -0.00271 | 0.116345 -0.0424 | Osteo-like
Hs00929647_m1 against DPP homolog 4
SMADS- SMAD, mothers 0.204285 | 1.051782 | 0.627987 | 0.227967 | 0.683526 | Osteo-like
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Supplemental Table D.1: Data of heat map of hES-MP gene expression after 7 days in
culture on the indicated foams. All data is displayed as a fold change from
undifferentiated cells. (continue)

Symbol-GID Description PAA100 | PEO25 PEO50 PEO75 PEO100 | Note
SMADG6- SMAD, mothers 1.523452 | 0.319158 | 1.659174 | 0.949842 | 1.287539 | Osteo-like
Hs00178579_ml1 against DPP homolog 6
SMAD7- SMAD, mothers 0.411051 -0.781 | 0.337799 | -0.12491 | 0.078205 | Osteo-like
Hs00998193 ml against DPP homolog 7
SMAD9Y- SMAD, mothers -0.41438 | -0.29953 | 0.121894 | 0.072878 | 0.300673 | Osteo-like
Hs00195441 ml against DPP homolog 9
VDR- Vitamin D receptor -0.18337 -0.245 | -0.04795 | 0.292137 | 0.574133 | Osteo-like
Hs00172113_ml | (1,25-
dihydroxyvitamin D3)
BGLAP;PMF1- Bone gamma- 1.291338 | 1.123254 | 1.126962 | 0.393117 1.12273 | Osteo-like
BGLAP- carboxyglutamate (gla)
Hs00609452 g1 protein (osteocalcin)
BMP1- Bone morphogenetic 0.194126 -0.2465 | -0.05183 | 0.339318 | 0.138458 | Osteo-like
Hs00241807 ml protein 1
BMP2- Bone morphogenetic -0.19121 | 1.838459 | 2.071197 | 1.080267 | 1.610882 | Osteo-like
Hs01055564 m1 | protein 2
BMP3- Bone morphogenetic -2.03472 | -5.01265 | -6.31602 | -6.16644 | 3.178457 | Osteo-like
Hs00609638 ml protein 3
BMP4- Bone morphogenetic -1.16564 | 1.209286 | -1.12888 -2.5328 | -0.48264 | Osteo-like
Hs00370078 ml protein 4
BMPS5- Bone morphogenetic 7.703177 | 4.572305 | 2.185741 | 6.525733 | -2.62943 | Osteo-like
Hs00234930 ml protein 5
BMP6- Bone morphogenetic 7.738475 | 7.984426 | 7.112194 | 5.675396 | 5.317488 | Osteo-like
Hs01099594 ml | protein 6
BMP7- Bone morphogenetic 3.043535 | 0.802279 3.64567 -0.7133 | -6.46586 | Osteo-like
Hs00233476 _ml protein 7 (osteogenic
protein 1)
BMP8B;BMP8A- | Bone morphogenetic -6.16931 | -8.43494 | -6.62353 | -10.8985 -9.8516 | Osteo-like
Hs00236942 ml protein 8b (osteogenic
protein 2)
BMPRI1A- Bone morphogenetic 0.597017 | 1.840109 | 0.642963 | 0.430449 | 0.656216 | Osteo-like
Hs01034909 g1 protein receptor, type
1A
MGP- Matrix Gla protein 4.095873 | 1.221681 | 4.963249 | 1.142971 | 0.843895 | Osteo-like
Hs00179899 ml
COL1Al- Collagen, type I, alpha -0.45081 | -0.26598 | -0.64372 | 0.046753 -0.4184 | Osteo-like
Hs00164004_m]1 1
COL1A2- Collagen, type I, alpha -0.16931 0.05346 | -0.45877 | 0.393743 | 0.222525 | Osteo-like
Hs01028970_ml | 2
COL3A1- Collagen, type 3, alpha | -0.95812 | -0.58057 -1.4792 | -0.50082 | -0.85869 | Osteo-like
Hs00164103_ml 1
DLKI- transmembrane protein -1.51341 | -0.63429 | 0.305733 | -0.76796 | -2.42517 | Preadipocyte
Hs00171584_m1 containing six
epidermal growth
factor repeats
PPARG- peroxisome 2.884077 | 1.902169 | -5.13058 | -1.32321 | 0.181024 | Early
Hs01115510_m1 | proliferator-activated Adipose
receptor (PPAR)
CEBPA- modulates the 1.109925 | 3.260406 | 1.697435 | 1.183068 | 2.677248 | Early
Hs00269972_s1 expression of the gene Adipose
encoding leptin
CEBPB- modulates the 0.20261 | 0.930149 | 0.697707 | 0.206839 | 0.421634 | Early
Hs00270923_s1 expression of the gene Adipose
encoding leptin
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Supplemental Table D.1: Data of heat map of hES-MP gene expression after 7 days in
culture on the indicated foams. All data is displayed as a fold change from

undifferentiated cells. (continue)

hematopoietic cell
lineage

Symbol-GID Description PAA100 | PEO25 PEO50 PEO75 PEO100 | Note

KLF15- Regulation of -0.18834 | 5.92683 2.97898 | 2.368645 0.10195 | Early

Hs00362736 ml gluconeogenesis Adipose

FABP4- fatty acid binding 0.572557 | 0.424745 | 0.732056 | 1.023433 | 1.456367 | Early

Hs01086177_ml | protein found in Adipose
adipocytes; aP2

SREBF1- sterol regulatory 1.750349 | 2.166658 1.48862 | 1.014325 | 1.389521 | General

Hs00231674 ml | element binding Adipose
transcription factor 1

GPDIL- metabolism gene 0.315069 1.07094 | 0.324758 -0.1343 | 0.227317 | Mid

Hs00380515 ml Adipose

LPL- lipoprotein lipase, -4.2548 | -3.37568 | 2.977596 | 6.277777 | 0.493999 | Mid

Hs01012569 ml | which is expressed in Adipose
adipose tissue

NRI1H3- The liver X receptors, 0.126815 | 1.287173 | 0.285751 | -0.19987 | 0.073988 | Late

Hs00172885 ml LXRA Adipose

LEP- a protein that is 2.016579 | 3.978195 | 6.897295 | 7.205626 | 5.162063 | Late

Hs00174877_ml secreted by white Adipose
adipocytes

ADIPOQ- C1Q and collagen 3.49098 | 6.730573 | -1.24541 | 3.660935 -0.2521 | Late

Hs00605917_m1 domain containing, Adipose
transcript variant 1

LIPE- hydrolyzes stored -1.77349 | -0.89437 | -2.96121 -3.8242 | -2.68525 | Late

Hs00193510_ml1 triglycerides to fatty Adipose
acids

GATA2- Development and 2.087541 1.62549 | 2.431866 | 0.590451 | 0.605632 | Adipose

Hs00231119 ml proliferation of inhibition
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Supplemental Table D.2: Data of heat map of hBMSC gene expression after 7 days in
culture on the indicated foams. All data is displayed as a fold change from
undifferentiated cells.

MEF2B;MEF2B-
Hs01021286 ml

transcription enhancer
factor 2, polypeptide B

Symbol-GID Description PAA100 | PEO25 PEO50 PEO75 PEO100 | Note
CD4- CD4 antigen (p55) -0.3581 | 0.182879 | 1.075528 | 0.555306 | 1.419881 | MSC-like
Hs00181217 ml
CD44- CD44 antigen -1.69894 | -1.58436 | -1.30946 | 0.051323 | -0.95124 | MSC-like
Hs01075861 ml
CD9- CD?9 antigen (p24) 0.016082 | -0.02829 | 1.035952 | 0.627881 | 0.609183 | MSC-like
Hs00233521 ml
ITGAL- Integrin, alpha 1 -0.12986 | -0.30247 | 0.761468 | 0.354624 | 1.081878 | MSC-like
Hs00235030 ml
ITGA2- Integrin, alpha 2 -0.97742 | -0.14779 | -0.79073 | -0.74177 -0.0253 | MSC-like
Hs00158127_ml | (CDA49B, alpha 2

subunit of VLA-2

receptor)
ITGA3- Integrin, alpha 3 -1.87828 | -1.40407 | -1.45589 | -0.25127 | -1.16099 | MSC-like
Hs01076873_ml (antigen CD49C)
ITGA4- Integrin, alpha 4 -1.38923 | -1.27486 | 0.042655 | -0.08828 | -0.41217 | MSC-like
Hs00168433_ml (antigen CD49D)
IL2RA- Interleukin 2 receptor, -0.27575 | 0.144836 | 3.618489 | 3.446586 | 3.098924 | MSC-like
Hs00907778 ml alpha (IL2RA)
CD34- CD34 antigen 8.815919 | -1.89793 | 5.179718 | 2.597715 | 2.564563 | MSC-like
Hs02576480 ml
PTPRC- Protein tyrosine 1.06202 | 0.779927 0.96667 | 1.225246 | -1.26658 | MSC-like
Hs00236304_m1 phosphatase, receptor

type, C
ENG- Endoglin; CD105 -0.84575 | -0.49383 | -0.56146 | -0.81664 | -0.26133 | MSC-like
Hs00923986 ml
THY1- Thy-1 cell surface -0.24643 | -0.37525 | 0.186892 | -1.26197 0.48163 | MSC-like
Hs00174816 ml antigen
PAX3- Paired box gene 3 -7.26863 | 0.943432 | 3.697392 -6.7455 | -2.38201 | Myo-like
Hs00992437 ml
PAX7- Paired box gene 7 -6.55432 | -5.22413 -5.8827 | -1.80029 | 2.262515 | Myo-like
Hs00242962 ml
MYOD1- Myogenic Factor 3 7.617104 | 1.484291 | 3.618489 | 7.960193 | 12.31357 | Myo-like
Hs00159528 ml | (MYODI1)
MYOG- Myogenic Factor 4 -1.91457 | 1.064908 | -4.81726 | -9.79653 | -4.25505 | Myo-like
Hs01072232 ml (Myogenin)
MYFS5S- Myogenic Factor 5 -7.16159 | -6.80757 | -3.51702 | -3.70297 | -3.90224 | Myo-like
Hs00271574 ml
MYFeo- Myogenic Factor 6 -2.62201 | -4.48743 | 0.756035 | -3.80419 | 2.140323 | Myo-like
Hs00231165_ml | (herculin)/Mrf4
MEOX2- Mesenchyme homeo -2.17337 | -2.38235 | -1.79125 | -2.34472 | -1.56271 | Myo-like
Hs00232248 ml box 2 (growth arrest-

specific homeo box)
FOXK1- Forkhead box K1 -0.43145 | 0.192885 -0.7444 | -1.00525 | -0.20975 | Myo-like
Hs01595620 m1 | (KIAA0415)/MNF
MSTN- Growth differentiation -1.90648 | -1.58126 1.99061 | 8.713626 | 0.995899 | Myo-like
Hs00976237 ml | factor 8

(GDF8)/myostatin
MEF2A- MADS box -2.06734 -1.7991 | 0.304348 | -0.20354 | -0.53041 | Myo-like
Hs00271535_ml | transcription enhancer

factor 2, polypeptide A
LOC729991- MADS box -1.06783 -0.1149 | 1.321734 | 0.976495 | 0.553852 | Myo-like
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Supplemental Table D.2: Data of heat map of hBMSC gene expression after 7 days in
culture on the indicated foams. All data is displayed as a fold change from
undifferentiated cells. (continue)

Hs00195437_ml

against DPP homolog 5

Symbol-GID Description PAA100 | PEO25 PEO50 PEO75 PEO100 | Note
MEF2C- MADS box -0.83174 | -0.34533 | 0.799489 | 0.282248 | 0.194034 | Myo-like
Hs00231149 ml transcription enhancer

factor 2, polypeptide C
MEF2D- MADS box -1.52622 | -1.09989 | -1.36074 | 0.004251 | -1.68927 | Myo-like
Hs00232237 _ml transcription enhancer

factor 2, polypeptide D
GRB2- Growth factor receptor- | -0.93835 | -0.65278 | -1.26412 | -1.35081 | -0.83579 | Myo-like
Hs00157817 ml bound protein 2
DES- Desmin -1.91247 | -1.59379 | 0.868937 | 0.210477 | 0.039018 | Myo-like
Hs00157258 ml
MSX1- Msh homeo box -1.8495 | -1.06113 | 1.061701 | 0.425811 | 0.183023 | Myo-like
Hs00427183 ml | homolog 1
MSX2- Msh homeo box -0.98131 | -0.82331 | 1.436416 | 1.124278 | 0.978967 | Myo-like
Hs00741177 _ml homolog 2
LBX1- Ladybird homeobox -1.02027 | -1.27384 -2.7652 | -3.57012 | 0.062493 | Myo-like
Hs00198080 ml homolog 1
NRAP- Nebulin-related -0.27575 | 1.832231 | 5.363151 | 3.446586 | 3.098924 | Myo-like
Hs00328987 ml anchoring protein
MYOT- Titin immunoglobulin 3.443817 | 2.889356 | 6.718237 | 6.425289 | 7.572484 | Myo-like
Hs00199016_m1 domain protein

(myotilin)
TTN- Titin -1.4869 | 0.035057 | 0.555714 | 0.396412 | -0.16059 | Myo-like
Hs00399225 ml
CDH15- Cadherin 15, M- 0.300888 | 1.356411 | 3.209232 | 3.359377 | 2.716261 | Myo-like
Hs00170504_m1 cadherin (myotubule)
ITGBI1- Integrin, Beta 1D -0.77739 | -0.50795 | -0.73643 | -0.59436 | -0.77324 | Myo-like
Hs01127543 ml
ITGA7- Integrin, Alpha 7 -0.16424 | -0.06341 | -0.05761 | -0.35267 | 0.557487 | Myo-like
Hs01056475 ml (Muscle)
RUNX2- Core Binding Factor -1.20235 | -0.97769 | -0.59695 | -0.92875 | 0.247459 | Osteo-like
Hs01047976 ml Alpha 1
CDHI11- Cadherin 11, type 2, -0.07321 -0.1918 | -0.78809 | -1.10375 | 0.002212 | Osteo-like
Hs00901475_m1 | OB-cadherin

(osteoblast)
SPP1- Secreted 0.113006 | 0.61608 | 1.096847 | 0.698387 1.29308 | Osteo-like
Hs00959009 ml1 | phosphoprotein 1

(osteopontin)
TFIP11- Tuftelin interacting -1.29407 | -0.57954 | 8.844891 | -1.70112 | -1.26342 | Osteo-like
Hs00201749 ml | protein 11
TWIST1- Twist homolog 1 -1.67874 | -1.63912 | -0.84953 | 4.061803 -0.3916 | Osteo-like
Hs00361186_m]1 (acrocephalosyndactyly

3)
TWIST2- Twist homolog 2 -2.34131 | -1.33639 | 0.091052 | -0.41669 | -0.56599 | Osteo-like
Hs00382379_ml
SOX9- SRY (sex determining -0.70455 | -0.04775 | 1.519516 | -0.34628 | -0.29204 | Osteo-like
Hs00165814 ml region Y)-box 9
SMADI- SMAD, mothers -0.74971 | -0.40756 | 0.017103 | -0.34811 | 0.825451 | Osteo-like
Hs00195432 ml against DPP homolog 1
SMAD2- SMAD, mothers -0.60235 | -0.29284 | -0.28729 | 0.337346 | -0.91646 | Osteo-like
Hs00183425 ml | against DPP homolog 2
SMAD3- SMAD, mothers -0.99928 | -0.85093 | -0.25278 | -0.72234 | -0.90156 | Osteo-like
Hs00232222 ml against DPP homolog 3
SMAD4- SMAD, mothers -0.58042 | -0.49812 | -0.08326 | -0.35294 | -0.78379 | Osteo-like
Hs00929647_ml against DPP homolog 4
SMADS- SMAD, mothers -0.8708 | -0.45137 | 0.064817 | -1.30945 | -0.03714 | Osteo-like
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Supplemental Table D.2: Data of heat map of hBMSC gene expression after 7 days in
culture on the indicated foams. All data is displayed as a fold change from
undifferentiated cells. (continue)

Symbol-GID Description PAA100 | PEO25 PEO50 PEO75 PEO100 | Note
SMADG6- SMAD, mothers -0.41518 | -0.36143 | -0.48225 | -0.66578 | -1.00824 | Osteo-like
Hs00178579_m1 against DPP homolog 6
SMAD7- SMAD, mothers -0.89583 | -0.30587 | -0.81675 | -0.85441 | -1.16594 | Osteo-like
Hs00998193 ml | against DPP homolog 7
SMAD9Y- SMAD, mothers -1.30113 | -1.01052 | 0.017376 -0.3197 | -0.58497 | Osteo-like
Hs00195441 ml against DPP homolog 9
VDR- Vitamin D (1,25- -1.05648 | 0.512155 | 1.148759 1.08401 0.33256 | Osteo-like
Hs00172113_m1 dihydroxyvitamin D3)

receptor
BGLAP;PMF1- Bone gamma- 0.660511 | 0.690119 | 0.518204 | 0.159073 | 1.316141 | Osteo-like
BGLAP- carboxyglutamate (gla)
Hs00609452 gl protein (osteocalcin)
BMP1- Bone morphogenetic -0.37171 | 0.168888 | -0.01335 | -0.28265 | -0.62788 | Osteo-like
Hs00241807 _m1 protein 1
BMP2- Bone morphogenetic 0.874271 | 1.898101 | 2.522018 | 2.658316 | 2.132833 | Osteo-like
Hs01055564 ml protein 2
BMP3- Bone morphogenetic -0.64296 | 1.364455 | 3.606054 | 3.590568 | 3.004939 | Osteo-like
Hs00609638 ml protein 3
BMP4- Bone morphogenetic -0.63516 | -0.11391 | 0.384829 | 0.094677 | -0.10948 | Osteo-like
Hs00370078 ml | protein 4
BMP5- Bone morphogenetic -0.73024 | 4.559972 | 4.230227 3.9077 | 4.714086 | Osteo-like
Hs00234930 m1 protein 5
BMPo6- Bone morphogenetic -2.09536 | -0.82504 -0.4035 | -0.66992 | -0.91043 | Osteo-like
Hs01099594 ml protein 6
BMP7- Bone morphogenetic -6.431 | -5.48386 | -4.53602 -1.129 | -0.51451 | Osteo-like
Hs00233476_ml protein 7 (osteogenic

protein 1)
BMP8B;BMP8A- | Bone morphogenetic -5.28669 | -9.83003 | -1.08634 | 2.934189 | -6.87594 | Osteo-like
Hs00236942 ml protein 8b (osteogenic

protein 2)
BMPRI1A- Bone morphogenetic -0.51247 | -0.38805 | 1.485803 | 0.779492 | 1.288053 | Osteo-like
Hs01034909 g1 protein receptor, type

1A
MGP- Matrix Gla protein 2.824218 | 2.868327 | 2.852794 | 2.564669 | 2.17399 | Osteo-like
Hs00179899 ml
COLI1A1- Collagen, type I, alpha -0.72291 | -0.71241 | -0.06815 | 0.034804 | 0.412804 | Osteo-like
Hs00164004 ml 1
COL1A2- Collagen, type I, alpha | 0.389823 | 0.292021 0.13379 | 0.323597 | 0.089227 | Osteo-like
Hs01028970 ml | 2
COL3A1- Collagen, type 3, alpha | 1.723558 | 1.790784 | 0.502788 | 0.673538 | 1.467463 | Osteo-like
Hs00164103 ml1 | 1
DLKI1- transmembrane protein | 3.396376 | 4.128946 | 6.106872 | 6.008695 | 6.154662 | Preadipocyte

Hs00171584 _ml containing six
epidermal growth
factor repeats

PPARG- peroxisome 1.345623 | 2.646429 | 4.085669 | 2.082167 | 4.433485 | Early

Hs01115510_ml1 | proliferator-activated Adipose
receptor (PPAR)

CEBPA- modulates the -1.53645 | -0.26313 | 1.854715 | 2.356322 | 2.519658 | Early

Hs00269972 sl expression of the gene Adipose
encoding leptin

CEBPB- modulates the 0.215316 | 0.199095 | 1.715176 | 1.460748 | 2.240238 | Early

Hs00270923 sl expression of the gene Adipose
encoding leptin

KLF15- Regulation of 1.039377 | 0.28627 | 3.686426 | 3.389157 | 3.158473 | Early

Hs00362736 ml gluconeogenesis Adipose
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Supplemental Table D.2: Data of heat map of hBMSC gene expression after 7 days in
culture on the indicated foams. All data is displayed as a fold change from

undifferentiated cells. (continue)

hematopoietic cell
lineage

Symbol-GID Description PAA100 | PEO25 PEO50 PEO75 PEO100 | Note

FABP4- fatty acid binding -1.32696 | -2.48711 | 0.428793 | 0.307353 | -0.50909 | Early

Hs01086177_ml | protein found in Adipose
adipocytes; aP2

SREBF1- sterol regulatory -0.47221 | -0.28903 -0.0776 | 0.484247 | -0.80242 | General

Hs00231674_ml element binding Adipose
transcription factor 1

GPDIL- metabolism gene 0.222271 | -0.03719 | 2.439293 | -0.07722 | 1.703643 | Mid

Hs00380515 ml Adipose

LPL- lipoprotein lipase, -4.02479 | -7.09314 | -2.52305 | -0.39607 | -4.01667 | Mid

Hs01012569 ml1 | which is expressed in Adipose
adipose tissue

NR1H3- The liver X receptors, 0.635253 | 0.460372 | 2.367289 | 2.258199 | 1.728805 | Late

Hs00172885 ml | LXRA Adipose

LEP- a protein that is 2432918 | 0.153723 | 4.686981 | 4.819954 | 3.910892 | Late

Hs00174877 _ml secreted by white Adipose
adipocytes

ADIPOQ- C1Q and collagen 1.766442 | -0.16453 | 5311997 | 3.142369 | 5.187592 | Late

Hs00605917_ml1 | domain containing, Adipose
transcript variant 1

LIPE- hydrolyzes stored -0.27575 | 0.144836 | 3.618489 | 3.446586 | 3.098924 | Late

Hs00193510 ml1 | triglycerides to fatty Adipose
acids

GATA2- Development and -2.65674 | -2.37392 | -0.19859 | -0.37796 | -0.73417 | Adipose

Hs00231119 ml | proliferation of inhibition
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Supplemental Table D.3: Significant gene expression of hES-MP after 7 days on each
foam grouped by material composition and listed by increasing PEO percentage. Fold
change was calculated as a change from undifferentiated cells. P-values were computed
for each gene between undifferentiated cells and those cultured on each specific foam
composition from triplicate cultures.

Sample Detector log,(Fold Change) -logso(P-value)

PAA100 CD44 1.4366095 1.307543438
PAA100 ITGA2 1.948839833 1.008702687
PAA100 ITGA3 1.265820833 1.215043462
PAA100 MEF2A 1.166200167 1.290926129
PAA100 MEF2B 1.2242835 3.721489701
PAA100 MEF2C 1.3284145 1.209596635
PAA100 MEF2D 1.043700167 1.026369774
PAA100 MSX1 1.899899167 1.117417621
PAA100 SPP1 2.9669875 1.804377441
PAA100 SOX9 1.698624167 1.182337561
PAA100 SMAD6 1.2875385 1.134273711
PAA100 BGLAP 1.122729833 1.288320838
PAA100 BMP2 1.610882167 1.621803068
PAA100 BMP3 3.178457167 1.409106909
PAA100 BMP6 5.3174875 1.416550525
PAA100 BMP8B -9.8516035 1.035096739
PAA100 FABP4 1.4563665 1.839356588
PEO25 CD44 1.134272667 1.569715275
PEO25 ITGA3 1.114809 1.613121156
PEO25 PTPRC -2.586621667 1.028808262
PEO25 MYF5 13.18011267 1.226736176
PEO25 MSTN 6.472233 1.125586802
PEO25 MEF2A 1.254740333 1.154167363
PEO25 SPP1 2.603084333 1.57664235
PEO25 SOX9 1.555717333 2.045561063
PEO25 BMP2 1.080267 1.54148329
PEO25 BMP6 5.675395667 1.007705118
PEO25 PPARG -1.323205333 1.080011901
PEO25 KLF15 2.368644667 1.064725403
PEO25 SREBF1 1.014325333 1.884200214
PEO25 LEP 7.205625667 1.315838073
PEO25 ADIPOQ 3.660934667 1.534615411
PEOS50 CD44 1.4839535 2.529265442
PEOS50 CD9 1.662585167 1.645607639
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Supplemental Table D.3: Significant gene expression of hES-MP after 7 days on each
foam grouped by material composition and listed by increasing PEO percentage. Fold
change was calculated as a change from undifferentiated cells. P-values were computed
for each gene between undifferentiated cells and those cultured on each specific foam
composition from triplicate cultures. (continue)

Sample Detector log,(Fold Change) -logso(P-value)

PEOS50 ITGA2 2.182825167 1.288776806
PEOS50 ITGA3 1.244429167 1.728283709
PEOS50 ENG 1.0058375 1.856256035
PEO50 THY1 1.085017167 1.851071757
PEOS50 MYF6 8.570707833 1.012208215
PEOS50 MEF2C 1.6248775 1.437276164
PEOS50 MEF2D 1.382121167 2.37014295
PEOS50 GRB2 1.458747167 1.049378102
PEOS50 DES -1.2624065 1.068247905
PEOS50 MSX1 1.657293167 1.377289433
PEOS50 TTN 2.386892833 1.311853587
PEOS50 SPP1 3.664666833 2.383501272
PEOS50 TFIP11 1.155049167 2.354892867
PEOS50 TWIST2 2.331913833 1.526118402
PEOS50 SOX9 1.926097833 2.107487381
PEOS50 SMAD6 1.6591735 1.479702586
PEOS50 BGLAP 1.126962167 1.002812984
PEOS50 BMP2 2.0711965 1.178982348
PEOS50 BMP6 7.112193833 1.72532184
PEOS50 BMP8B -6.623532833 1.100109809
PEOS50 COL3Al -1.479204167 1.742023257
PEOS50 CEBPA 1.697434833 1.03504124
PEOS50 SREBF1 1.488619833 1.404231995
PEOS50 LEP 6.897294833 1.270421415
PEOS50 GATA2 24318655 1.578645186
PEO75 CD4 3.207447167 1.214351228
PEO75 PAX3 4.307693167 1.098657343
PEO75 GRB2 2.0763985 1.09129317
PEO75 TWIST2 6.4805305 1.129542469
PEO75 BMP6 7.9844255 1.086522966
PEO75 BMP&B -8.434944167 1.754147148
PEO75 KLF15 5.9268295 1.713031612
PEO75 GATA2 1.6254895 1.173399208




125

Supplemental Table D.3: Significant gene expression of hES-MP after 7 days on each
foam grouped by material composition and listed by increasing PEO percentage. Fold
change was calculated as a change from undifferentiated cells. P-values were computed
for each gene between undifferentiated cells and those cultured on each specific foam
composition from triplicate cultures. (continue)

Sample Detector log,(Fold Change) -logso(P-value)

PEO100 CD44 1.176510667 1.66269296
PEO100 CD9 1.229727333 1.266974467
PEO100 ITGA2 1.748009333 1.052503485
PEO100 ITGA4 -1.339206333 1.423176711
PEO100 CD34 -1.287815667 1.177140828
PEO100 ENG 1.074314667 1.418569402
PEO100 THY1 1.342087667 1.251046141
PEO100 MSTN 6.655553 1.304053967
PEO100 MEF2C 1.435344667 1.448546672
PEO100 GRB2 1.517617333 1.519616411
PEO100 ITGA7 1.144128 1.276446775
PEO100 SPP1 2.486393 1.585573713
PEO100 TWIST2 4.580946333 1.056819717
PEO100 SOX9 1.044181667 1.244705266
PEO100 SMAD6 1.523452 1.52062264
PEO100 BMP4 -1.165639667 2.112114297
PEO100 BMP6 7.738475333 1.12833142
PEO100 BMP8B -6.169314 1.04879365
PEO100 DLK1 -1.513414 1.046645458
PEO100 SREBF1 1.750348667 1.158045395
PEO100 GATA2 2.087541333 1.353223268
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Supplemental Table D.4: Significant gene expression of hBMSC after 7 days on each
foam grouped by material composition and listed by increasing PEO percentage. Fold
change was calculated as a change from undifferentiated cells. P-values were computed
for each gene between undifferentiated cells and those cultured on each specific foam
composition from triplicate cultures.

Sample Gene log,(Fold Change) -log(P-value)

PAA100 ITGA3 -1.8782755 1.28152363
PAA100 MYF6 -2.622009833 1.3782515
PAA100 MEOX2 -2.1733725 1.10555101
PAA100 MEF2A -2.067336833 1.42837779
PAA100 DES -1.912468167 1.22323988
PAA100 TTN -1.486895833 1.65428956
PAA100 TWISTI -1.678737167 1.19175522
PAA100 TWIST2 -2.3413065 1.08206933
PAA100 MGP 2.824218167 1.36568433
PAA100 COL3A1 1.723557833 1.04365725
PAA100 GATA2 -2.656742167 1.64024651
PEO25 MYF5 -6.807566167 1.01038991
PEO25 MEOX2 -2.382349833 1.42261431
PEO25 DES -1.5937935 1.42013382
PEO25 TWIST1 -1.639119833 1.05189941
PEO25 BMPSB -9.830029833 1.53682937
PEO25 MGP 2.8683265 1.28240277
PEO25 COL3A1 1.7907835 1.03998676
PEO25 FABP4 -2.487109167 1.03041582
PEO25 GATA2 -2.3739245 1.25487559
PEOS50 ITGA3 -1.455893333 1.25212155
PEO50 MYOG -4.817258333 1.01164546
PEOS0 MYF5 -3.517019667 1.62493461
PEOS0 MEOX2 -1.791253333 1.27959524
PEOS50 MSTN 1.990610333 1.11704672
PEOS50 GRB2 -1.264123333 1.27068253
PEO50 BMP3 3.606054 1.11160877
PEOS0 BMPS5 4.230227333 1.07848468
PEOS50 MGP 2.852793667 1.48996365
PEO75 MYOG -9.796525833 1.04945058
PEO75 MYF5 -3.7029675 1.60126971
PEO75 MYF6 -3.804186833 1.06770941
PEO75 MEOX2 -2.344723833 1.34037885
PEQO75 GRB2 -1.350811833 1.03781409
PEO75 SMADS -1.309450833 1.68375879
PEO75 BMP3 3.590568167 1.14222932
PEO75 MGP 2.564668833 1.22201433
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Supplemental Table D.4: Significant gene expression of hBMSC after 7 days on each
foam grouped by material composition and listed by increasing PEO percentage. Fold
change was calculated as a change from undifferentiated cells. P-values were computed
for each gene between undifferentiated cells and those cultured on each specific foam
composition from triplicate cultures. (continue)

Sample Gene logz(Fold Change) -log(P-value)

PEO100 MYF5 -3.9022395 1.46596046
PEO100 MYOT 7.572483833 1.25627864
PEO100 SMADG6 -1.008235167 1.06982602
PEO100 BMP3 3.0049385 1.25047212
PEO100 BMPSB -6.875942167 1.01459005
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Supplemental Table D.5: Non-significant gene expression of hES-MP after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures.

Sample Gene log,(Fold Change) -log(P-value)

PAA100 CD4 0.833891 0.56019
PAA100 ITGA1 -0.18697 0.596999
PAA100 CD9 0.686614 0.977806
PAA100 ITGA4 -0.74294 1.501993
PAA100 IL2R 11.65834 0.72076
PAA100 CD34 0.952242 0.54375
PAA100 PTPRC -0.09922 0.324934
PAA100 ENG 1.149467 0.99152
PAA100 THY1 0.635098 1.092978
PAA100 PAX3 2.78054 0.702173
PAA100 PAX7 1.654872 0.359519
PAA100 MYOD1 0.298948 0.384326
PAA100 MYOG 3.91242 0.600968
PAA100 MYF5 1.483662 0.347402
PAA100 MYF6 5.620987 0.699576
PAA100 MEOX2 10.9817 0.689841
PAA100 FOXK1 1.036883 0.854469
PAA100 MSTN 3.562145 0.822947
PAA100 GRB2 1.284202 0.794028
PAA100 DES -1.62812 0.765722
PAA100 MSX2 0.93713 0.848409
PAA100 LBX1 -2.31762 0.715958
PAA100 NRAP 0.298948 0.384326
PAA100 MYOT -8.43879 0.588055
PAA100 TTN 1.402737 0.646946
PAA100 CDH15 0.298948 0.384326
PAA100 ITGBI1 0.069572 0.511293
PAA100 ITGA7 -1.65607 0.98175
PAA100 CBFAl 0.965867 0.780886
PAA100 CDHI11 -0.24644 1.297909
PAA100 TFIP11 0.751975 0.834324
PAA100 TWIST1 0.234266 0.724392
PAA100 TWIST2 0.721357 0.650768
PAA100 SMADI 0.155667 0.442296
PAA100 SMAD2 0.445436 1.595488
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Supplemental Table D.5: Non-significant gene expression of hES-MP after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Gene log,(Fold Change) -log(P-value)

PAA100 SMAD3 0.764377 1.069225
PAA100 SMAD4 -0.0424 0.385304
PAA100 SMADS 0.683526 0.973287
PAA100 SMAD7 0.078205 0.428199
PAA100 SMAD9 0.300673 0.415934
PAA100 VDR 0.574133 0.597551
PAA100 BMP1 0.138458 0.498476
PAA100 BMP4 -0.48264 0.377449
PAA100 BMP5 -2.62943 0.542815
PAA100 BMP7 -6.46586 0.84251
PAA100 BMPRI1A 0.656216 0.837909
PAA100 MGP 0.843895 0.474238
PAA100 COLI1Al -0.4184 0.832867
PAA100 COL1A2 0.222525 0.576828
PAA100 COL3Al -0.85869 1.202895
PAA100 DLK1 -2.42517 0.660644
PAA100 PPARG 0.181024 0.307808
PAA100 CEBPA 2.677248 0.862746
PAA100 CEBPB 0.421634 0.817176
PAA100 KLF15 0.10195 0.333013
PAA100 SREBF1 1.389521 0.945024
PAA100 GPD1 0.227317 0.642828
PAA100 LPL 0.493999 0.327143
PAA100 NRI1H3 0.073988 0.363055
PAA100 LEP 5.162063 0.68351
PAA100 ADIPOQ -0.2521 0.348218
PAA100 LIPE -2.68525 0.54472
PAA100 GATA2 0.605632 0.494272
PEO25 CD4 0.871861 1.043839
PEO25 ITGA1 0.689366 1.338536
PEO25 CD9 0.516272 1.311751
PEO25 ITGA2 1.009742 0.832361
PEO25 ITGA4 -0.35844 1.127891
PEO25 IL2R -0.84001 0.731369
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Supplemental Table D.5: Non-significant gene expression of hES-MP after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Gene log,(Fold Change) -log(P-value)

PEO25 CD34 0.898934 0.579892
PEO25 ENG 0.625478 1.328467
PEO25 THY1 0.423678 1.561236
PEO25 PAX3 0.983098 0.378375
PEO25 PAXT7 3.669572 0.458926
PEO25 MYOD1 -0.84001 0.731369
PEO25 MYOG 2.824708 0.679217
PEO25 MYF6 -0.84001 0.731369
PEO25 MEOX2 -0.84001 0.731369
PEO25 FOXK1 0.533281 1.085383
PEO25 MEF2B 0.829969 1.824522
PEO25 MEF2C 0.842315 1.850764
PEO25 MEF2D 0.937969 1.09062
PEO25 GRB2 1.00447 0.85786
PEO25 DES -0.42643 0.553649
PEO25 MSX1 0.941516 1.23078
PEO25 MSX2 -0.1385 0.467251
PEO25 LBX1 0.291362 0.595063
PEO25 NRAP -0.84001 0.731369
PEO25 MYOT -6.86087 0.507383
PEO25 TTN -0.84001 0.731369
PEO25 CDH15 9.540572 0.740189
PEO25 ITGB1 0.222432 0.756293
PEO25 ITGA7 -0.12575 0.372448
PEO25 CBFA1 0.457558 2.985653
PEO25 CDHI11 0.248083 1.815997
PEO25 TFIP11 0.443461 0.996556
PEO25 TWIST1 0.740772 1.19407
PEO25 TWIST2 0.824672 0.83698
PEO25 SMADI1 0.085283 0.981506
PEO25 SMAD2 0.270203 1.59053
PEO25 SMAD3 0.744128 1.286194
PEO25 SMAD4 0.116345 0.679931
PEO25 SMADS 0.227967 0.884665
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Supplemental Table D.5: Non-significant gene expression of hES-MP after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Gene log,(Fold Change) -log(P-value)
PEO25 SMAD6 0.949842 1.91889
PEO25 SMAD7 -0.12491 0.689743
PEO25 SMAD9 0.072878 0.833049
PEO25 VDR 0.292137 0.577797
PEO25 BGLAP 0.393117 0.771672
PEO25 BMP1 0.339318 1.795353
PEO25 BMP3 -6.16644 0.53803
PEO25 BMP4 -2.5328 0.860695
PEO25 BMP5 6.525733 0.613505
PEO25 BMP7 -0.7133 0.343275
PEO25 BMP&B -10.8985 0.889646
PEO25 BMPRI1A 0.430449 1.767304
PEO25 MGP 1.142971 0.468695
PEO25 COLI1A1 0.046753 0.467261
PEO25 COL1A2 0.393743 1.037264
PEO25 COL3Al1 -0.50082 0.919565
PEO25 DLK1 -0.76796 0.576987
PEO25 CEBPA 1.183068 0.855128
PEO25 CEBPB 0.206839 1.140496
PEO25 FABP4 1.023433 0.783693
PEO25 GPD1 -0.1343 0.520459
PEO25 LPL 6.277777 0.805977
PEO25 NR1H3 -0.19987 0.748088
PEO25 LIPE -3.8242 0.689036
PEO25 GATA2 0.590451 0.805216
PEOS0 CD4 1.288065 0.789179
PEOS0 ITGA1 -0.15684 0.389531
PEOS0 ITGA4 -0.60694 1.949835
PEOS50 IL2R 0.02299 0.315465
PEOS0 CD34 0.323038 0.383781
PEOS0 PTPRC -1.72363 0.814043
PEOS0 18s

PEOS0 PAX3 5.631713 0.95397
PEOS0 PAX7 2.817901 0.396401
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Supplemental Table D.5: Non-significant gene expression of hES-MP after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Gene log,(Fold Change) -log(P-value)

PEOS0 MYOD1 0.02299 0.315465
PEOS0 MYOG -3.69376 0.655011
PEOS0 MYF5 7.241888 0.786365
PEOS0 MEOX2 0.02299 0.315465
PEOS50 FOXK1 0.743707 0.955182
PEOS0 MSTN 6.52493 0.69753
PEOS50 MEF2A 0.954687 1.010857
PEOS0 MEF2B 0.684146 1.105588
PEOS0 MSX2 0.786418 0.957328
PEOS0 LBX1 0.072645 0.36207
PEOS0 NRAP 0.02299 0.315465
PEOS0 MYOT -8.09781 0.591494
PEOS0 CDH15 0.02299 0.315465
PEOS0 ITGB1 0.314917 0.93693
PEOS0 ITGA7 0.45989 0.610072
PEOS0 CBFAl 0.29063 0.579836
PEOS0 CDH11 -0.10014 1.3717
PEOS0 TWIST1 0.979656 2.348017
PEOS0 SMADI -0.1777 1.841045
PEOS0 SMAD2 0.513051 1.223528
PEOS0 SMAD3 0.694163 1.455309
PEOS0 SMAD4 -0.00271 0.307004
PEOS0 SMADS 0.627987 1.081983
PEOS0 SMAD7 0.337799 0.661724
PEOS0 SMAD9 0.121894 0.367507
PEOS0 VDR -0.04795 0.328327
PEOS50 BMP1 -0.05183 0.342686
PEOS0 BMP3 -6.31602 0.558212
PEOS50 BMP4 -1.12888 0.50489
PEOS0 BMP5 2.185741 0.353361
PEOS0 BMP7 3.64567 0.685545
PEOS0 BMPRI1A 0.642963 1.226201
PEOS0 MGP 4.963249 0.953509
PEOS0 COLI1A1 -0.64372 1.254904
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Supplemental Table D.5: Non-significant gene expression of hES-MP after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Gene log,(Fold Change) -log(P-value)

PEOS0 COL1A2 -0.45877 0.903999
PEOS0 DLK1 0.305733 0.470358
PEOS0 PPARG -5.13058 0.887252
PEOS0 CEBPB 0.697707 0.802679
PEOS0 KLF15 2.97898 0.976182
PEOS0 FABP4 0.732056 0.571476
PEOS0 GPD1 0.324758 0.717779
PEOS0 LPL 2.977596 0.702883
PEOS0 NR1H3 0.285751 0.625068
PEOS0 ADIPOQ -1.24541 0.427525
PEOS50 LIPE -2.96121 0.649556
PEO75 CD44 2.001224 0.957376
PEO75 ITGA1 0.84502 0.764125
PEO75 CD9 1.684523 0.867042
PEO75 ITGA2 2.602612 0.73057
PEO75 ITGA3 0.900416 1.259719
PEO75 ITGA4 -0.37502 1.317978
PEO75 IL2R 2.089822 0.679279
PEO75 CD34 1.352201 0.73083
PEO75 PTPRC 1.689225 0.46231
PEO75 ENG 1.405897 0.922458
PEO75 THY1 0.568154 1.701189
PEO75 PAX7 1.687007 0.353166
PEO75 MYODI1 2.089822 0.679279
PEO75 MYOG 4.779949 0.665716
PEO75 MYF5 -3.00146 0.669988
PEO75 MYF6 2.089822 0.679279
PEO75 MEOX2 2.089822 0.679279
PEO75 FOXK1 0.142743 0.365708
PEO75 MSTN 5.731352 0.93811
PEO75 MEF2A 1.829737 0.64341
PEO75 MEF2B 0.144381 0.445515
PEO75 MEF2C 1.414376 0.695133
PEO75 MEF2D 2.122654 0.710029
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Supplemental Table D.5: Non-significant gene expression of hES-MP after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Gene log,(Fold Change) -log(P-value)

PEO75 DES -0.62614 1.251718
PEO75 MSX1 0.952505 0.759535
PEO75 MSX2 1.107536 0.525976
PEO75 LBX1 0.709087 1.429359
PEO75 NRAP 2.089822 0.679279
PEO75 MYOT -4.494 0.478461
PEO75 TTN 2.089822 0.679279
PEO75 CDH15 6.980902 0.676707
PEO75 ITGB1 0.847759 0.961006
PEO75 ITGA7 0.232152 0.439416
PEO75 CBFA1 1.116269 0.702249
PEO75 CDHI11 0.391462 0.808456
PEO75 SPP1 3.239134 0.816574
PEO75 TFIP11 2.062508 0.781522
PEO75 TWIST1 0.994984 1.148876
PEO75 SOX9 0.796241 1.633957
PEO75 SMADI 0.631538 0.959076
PEO75 SMAD2 1.364225 0.75577
PEO75 SMAD3 0.989969 0.747221
PEO75 SMAD4 0.701569 0.824521
PEO75 SMADS 1.051782 0.838272
PEO75 SMAD6 0.319158 0.471825
PEO75 SMAD7 -0.781 0.554698
PEO75 SMAD9 -0.29953 0.456347
PEO75 VDR -0.245 0.410207
PEO75 BGLAP 1.123254 0.660117
PEO75 BMP1 -0.2465 0.417375
PEO75 BMP2 1.838459 0.817535
PEO75 BMP3 -5.01265 0.495574
PEO75 BMP4 1.209286 0.469539
PEO75 BMP5 4.572305 0.438353
PEO75 BMP7 0.802279 0.383863
PEO75 BMPRI1A 1.840109 0.744446
PEO75 MGP 1.221681 0.390048
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Supplemental Table D.5: Non-significant gene expression of hES-MP after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Gene log,(Fold Change) -log(P-value)

PEO75 COLI1Al -0.26598 0.459374
PEO75 COL1A2 0.05346 0.32583
PEO75 COL3Al -0.58057 0.588652
PEO75 DLK1 -0.63429 0.414138
PEO75 PPARG 1.902169 0.431454
PEO75 CEBPA 3.260406 0.827986
PEO75 CEBPB 0.930149 0.673349
PEO75 FABP4 0.424745 0.453197
PEO75 SREBF1 2.166658 0.87794
PEO75 GPD1 1.07094 0.833764
PEO75 LPL -3.37568 0.979455
PEO75 NRI1H3 1.287173 0.640781
PEO75 LEP 3.978195 0.983742
PEO75 ADIPOQ 6.730573 0.732371
PEO75 LIPE -0.89437 0.652451
PEO100 CD4 1.370116 0.756285
PEO100 ITGAL1 -0.34598 0.55906
PEO100 ITGA3 0.998752 2.394753
PEO100 IL2R 1.210702 0.981945
PEO100 PTPRC -0.53591 0.405808
PEO100 PAX3 6.127621 0.962124
PEO100 PAX7 -1.07343 0.345964
PEO100 MYOD1 4.07241 0.977558
PEO100 MYOG 0.802932 0.344737
PEO100 MYF5 3.806667 0.441186
PEO100 MYF6 5.932363 0.756505
PEO100 MEOX2 3.978212 0.757598
PEO100 FOXK1 0.429692 1.680422
PEO100 MEF2A -0.45182 0.485854
PEO100 MEF2B 0.352557 0.525981
PEO100 MEF2D 0.744234 0.740492
PEO100 DES -0.07962 0.342829
PEO100 MSX1 0.806522 1.114461
PEO100 MSX2 0.238 0.43344
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Supplemental Table D.5: Non-significant gene expression of hES-MP after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Gene log,(Fold Change) -log(P-value)

PEO100 LBX1 0.522552 1.622484
PEO100 NRAP 1.210702 0.981945
PEO100 MYOT -8.27747 0.732846
PEO100 TTN 1.210702 0.981945
PEO100 CDH15 1.210702 0.981945
PEO100 ITGB1 0.088255 0.49215
PEO100 CBFA1l -0.04613 0.462086
PEO100 CDHI11 -0.19213 1.655917
PEO100 TFIP11 0.771565 1.790276
PEO100 TWIST1 0.510055 1.511759
PEO100 SMADI 0.144588 0.44844
PEO100 SMAD2 0.351553 1.008139
PEO100 SMAD3 -0.03329 0.480252
PEO100 SMAD4 -0.00774 0.325843
PEO100 SMADS 0.204285 0.734232
PEO100 SMAD7 0.411051 1.909378
PEO100 SMAD9 -0.41438 0.797263
PEO100 VDR -0.18337 0.380349
PEO100 BGLAP 1.291338 0.881465
PEO100 BMP1 0.194126 1.116722
PEO100 BMP2 -0.19121 0.325783
PEO100 BMP3 -2.03472 0.375724
PEO100 BMP5 7.703177 0.701647
PEO100 BMP7 3.043535 0.799823
PEO100 BMPRIA 0.597017 0.985523
PEO100 MGP 4.095873 0.786124
PEO100 COLI1Al -0.45081 0.979023
PEO100 COL1A2 -0.16931 0.553459
PEO100 COL3Al -0.95812 1.04123
PEO100 PPARG 2.884077 0.536932
PEO100 CEBPA 1.109925 0.910057
PEO100 CEBPB 0.20261 0.503924
PEO100 KLF15 -0.18834 0.315086
PEO100 FABP4 0.572557 0.593758
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Supplemental Table D.5: Non-significant gene expression of hES-MP after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Gene log,(Fold Change) -log(P-value)

PEO100 GPD1 0.315069 0.602728
PEO100 LPL -4.2548 0.858015
PEO100 NRIH3 0.126815 0.411545
PEO100 LEP 2.016579 0.428001
PEO100 ADIPOQ 3.49098 0.486457
PEO100 LIPE -1.77349 0.555169
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Supplemental Table D.6: Non-significant gene expression of hBMSC after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures.

Sample Detector log,(Fold Change) -log(P-value)

PAA100 CD4 -0.3581 0.434854
PAA100 CD44 -1.69894 0.896238
PAA100 ITGAL -0.12986 0.364551
PAA100 CD9 0.016082 0.305534
PAA100 ITGA2 -0.97742 0.66054
PAA100 ITGA4 -1.38923 0.827747
PAA100 IL2R -0.27575 0.3379
PAA100 CD34 8.815919 0.587467
PAA100 PTPRC 1.06202 0.402688
PAA100 ENG -0.84575 0.915465
PAA100 THY1 -0.24643 0.476972
PAA100 PAX3 -7.26863 0.866165
PAA100 PAX7 -6.55432 0.813287
PAA100 MYODI 7.617104 0.814613
PAA100 MYOG -1.91457 0.350651
PAA100 MYFS5S -7.16159 0.947018
PAA100 FOXK1 -0.43145 0.896727
PAA100 MSTN -1.90648 0.508657
PAA100 MEF2B -1.06783 0.900139
PAA100 MEF2C -0.83174 0.579322
PAA100 MEF2D -1.52622 0.70396
PAA100 GRB2 -0.93835 0.67863
PAA100 MSX1 -1.8495 0.862997
PAA100 MSX2 -0.98131 0.595629
PAA100 LBX1 -1.02027 0.523139
PAA100 NRAP -0.27575 0.3379
PAA100 MYOT 3.443817 0.607088
PAA100 CDHI15 0.300888 0.484627
PAA100 ITGBI1 -0.77739 1.117864
PAA100 ITGA7 -0.16424 0.952533
PAA100 CBFAl -1.20235 0.826206
PAA100 CDH11 -0.07321 0.361407
PAA100 SPP1 0.113006 0.323863
PAA100 TFIP11 -1.29407 0.729522
PAA100 SOX9 -0.70455 0.522738
PAA100 SMADI1 -0.74971 0.548537
PAA100 SMAD2 -0.60235 0.868787
PAA100 SMAD3 -0.99928 1.264373
PAA100 SMAD4 -0.58042 0.800439
PAA100 SMADS -0.8708 0.99005
PAA100 SMAD6 -0.41518 0.435507
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Supplemental Table D.6: Non-significant gene expression of hBMSC after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Detector log,(Fold Change) -log(P-value)

PAA100 SMAD7 -0.89583 0.946736
PAA100 SMAD9 -1.30113 0.922897
PAA100 VDR -1.05648 0.716146
PAA100 BGLAP 0.660511 0.578916
PAA100 BMP1 -0.37171 0.587421
PAAI100 BMP2 0.874271 0.455381
PAA100 BMP3 -0.64296 0.396628
PAAI100 BMP4 -0.63516 0.975014
PAA100 BMP5 -0.73024 0.382361
PAAI100 BMP6 -2.09536 0.669748
PAA100 BMP7 -6.431 0.829476
PAA100 BMP8&B -5.28669 0.8475
PAA100 BMPRI1A -0.51247 0.615942
PAA100 COL1A1 -0.72291 0.537025
PAA100 COL1A2 0.389823 0.71504
PAA100 DLK1 3.396376 0.639155
PAA100 PPARG 1.345623 0.823285
PAA100 CEBPA -1.53645 0.762699
PAAI100 CEBPB 0.215316 0.37577
PAA100 KLF15 1.039377 0.580436
PAAI100 FABP4 -1.32696 0.63456
PAA100 SREBF1 -0.47221 0.447144
PAAI100 GPD1 0.222271 0.380349
PAAI100 LPL -4.02479 0.80999
PAA100 NR1H3 0.635253 0.603426
PAA100 LEP 2.432918 0.963672
PAA100 ADIPOQ 1.766442 0.671901
PAAI100 LIPE -0.27575 0.3379
PEO25 CD4 0.182879 0.372121
PEO25 CD44 -1.58436 0.921423
PEO25 ITGAL1 -0.30247 0.942922
PEO25 CD9 -0.02829 0.311615
PEO25 ITGA2 -0.14779 0.332144
PEO25 ITGA3 -1.40407 0.936801
PEO25 ITGA4 -1.27486 0.8824
PEO25 IL2R 0.144836 0.31677
PEO25 CD34 -1.89793 0.786864
PEO25 PTPRC 0.779927 0.393199
PEO25 ENG -0.49383 0.531909
PEO25 THY1 -0.37525 0.785778
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Supplemental Table D.6: Non-significant gene expression of hBMSC after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Detector log,(Fold Change) -log(P-value)

PEO25 PAX3 0.943432 0.355192
PEO25 PAX7 -5.22413 0.551628
PEO25 MYODI1 1.484291 0.452472
PEO25 MYOG 1.064908 0.332048
PEO25 MYF6 -4.48743 0.648176
PEO25 FOXK1 0.192885 0.423723
PEO25 MSTN -1.58126 0.431132
PEO25 MEF2A -1.7991 0.961744
PEO25 MEF2B -0.1149 0.34701
PEO25 MEF2C -0.34533 0.401706
PEO25 MEF2D -1.09989 0.552946
PEO25 GRB2 -0.65278 0.526998
PEO25 MSX1 -1.06113 0.570027
PEO25 MSX2 -0.82331 0.532162
PEO25 LBX1 -1.27384 0.981633
PEO25 NRAP 1.832231 0.801327
PEO25 MYOT 2.889356 0.670147
PEO25 TTN 0.035057 0.317949
PEO25 CDHI15 1.356411 0.829647
PEO25 ITGB1 -0.50795 0.744097
PEO25 ITGA7 -0.06341 0.580601
PEO25 CBFAl -0.97769 0.703876
PEO25 CDHI11 -0.1918 0.61128
PEO25 SPP1 0.61608 0.416976
PEO25 TFIP11 -0.57954 0.446348
PEO25 TWIST2 -1.33639 0.615239
PEO25 SOX9 -0.04775 0.311055
PEO25 SMADI -0.40756 0.430301
PEO25 SMAD2 -0.29284 0.601717
PEO25 SMAD3 -0.85093 1.276495
PEO25 SMAD4 -0.49812 0.7253
PEO25 SMADS -0.45137 0.525183
PEO25 SMAD6 -0.36143 0.420619
PEO25 SMAD7 -0.30587 0.460983
PEO25 SMAD9 -1.01052 0.69156
PEO25 VDR 0.512155 0.506261
PEO25 BGLAP 0.690119 0.631614
PEO25 BMP1 0.168888 0.410018
PEO25 BMP2 1.898101 0.577785
PEO25 BMP3 1.364455 0.587283
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Supplemental Table D.6: Non-significant gene expression of hBMSC after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Detector log,(Fold Change) -log(P-value)

PEO25 BMP4 -0.11391 0.352064
PEO25 BMP5 4.559972 0.803408
PEO25 BMP6 -0.82504 0.405257
PEO25 BMP7 -5.48386 0.689648
PEO25 BMPRI1A -0.38805 0.512511
PEO25 COLI1AlL -0.71241 0.540997
PEO25 COL1A2 0.292021 0.61415
PEO25 DLK1 4.128946 0.724151
PEO25 PPARG 2.646429 0.689386
PEO25 CEBPA -0.26313 0.380792
PEO25 CEBPB 0.199095 0.374537
PEO25 KLF15 0.28627 0.379976
PEO25 SREBF1 -0.28903 0.373961
PEO25 GPDI1 -0.03719 0.319625
PEO25 LPL -7.09314 0.800553
PEO25 NRI1H3 0.460372 0.519414
PEO25 LEP 0.153723 0.346072
PEO25 ADIPOQ -0.16453 0.318328
PEO25 LIPE 0.144836 0.31677
PEOS50 CD4 1.075528 0.578159
PEO50 CD44 -1.30946 0.92889
PEOS0 ITGAL1 0.761468 0.627374
PEO50 CD9 1.035952 0.538441
PEO50 ITGA2 -0.79073 0.648237
PEOS50 ITGA4 0.042655 0.308967
PEO50 IL2R 3.618489 0.522372
PEOS50 CD34 5.179718 0.708903
PEO50 PTPRC 0.96667 0.400086
PEOS50 ENG -0.56146 0.836273
PEO50 THY1 0.186892 0.389474
PEOS0 PAX3 3.697392 0.487671
PEO50 PAX7 -5.8827 0.499614
PEOS0 MYODI1 3.618489 0.522372
PEO50 MYF6 0.756035 0.384704
PEOS50 FOXK1 -0.7444 0.685985
PEOS0 MEF2A 0.304348 0.360485
PEO50 MEF2B 1.321734 0.573156
PEOS50 MEF2C 0.799489 0.483362
PEO50 MEF2D -1.36074 0.789277
PEOS50 DES 0.868937 0.457753
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Supplemental Table D.6: Non-significant gene expression of hBMSC after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Detector log,(Fold Change) -log(P-value)

PEOS50 MSX1 1.061701 0.447714
PEO50 MSX2 1.436416 0.507158
PEOS50 LBX1 -2.7652 0.507237
PEO50 NRAP 5.363151 0.731415
PEOS50 MYOT 6.718237 0.929901
PEO50 TTN 0.555714 0.505002
PEOS0 CDHI15 3.209232 0.765168
PEO50 ITGB1 -0.73643 0.751415
PEOS50 ITGA7 -0.05761 0.51444
PEO50 CBFAl -0.59695 0.594196
PEOS0 CDHI11 -0.78809 0.561626
PEOS50 SPP1 1.096847 0.543163
PEO50 TFIP11 8.844891 0.614125
PEOS50 TWIST1 -0.84953 0.861259
PEO50 TWIST2 0.091052 0.310872
PEOS0 SOX9 1.519516 0.54122
PEO50 SMADI 0.017103 0.306469
PEOS0 SMAD2 -0.28729 0.750768
PEO50 SMAD3 -0.25278 0.440385
PEOS0 SMAD4 -0.08326 0.390973
PEO50 SMADS 0.064817 0.326875
PEOS0 SMAD6 -0.48225 0.598781
PEO50 SMAD7 -0.81675 3.127843
PEO50 SMAD9 0.017376 0.305392
PEOS50 VDR 1.148759 0.696863
PEO50 BGLAP 0.518204 0.640871
PEOS0 BMP1 -0.01335 0.31
PEO50 BMP2 2.522018 0.645674
PEOS50 BMP4 0.384829 0.41849
PEO50 BMP6 -0.4035 0.349123
PEOS0 BMP7 -4.53602 0.593713
PEO50 BMP8B -1.08634 0.351152
PEOS0 BMPRI1A 1.485803 0.597157
PEOS50 COLI1A1 -0.06815 0.320682
PEOS0 COL1A2 0.13379 0.355431
PEOS0 COL3A1 0.502788 0.405792
PEO50 DLK1 6.106872 0.862335
PEOS50 PPARG 4.085669 0.579863
PEO50 CEBPA 1.854715 0.597236
PEOS50 CEBPB 1.715176 0.6494
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Supplemental Table D.6: Non-significant gene expression of hBMSC after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Detector log,(Fold Change) -log(P-value)

PEOS50 KLF15 3.686426 0.722412
PEO50 FABP4 0.428793 0.343241
PEOS50 SREBF1 -0.0776 0.326732
PEO50 GPD1 2.439293 0.649849
PEOS50 LPL -2.52305 0.430934
PEO50 NRI1H3 2.367289 0.760956
PEOS0 LEP 4.686981 0.805092
PEO50 ADIPOQ 5.311997 0.625861
PEOS0 LIPE 3.618489 0.522372
PEO50 GATA2 -0.19859 0.326617
PEO75 CD4 0.555306 0.427447
PEO75 CD44 0.051323 0.30815
PEO75 ITGA1 0.354624 0.467189
PEO75 CD9 0.627881 0.453898
PEO75 ITGA2 -0.74177 0.678869
PEO75 ITGA3 -0.25127 0.346522
PEO75 ITGA4 -0.08828 0.31905
PEO75 IL2R 3.446586 0.519092
PEO75 CD34 2.597715 0.623116
PEO75 PTPRC 1.225246 0.446859
PEO75 ENG -0.81664 1.075533
PEO75 THY1 -1.26197 0.802119
PEO75 PAX3 -6.7455 0.692444
PEO75 PAX7 -1.80029 0.360232
PEO75 MYODI1 7.960193 0.592291
PEO75 FOXK1 -1.00525 0.742752
PEO75 MSTN 8.713626 0.777828
PEO75 MEF2A -0.20354 0.340026
PEO75 MEF2B 0.976495 0.500041
PEO75 MEF2C 0.282248 0.35669
PEO75 MEF2D 0.004251 0.301631
PEO75 DES 0.210477 0.331459
PEO75 MSX1 0.425811 0.35606
PEO75 MSX2 1.124278 0.462414
PEO75 LBX1 -3.57012 0.582448
PEO75 NRAP 3.446586 0.519092
PEO75 MYOT 6.425289 0.904101
PEO75 TTN 0.396412 0.477785
PEO75 CDHI15 3.359377 0.839503
PEO75 ITGB1 -0.59436 1.368843
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Supplemental Table D.6: Non-significant gene expression of hBMSC after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Detector log,(Fold Change) -log(P-value)

PEO75 ITGA7 -0.35267 1.879981
PEO75 CBFAl -0.92875 0.722984
PEO75 CDHI11 -1.10375 0.639569
PEO75 SPP1 0.698387 0.449558
PEO75 TFIP11 -1.70112 0.983943
PEO75 TWISTI1 4.061803 0.554862
PEO75 TWIST2 -0.41669 0.346018
PEO75 SOX9 -0.34628 0.386218
PEO75 SMADI1 -0.34811 0.411573
PEO75 SMAD2 0.337346 041214
PEO75 SMAD3 -0.72234 0.892393
PEO75 SMAD4 -0.35294 0.78925
PEO75 SMAD6 -0.66578 0.684588
PEO75 SMAD7 -0.85441 1.272819
PEO75 SMAD9 -0.3197 0.39392
PEO75 VDR 1.08401 0.605997
PEO75 BGLAP 0.159073 0.385598
PEO75 BMP1 -0.28265 0.487948
PEO75 BMP2 2.658316 0.721618
PEO75 BMP4 0.094677 0.331864
PEO75 BMP5 3.9077 0.741407
PEO75 BMP6 -0.66992 0.383571
PEO75 BMP7 -1.129 0.961948
PEO75 BMP8B 2.934189 0.600871
PEO75 BMPRI1A 0.779492 0.492098
PEO75 COL1A1 0.034804 0.310471
PEO75 COL1A2 0.323597 0.626884
PEO75 COL3A1 0.673538 0.471112
PEO75 DLK1 6.008695 0.843098
PEO75 PPARG 2.082167 0.417449
PEO75 CEBPA 2.356322 0.615017
PEO75 CEBPB 1.460748 0.585237
PEO75 KLF15 3.389157 0.69098
PEO75 FABP4 0.307353 0.333419
PEO75 SREBF1 0.484247 0.398592
PEO75 GPD1 -0.07722 0.379804
PEO75 LPL -0.39607 0.349016
PEO75 NRI1H3 2.258199 0.764069
PEO75 LEP 4.819954 0.866891
PEO75 ADIPOQ 3.142369 0.769298
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Supplemental Table D.6: Non-significant gene expression of hBMSC after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Detector log,(Fold Change) -log(P-value)

PEO75 LIPE 3.446586 0.519092
PEO75 GATA2 -0.37796 0.352762
PEO100 CD4 1.419881 0.57557
PEO100 CD44 -0.95124 0.660831
PEO100 ITGAL1 1.081878 0.591413
PEO100 CD9 0.609183 0.494868
PEO100 ITGA2 -0.0253 0.305732
PEO100 ITGA3 -1.16099 0.724939
PEO100 ITGA4 -0.41217 0.422983
PEO100 IL2R 3.098924 0.507898
PEO100 CD34 2.564563 0.675131
PEO100 PTPRC -1.26658 0.41639
PEO100 ENG -0.26133 0.457152
PEO100 THY1 0.48163 0.479895
PEO100 PAX3 -2.38201 0.54426
PEO100 PAX7 2.262515 0.43316
PEO100 MYODI1 12.31357 0.618982
PEO100 MYOG -4.25505 0.892465
PEO100 MYF6 2.140323 0.507812
PEO100 MEOX2 -1.56271 0.799485
PEO100 FOXK1 -0.20975 0.703064
PEO100 MSTN 0.995899 0.618666
PEO100 MEF2A -0.53041 0.446771
PEO100 MEF2B 0.553852 0.441996
PEO100 MEF2C 0.194034 0.356281
PEO100 MEF2D -1.68927 0.869883
PEO100 GRB2 -0.83579 0.663897
PEO100 DES 0.039018 0.30852
PEO100 MSX1 0.183023 0.328544
PEO100 MSX2 0.978967 0.470079
PEO100 LBX1 0.062493 0.312035
PEO100 NRAP 3.098924 0.507898
PEO100 TTN -0.16059 0.40434
PEO100 CDHI15 2.716261 0.805774
PEO100 ITGB1 -0.77324 1.459313
PEO100 ITGA7 0.557487 0.498073
PEO100 CBFAl 0.247459 0.359988
PEO100 CDHI11 0.002212 0.302737
PEO100 SPP1 1.29308 0.504525
PEO100 TFIP11 -1.26342 0.881116
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Supplemental Table D.6: Non-significant gene expression of hBMSC after 7 days on
each foam grouped by material composition and listed by increasing PEO percentage.
Fold change was calculated as a change from undifferentiated cells. P-values were
computed for each gene between undifferentiated cells and those cultured on each
specific foam composition from triplicate cultures. (continue)

Sample Detector log,(Fold Change) -log(P-value)

PEO100 TWIST1 -0.3916 0.565459
PEO100 TWIST2 -0.56599 0.378142
PEO100 SOX9 -0.29204 0.41158
PEO100 SMADI 0.825451 0.468021
PEO100 SMAD2 -0.91646 1.102326
PEO100 SMAD3 -0.90156 1.829805
PEO100 SMAD4 -0.78379 1.292797
PEO100 SMADS -0.03714 0.315514
PEO100 SMAD7 -1.16594 0.974439
PEO100 SMAD9 -0.58497 0.574248
PEO100 VDR 0.33256 0.464633
PEO100 BGLAP 1.316141 0.796656
PEO100 BMP1 -0.62788 0.601983
PEO100 BMP2 2.132833 0.676455
PEO100 BMP4 -0.10948 0.367188
PEO100 BMP5 4.714086 0.822642
PEO100 BMP6 -0.91043 0.436476
PEO100 BMP7 -0.51451 0.398712
PEO100 BMPRI1A 1.288053 0.549885
PEO100 MGP 2.17399 0.954101
PEO100 COLI1A1 0.412804 0.406052
PEO100 COL1A2 0.089227 0.338564
PEO100 COL3A1 1.467463 0.94307
PEO100 DLK1 6.154662 0.93587
PEO100 PPARG 4.433485 0.678982
PEO100 CEBPA 2.519658 0.639986
PEO100 CEBPB 2.240238 0.68126
PEO100 KLF15 3.158473 0.73891
PEO100 FABP4 -0.50909 0.359451
PEO100 SREBF1 -0.80242 0.594264
PEO100 GPD1 1.703643 0.669783
PEO100 LPL -4.01667 0.551161
PEO100 NR1H3 1.728805 0.725767
PEO100 LEP 3.910892 0.778022
PEO100 ADIPOQ 5.187592 0.878596
PEO100 LIPE 3.098924 0.507898
PEO100 GATA2 -0.73417 0.431768






