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Chapter 1: Introduction and Motivation
Tissue engineering as a platform technology could revolutionize how medical
professionals approach combating and treating disease. With evolutionary biology and
human physiology serving as the backdrop, the known ability for organisms to heal, or
even regenerate, themselves has inspired physicians and scientists to believe that we can
better understand these processes and potentially find tools that capitalize on them for
clinical application. The field of biomaterials has aimed to address this exact challenge by
providing platforms for cells to recreate native structure and function of tissues found in
the body.
Biomaterials scientists have the option of employing both naturally-derived and
synthetically-derived materials as substrates for two types of cells: somatic cells and stem
cells. Both cell types have been found to respond positively to biomaterial technologies.
Yet with the accelerating capability of generating any somatic cell type with induced
pluripotent stem cells and the ever-improving expertise in harvesting native patient stem
cells, the development of biomaterial platforms that promote and maintain a naïve stem
cell phenotype is even more appealing. The quintessential stem cell that encapsulates this
mindset is the mesenchymal stem cell (hMSC), particularly from adipose or bone
marrow, as this stem cell variety is easily accessible and present in adults throughout
their lifespan.
Many studies have been conducted to learn how material properties alter hMSC
phenotype. The majority of these studies try to create micro- and macro-tissues such as
cartilage and bone, and translation of these findings have begun to permeate into clinical
settings. Yet, far fewer investigations have inquired how biomaterials could recreate stem
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cell niches that potentially provide the necessary capabilities of maintaining and
expanding stem cell populations outside the body, which is paramount for tissue
engineering technologies to have successful impacts on human health. This dissertation
project aimed at tackling a small aspect of this problem, namely looking for material
compositions that promote hMSC stem cell health for ex vivo expansion and probe what
the cell-material interface looks like such that future biomaterials can account for new
prerequisite design factors. The materials utilized for creating this biomaterial culture
platform included polyethylene glycol (PEG) and poly(ε-caprolactone) (PCL). The
following specific aims have been addressed:
Aim 1:  

Based on preliminary studies, are there any other PEG-PCL copolymer
substrates that elicit an improved stemness phenotype in hMSCs compared
to a previously identified copolymer composition?

Aim 2:  

What surface distribution of PEG and PCL is presented by the copolymer
compositions that promote the altered phenotype in hMSCs?

Aim 3:  

Is the increased stemness phenotype of hMSCs reproducible in a larger
hMSC donor population, and are there highly responsive cell membrane
proteins at the cell-material interface that trigger the phenotype switch?

Aim 4:  

Can hMSCs be serially passaged on an optimal PEG-PCL copolymer
without losing the enhanced stemness phenotype?
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Chapter 2: Background
2.1   Human mesenchymal stem cells (hMSCs) for Regenerative Medicine
2.1.1   Defining hMSCs and Their Sources
hMSCs were first observed as a subpopulation of bone marrow-derived stromal
cells1 and widely known to undergo directed differentiation2 into osteogenic,3-8
chondrogenic,9-12 and adipogenic6, 13 lineages. During the same period, however, many
studies have continually questioned if hMSCs intrinsically exude a phenotypic plasticity
because they have been found in multiple tissue types outside of the bone marrow.14, 15
(also summarized in Figure 2-1). Hence, the nature and origin of hMSCs are not clear as
they change depending on tissue source.

Figure 2-1 Multilineage Potential of hMSCs.
Curved arrow indicates self-renewal. Solid straight arrows represent known mesodermal
lineage differentiation while dashed straight arrows represent transdifferentiation into
ecto- and endodermal lineages in vitro. Adapted with permission from 16.
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Several groups have published findings that adipose tissue, muscle tissue,
umbilical cord, synovial fluid, corneal tissue, central nervous system, liver, heart and
dental pulp also contain hMSCs.17-22 Because hMSCs are found in several distinct tissues,
the phenotypic markers of hMSCs consequentially overlap with those of other cell types
native to the tissue of origin. As a result, the commonly-accepted hMSC profile includes:
CD13+, CD44+, CD49a+, CD49b+, CD63+, CD90+, CD105+, CD146+ and CD11b-, CD34-,
CD45-, CD133-.23 Two additional markers that also define undifferentiated, naïve hMSCs
from the bone marrow include CD166 and STRO-1.24, 25
Moreover, because some of these phenotypic markers overlap with the native
tissues hMSCs reside within, the aforementioned differentiation potential these cells have
are likely acquired by the surrounding cells and matrix environment.26-28 This is reflected
in the ability of hMSCs to differentiate into mesodermal, ectodermal and endodermal cell
lineages, thereby bringing into question is the term ‘mesenchymal’ is even valid as a
scientific label and rather simply historic.2, 29, 30
In an effort to try to resolve these contradictions, Nardi and colleagues looked at
murine post-natal MSCs to verify tissue origin of MSCs and characterize their long-term
culture potential and functional properties.31 Minimizing contamination from circulating
cells in the blood, their findings demonstrated that MSCs are, in fact, found in most all
solid organs and within the vessel walls of blood vasculature. MSCs from all the tested
solid tissues (brain, spleen, liver, kidney, kidney glomeruli, lung, bone marrow, muscle,
thymus and pancreas; examples illustrated in Figure 2-2) were able to generate long-term
cultures through self-renewal, but did have differences in surface antigen markers as well
as differentiation potential that was likely related to their site of origin.
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Figure 2-2 Morphology of MSC cultures derived from different organs and tissues.
(A) Phase-contrast micrographs of MSC-like cells in primary culture of aorta 24 hours
after plating. Glomerulus outgrowth on the fourth (B) and sixth (C) day post-plating. (D)
Heterogeneity among bone marrow-derived cells at passage 4, with MSC-like cells
(lower portion), spindle-shaped and round cells. (E) Pancreas-derived MSCs at passage
30. (F) Vena-cava-derived MSCs at passage 22. Magnifications, ×100 (B-F); ×200 (A).
Reused with permission from 31.
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Even with the breadth of this particular study, other groups have contended that
cell source of MSCs does play a bigger role in stem cell plasticity, and bone marrow
MSCs show the greatest superiority with this respect, which could be speculated as being
due to other resident stem cells in the marrow environment.32 Interestingly, some groups
have argued that bone marrow hMSCs can come in two different fractions depending on
the method of isolation.33 However, a more recent study from 2010 vindicated the trends
observed by Nardi et al where hMSCs from different tissue sources exhibited large
transcriptomic variation as well as a few conserved genes.34 Bone marrow hMSCs were
found to have gene networks that contributed more to tissue and organ development in
the mesodermal and endodermal lineages, while adipose hMSCs were found to have
significantly more immunomodulatory genes. Yet, there will undoubtedly be more
follow-up work and contradictory studies given the nebulous nature of this mysterious
and powerful stem cell subclass.
2.1.2   hMSCs in Regenerative Medicine and the Issue of the Hayflick Limit
Over the past several decades, hMSCs have become one of the most promising
cell sources for regenerative medicine due to their autologous availability, self-renewal
capacity, immunomodulatory effects, and multi-lineage differentiation potential.2
Encouraging results from basic science studies have stimulated a worldwide interest in
the use of hMSCs for treating human diseases, and hundreds of clinical trials are
currently underway35, 36 to evaluate their therapeutic efficacy for a range of applications,36
including attenuation of graft-versus-host disease,37 Crohn’s disease, repair of cardiac
tissue following heart attack,38 protection of tissue in type 1 diabetics, and patients with
chronic obstructive pulmonary disease (Osiris Therapeutics, Inc.).
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However, despite their promise, scientific consensus regarding the identity,
homogeneity, and applicability of this cell type remains elusive, and inherent variations
in donor cell quality have further slowed the pace for hMSCs reaching widespread
clinical use.36, 39 The individuals who would gain the most from stem cell-based therapies
are typically those of advanced age, and the hMSCs they would otherwise provide as an
autologous cell source are accompanied by detrimental abnormalities such as reduced
self-renewal and differentiation potentials, thereby limiting their therapeutic efficacy.40, 41
Furthermore, hMSC-mediated tissue regeneration would require exhaustive in vitro
expansion to achieve sufficient numbers, and serially-expanded hMSCs demonstrate
passage-associated abnormalities before reaching therapeutic mass.42, 43 These passageassociated abnormalities illustrate a process where cells have an innate limit to their
number of population doublings, known as the Hayflick limit (illustrated in Figure 2-3),
before their physiological function begins to deteriorate. In 1961, Hayflick and Moorhead
were the first publish this limitation in population growth due to aging characteristics at
the cellular level utilizing 25 different cell lines from mice. From their work, they
demonstrated that morphological changes occurred over many passages through the
multi-month experiments including, but not limited to, cellular granularity, cell
alignment, membrane contours, adherence, extra chromosome counts, susceptibility to
infection and the rate of slowing growth44. Over the next many decades, this work set the
tone that cells were not immortal and had some mechanism that tracked or injured cells
from remaining in a healthy state. In fact, Hayflick himself concluded in 1984, well after
the discovery of telomeres by Blackburn and Gall in 1978, that human (fetal) cells had a
limit to the number of doublings they could undergo and when frozen the cells still knew
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Figure 2-3 Hayflick Limit.
th
th
WI-38 human diploid lung fibroblasts at the 20 doubling (A) and the 50 doubling (B),
illustrating the visual appearance of senescence in primary cells. The three phases
describing the Hayflick limit are shown in (C). Adapted with permission from 45.
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how many doublings that could perform before reaching the Haylfick limit.46, 47 Hayflick
likened it to a count-down clock or ‘replicometer’ where mechanisms in the nucleus were
the site of enforcement.48, 49
According to Sames and Stolzing, aging is a culmination of multiple events that
inhibit the ability of organisms to regenerate themselves after damaging insults.50 At the
cellular scale, senescence is the equivalent process where cell division is no longer
possible after the increased level of injury to regenerative processes within the cell.51
Senescence does not mean that cells are dead, but rather have an abnormal phenotype that
is not representative of healthy cells and can exhibit a wide spectrum of functional
outputs.52 To articulate this point, accumulation of intracellular reactive oxygen species
(ROS) that can damage lipids and proteins,53 alterations in cell cycle regulation,43 and
susceptibility to carcinogenic agents54 are all hallmarks of senescence as primary cells
undergo excessive expansion in vitro.
As it pertains to hMSCs, ‘aged’ cells are larger, have greater surface area contact
with their substrate, and have more articulated actin stress fibers.55-57 Moreover, the
ability to differentiate is altered. Younger cells are able to maintain multipotency (e.g.
osteogenic, adipogenic, chondrogenic), but over multiple passages, older cells are only
able to differentiate into osteogenic and adipogenic lineages, and eventually only
osteogenic lineage.58 However, there remains continued argument in the field if these in
vitro findings are relevant to in vivo data demonstrating that transplanted MSCs were
even less able to adopt the lineage of their host organ tissue environment.59 Finally, donor
variability of hMSCs has also caused differences in in vitro aging responses where
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population doublings for some donors were higher than others as well as the spindle
morphologies being maintained longer for some donors over others.57, 60-66
Since hundreds of millions of hMSCs are required to generate meaningful
regeneration of bone in large animals, as an example,67 the few hundred thousand hMSCs
that can be isolated from the bone marrow of any typical donor would need to be
expanded considerably and break the Hayflick limit in the process. This fact has been
present in the literature42, 43, 68 but often overlooked simply because it is inconvenient
when proposing hMSCs for therapeutic applications. This has also happened in spite of
what it is widely accepted in that 2D culture on TCPS is not an in vivo microenvironment
equivalent. Even more, the advent of gerontology research having access to high-level
sequencing tools may confound the prerequisite conditions for good hMSC donors before
standards for donor quality and predictable response profiles can be articulated.69 In order
to expedite clinical translation, new strategies to maintain or reinstate hMSC fitness
following expansion must be developed to counteract this inherent decline in cell
health.68
2.1.3   Rise of Aggregate Cultures and Their Pitfalls to Meet Clinical Needs
In recent years, investigations of hMSCs cultured as aggregates (“spheroids” or
“hanging drops”) have revealed an increase in the expression of stemness and antiinflammatory markers70,

71

and presented a potential alternative method to producing

highly potent stem cells for therapeutic uses, which have been exploited in the clinic in
lieu of monolayer-expanded cells68, 72. For much of the history of biomedical research,
two-dimensional cell culture was utilized due to its ease of use and uniformity, but with
these advantages come the tradeoff with reduced likeness of a physical culture
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environment reflective of the body (i.e.- lack of physiologically normal cell
environment)73. Instead, three-dimensional culture is more reflective of normal cell
environments as has been shown again and again over the past several decades, including
the increased potential of stem cell and progenitor cell differentiation74.
With respect of hMSCs, these aggregate three-dimensional cultures carry the
property of prolonged replication lifespans, delayed senescence and increase gene
expression of pluripotency genes like octomer-binding transcription factor 4 A (OCT4A),
nanog homeobox (NANOG), and sex determining region Y-box 2 (SOX2)75-77. In most
experimental setups, hMSCs are seeded into aggregates containing between 500 and
10,000 cells to generate their own in vivo-like microenvironments that promote the
desired cell phenotype as mentioned above78,

79

. Methods utilized to make these

aggregates range from a variety of user-based precision-controlled techniques such as
pro-aggregate hanging drop seeding, cell-repellant surface treatment of wells, and
controlled aggregate assembly of cells in microfabricated culture dishes79-82.
Granted these distinct advantages, aggregate culture of hMSCs does have
significant drawbacks for translation, principally based on the technique incurring
stresses on the cells that are not balanced or typically present. For example, sizedependent diffusion limits nutrient and waste processing, which can lead to necrotic cores
of the aggregates if not carefully monitored74, 83, 84. This issue has been well documented
in both hanging drop aggregates as well as surface treatments (poly(ethylene glycol)) and
artificial membranes (chitosan) coated on well plates75,

76, 85-87

. With altered viability,

gene and protein expression within the hMSCs also becomes abnormal, especially if the
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cells are then exposed to the in vivo environment and potential inflict harm on the
recipient88.
These studies suggest that a culture environment that provides significantly more
cell-cell interactions compared to cell-matrix interactions more closely resembles the
physiological compartment of hMSCs in vivo and can be exploited for therapeutic gain89.
Such an approach would bypass the Hayflick limit and at the surface level appear to
produce more potent hMSC populations using smaller cell masses compared to
traditional ex vivo culture systems. However, these methods have relied upon forced
aggregation or repellant surfaces to cluster the hMSCs and raises an important criticism:
their use for in vivo implantation is severely limited since only cell density, culture time,
and addition of biochemical factors can be varied. The costs to manage such a system
would be prohibitive, and the spheroids couldn’t be easily handled and would require
massive cell numbers to reach therapeutic levels. Although a few studies have used
encapsulation of hMSCs to harness their therapeutic potential while providing a means
for handling, such as water-oil emulsions and micro-contact printed islands90, 91, these
studies lack critical investigation into how the technique could be expanded to large-scale
efforts as a streamlined method of cell culture for hMSC-based therapies. Hence, if the
aggregate method shortfalls are unable to be overcome, traditional in vitro expansion
would leave the stem cell field with the original problems of cell senescence, decreased
differentiation, and reduced paracrine signaling capability that could otherwise aid in
healing of damaged tissues at the site of hMSC engraftment92-97.
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2.2   The Relationship Between hMSCs and Pericytes
2.2.1   Are hMSCs and Pericytes the Same Cell?
One of several remaining challenges in regenerative medicine is the ability to
provide replacement tissues and organs with a robust vasculature system. The vasculature
would be based on small arteriole and capillary networks that provide the means to
transport nutrients to and waste from the bulk of the tissue it sustains. A microvascular
network is a prerequisite to support metabolically demanding tissues that are normally
developed and maintained in vivo and would have not been successfully developed de
novo in tissue engineering laboratories. One critical cell type that holds together the
microvasculature network is the pericyte, a cell type that is difficult to isolate but may
have lineage relationship to hMSCs and provide a potential means for generating pericyte
or pericyte-like cells without exhaustive isolation techniques.
Pericytes, also known as mural cells, are a supportive, mesenchymal cell type
embedded within the vascular basement membrane of blood microvessels98, 99. Pericytes
are known to make direct contacts with the endothelium (“peg-socket type”) and
participate in the development, stabilization, and maturation of vasculature through both
physical interactions via mechanical contraction of adherent junctions to control vessel
stabilization, and biochemical juxtacrine signaling to control vessel sprouting (Figure
2-4)98,

100-102

. Pericytes can be identified by a panel of markers, such as positive

expression for CD146, platelet-derived growth factor receptor beta (PDGFRβ), neuronglial antigen 2 (NG2), platelet endothelial cell adhesion molecule 1 (PECAM), alphasmooth muscle actin (αSMA), and negative expression of vascular endothelial cadherin
(VE-cadherin) and Von Willebrand factor (vWF).
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As pericytes and endothelial cells are localized closely, pericyte control of
endothelial cell phenotype via chemically-mediated signaling cascades that include, but is
not limited to, transforming growth factor beta and its receptor (TGF-β/TGFβR), platelet
derived growth factor and its receptor (PDGF/PDGFR), and Angiopoietin-1 (Ang1) /
Angiopoietin-2 (Ang2) / tyrosine kinase with immunoglobulin-like and EGF-like
domains 2 (Tie2) (Figure 2-5)98, 101. These signaling pathways are crucial for a variety of
developmental and regenerative purposes in the body as was previously mentioned. Of
the listed pathways, Tie2 becomes activated on endothelial cells upon binding with Ang1
and causes vessel growth and stabilization, and has been confirmed in vivo in an ischemia
animal model103, 104. However, if Ang2 binds to Tie2, the beneficial effects seen in Ang1
are abrogated98, 105. Though, it should be mentioned that Ang2 is necessary at certain
points in development in regulating postnatal angiogenesis and lymphangiogenesis106.
Ang2 can be sourced from endothelial cells themselves and likely have autocrine effects
in controlling vessel structure107. Taken all together, Ang1 serves as the main promoting
ligand agent in cell-cell signaling for vessel growth and pericyte stability while Ang2
prevents Tie2 signaling, induces pericyte removal and collapse of vessel growth98, 108.
In 2008, Crisan et al. raised a possibility that hMSCs and pericytes might actually
be the same cell type (i.e. high stemness status with pro-angiogenic properties)109.
Stemness refers to a cell’s ability to retain self-renewal capacity and differentiation
potential, and is controlled by transcription factors such as OCT4A, Nanog, and SOX2110.
The isolated pericytes demonstrated multi-lineage differentiation capacity in vitro
(adipogenic, chondrogenic, osteogenic, myogenic), and exhibited an expression profile of
surface proteins similar to that of hMSCs both in vitro and in vivo (Figure 2-6).
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Despite the original findings by Crisan et al., other studies claimed to have
identified markers that further delineated the pericyte phenotype from hMSCs, but the
findings continue to raise questions of whether pericytes and hMSCs are more closely
related than previously thought. For example, CD146 is a marker of both hMSCs and
pericytes. However, CD146+ fraction of perivascular cells, but not unfractionated MSCs
or CD146- cells, maintain the undifferentiated state of human hematopoietic stem cells,
suggesting a critical role for pericytes in the bone marrow niche111. A subpopulation of
perivascular cells in the bone marrow corroborated the previous findings having
identified the subpopulation of perivascular cells as promoting angiogenesis112.
Additionally, perivascular cells isolated from multiple human organs exhibited
characteristics distinctly similar to those of hMSCs including multi-lineage
differentiation capacity in vitro and presentation of surface proteins identical to that of
hMSCs both when serially-expanded in vitro, as well as in the native perivascular niche
in vivo.113 Pericytes are also positive for STRO-1111, which further suggests an in vivo
relationship between the two cell types that might be lost in culture.
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Figure 2-4 Pericyte Localization and Function.
Pericytes localize around endothelial cells that make up capillary networks, and in some
cases larger arterioles and venules. They have a variety of functions including: (1)
influencing endothelial tight and adherens junction proteins; (2) regulating the stability
and architecture of newly formed microvessels; (3) secreting extracellular matrix proteins
comprising the basement membrane; (4) regulating capillary diameter and blood flow;
and (5) provide clearance and phagocytotic functions depending on surrounding tissue
type. Adapted with permission from 114.
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Figure 2-5 Signaling Pathways Mediating Mural Cell Recruitment, Differentiation,
and Vascular Stabilization.
Pericyte recruitment to the endothelium is mediated by multiple ligand-receptor
complexes. A ligand-receptor pair is indicated by the same color. Adapted with
permission from 115.
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Figure 2-6 Immunodetection of Perivascular Cells in Human Organs.
Sections were indirectly immunostained with antibodies to mural and endothelial cell
markers. (A) Myocardium: a capillary endothelial cell in transverse section marked by
CD34 expression (green) is closely surrounded by a CD146+ pericyte (red) (×900). (B)
Skeletal muscle: small vessel transverse section; CD146+ perivascular cells (green)
surround CD34+ endothelial cells (red) (×400). (C) Placental villus: arterioles (A),
venules (V), and capillaries (C) are all lined with CD34+ endothelial cells (green)
surrounded by CD146+ perivascular cells (×100). (D) Skeletal muscle: small vessel
longitudinal section; PDGF-Rβ-positive perivascular cells (red; red arrows) surround
vWF+ endothelial cells (green; green arrows) (×400). (E) Fetal pancreas: small vessel
longitudinal section; NG2-positive perivascular cells (green; green arrows) surround
CD144+ endothelial cells (red; red arrows) (×400). (F) Transverse and longitudinal
sections of placental small blood vessels. Endothelial cells marked by the Ulex
europaeuslectin (red) are surrounded by perivascular cells expressing α-SMA (green)
(×400). (G–I) Transverse section of a skeletal muscle blood vessel double stained with
antibodies to CD146 (G) and NG2 (H). (G) and (H) have been merged to create (I).
Perivascular cells marked by CD146 expression also express NG2. Cells in a more
central location express exclusively CD146 (arrows) and likely represent endothelial cells
(×300). (A) Fetal myocardium; (B, D, G–I) skeletal muscle; (E) fetal pancreas; (C and F)
placenta. Nuclei have been labeled blue with DAPI. Reprinted with permission from 113.
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2.2.2   hMSCs and Pericyte Utilization in Tissue Engineering
In light of these multiple findings, some tissue engineers have begun trying to use
pericytes in tissue engineering settings as a comparison against hMSCs that have already,
and continue to be, exhaustively utilized for vascularization of potential tissue constructs.
Many research groups have used hMSCs as a pro-angiogenic supporting cell type for
vascular applications116-121, exploiting their inherent pro-angiogenic properties provided
the correct contextual cell culture environment. One group implanted hMSCs with
endothelial cells housed within a collagen/fibronectin gel into immunodeficient mice that
resulted in stable vasculature formation within the construct for more than 130 days122.
hMSCs alone could not sustain vasculature in vivo, indicating a limitation in their use. To
address this shortfall, two papers characterized functional differences between hMSCs
and pericytes. The first group developed a micro-patterned system in vitro to study the
ability of pericytes to stabilize EC tubes without collapsing123. The authors showed that
pericytes, but not hMSCs, were able to migrate through a mock basement membrane to
maintain the integrity of EC tubes, whereas the MSC-supported tubes were collapsed at
16 hours post-incubation. Complimentary to these results, a second research group
performed three different co-culture models with human endothelial cells and
demonstrated that human placenta-derived pericytes, but not hMSCs or fibroblasts, were
able to stabilize EC tubes in 2D Matrigel culture, promote angiogenic sprouts in 3D coculture, and form interconnected endothelial cell cords124.
With respect to pericyte-only tissue engineering, one early study utilized human
pericytes to pre-seed vascular grafts based from poly(ester-urethane)urea scaffolds in
order to repair damaged aortas in rats125. 8 weeks after implantation, the pericyte-seeded
scaffolds were found to be 100% patent compared to 38% of the scaffold-only controls,
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and demonstrated remodeling with ECM deposition, invagination of aSMA+, calponin+
cell layers, and a vWF+ lumen. However, no hMSC controls were utilized to compare
with the existing literature. In a separate study, three-dimensional polyethylene glycol
(PEG) hydrogels were formed with muscle tissue pericytes to aid in muscle
regeneration126. Pericytes obtained from adult boars showed remarkable increase in
regeneration capacity in the hydrogel environment to make new muscle tissue
reminiscent of young, healthy tissue. In fact, the degree of both vasculogenesis and
myogenesis were so improved that no further modification to the PEG hydrogel was
needed other than fibrinogen coupling. Finally, with a similar aim in mind, Saik and
colleagues created polyethylene glycol gels with immobilized PDGF-BB to stimulate
encapsulated pericytes to synthesize native ECM proteins fibronectin, collagen and
proteoglycans127. The basement membrane formed by the pericytes in this construct for
endothelial cells to engraft and undergo angiogenesis in parallel with normal pericyteendothelial cell chemical signaling exchange.
In conclusion, the pro-angiogenic and anti-inflammatory expression coupled with
pronounced stemness factor expression suggests that an hMSC phenotype with high
stemness also regulates vascular formation and inflammation, two functions that are
incumbent for pericytes98, 128. However, no study has successfully identified any marker
that uniformly links hMSCs as pericytes, meaning definitive evidence for the theory of
pericytes and hMSCs being the same cell type does not exist.
2.3   Biomaterials and Their Use in Modulating Stem Cell Behavior
hMSC behavior can be manipulated by changing the parameters of the
extracellular environment to which they are exposed. hMSCs have been shown to
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respond to changes in the physicochemical properties of the extracellular matrix (ECM)
that result in global alterations to cell phenotype. Indeed, there is a supporting body of
literature that explores the competitive influences of substrate properties and how such
properties regulate hMSC fate and function8, but some pieces of the puzzle that explain
how hMSCs respond to materials are still missing. These inherent properties in natural
ECM are also the same properties that synthetic materials try to recapitulate. However,
due to the continued discoveries of how material properties alter specific feedback loops,
it makes designing successful materials, natural or synthetic, more difficult. In general,
many investigated properties that researchers are transfixed on include, stiffness,
nanotopography, cell adhesiveness, molecular flexibility, chemical funcitonality, binding
affinity, degradability and degradation products (Figure 2-7)129. Three will be discussed
due to relevance to this thesis work.
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Figure 2-7 Inherent Material Properties.
Stem cell fate decisions can be affected by properties inherent to materials near the
cell/material interface, such as nanotopography, stiffness, chemical functionality,
molecular flexibility, the adhesivity of cells to the material, its binding affinity for soluble
factors, its cell-mediated degradability and its degradation by-products. Reprinted with
permission from 129.
2.3.1   Stiffness
Whether using natural or synthetic materials, hydrogels (water-swelling polymer
networks of protein or synthetic material) allow for very controlled crosslinking that
modulates the gel stiffness. In early investigations of hydrogel stiffness, poly(acrylamide)
was the first material of choice given the ease of fabrication and dynamic range of
stiffness that could be programmed into the hydrogel130. With further chemical
modification, natural ECM proteins like collagen I or well-defined peptide sequences
could be tethered to the gel to provide binding sits for cells. Shortly after development of
the poly(acrylamide) system, more hydrogel platforms came into prominent use like
hyaluronic acid and alginate gels, both of which have the same dynamic stiffness range as
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poly(acrylamide)131, 132. However, no hydrogel system has become more ubiquitous than
the poly(ethylene glycol) (PEG) hydrogel system because it can easily be formed for
three-dimensional cell culture.
One of the first watershed studies exploring matrix influence on hMSCs
discovered that matrix elasticity could govern cell fate133. When hMSCs were cultured on
matrices that had moduli reflective of a given tissue type, the hMSCs were induced to
differentiate into cells that are best suited to the matrix environment (e.g. soft matrix for
neuronal tissue promoted neurogenesis and stiff matrix for bone promoted osteogenesis)
(Figure 2-8). Recently, there was debate as to whether protein-tethering variation based
on substrate pore density was the primary agent responsible for perceived matrix stiffness
cues134, but a 2014 article in Nature Materials135 rebutted such claims. An in vivo study in
2010 had taken mouse muscle stem cells and determined if stem cell self-renewal was
also affected by substrate elasticity. Only when the muscle stem cells were cultured on
muscle-like substrates (~12 kPa) did the stem cell generate a self-renewing cycle that also
generated a fraction of cells that differentiated into fully functional muscles cells and
eventually small tissues136.
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Figure 2-8 Matrix Stiffness Regulates hMSC Differentiation.
hMSCs cultured on polyacrylamide gels of specified elastic moduli induced
differentiation into set lineages. Linage evaluation was based on inmmunofluorescent
imaging of lineage-associated protein markers. Adapted with permission from 133.
Curiously, some groups have recently demonstrated that downstream regulators of
stem cell responses are highly dependent on substrate stiffness. Localization of the yesassociated protein (YAP) and PDZ-binding motif (TAZ) are polarized with respect to
compartmentalization (Figure 2-9), as these transcription factors gets shuttled to and from
the nucleus with subsequent influence on Rho GTPase activity137,

138

. Without these

factors, differentiation of hMSCs were highly altered or impaired, yielding the conclusion
that matrix elasticity remains a central pillar in the stem cell phenotype decision tree.
Even more interesting, when hMSCs were cultured on substrates that had tunable
stiffness that oscillated between soft and stiff, the cells had an imparted ‘memory’ of the
prior stiffness via these transcription factors and differentiated based on the memory
stiffness if induced before the cell had time to recognized the new stiffness of the gel139.
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Figure 2-9 YAP/TAZ are Regulated by ECM Stiffness.
Confocal immunofluorescence images of YAP/TAZ and nuclei (TOTO3) in human
mesenchymal stem cells (MSC) plated on hydrogels. Scale bars, 15  µm. Graphs indicate
the percentage of cells with nuclear YAP/TAZ. (n  = 3). Adapted with permission from
138
.
2.3.2   Nanotopography
As these discoveries regarding substrate stiffness were being probed, other groups
were concurrently exploring the influence of nanotopology and how shaped surfaces
could intentionally push cells to adhere in patterns. Nanotopography of substrate surfaces
could confine cell interactions with materials or provide prominent z-axis features that
recapitulated matrix morphologies found in tissues. Many methods have been developed
to alter nanotopography. Nanolithography can alter surfaces to control cell shape, cell
size and tissue patterning via generation of pits5, 140, pillars141 and channels142. Reviewed
by DH Kim et al, nanolithography methods alter the spatial presentation of adherent areas
on a substrate provides the cell with a set of instructions of how to morphologically
respond to its environment (Figure 2-10)143. For instance, NIH 3T3 cells adopt different
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aligned and spread morphologies depending on how the adhesive surface is designed, a
response that is readily applicable to hMSCs. In fact, similar patterning can control
hMSC orientation under dynamic culture conditions144. Depending on the interval
distances between adhesive and repellant zones, along with total surface area and
curvature of the surfaces, cells will adopt a variety of spread and spindle morphologies
that can be used to influence not only stem cell differentiation but also tissue formation
similar to native tissue organization observed in histological sections.
Similarly, channels and pillars in varied spatial layouts via nanolithography can
promote stem cell renewal or differentiation. It has been demonstrated the human
embryonic stem cells maintained a self-renewing population within 30 nm diameter
pillars in honeycomb patterning141 while 120 nm diameter nanopits with 300 nm centerto-center spacing allowed hMSCs to self-renew and asymmetric pit spacing promotes
differentiation5. Moreover, microgroves of adhesive substrate platforms have influenced
epigenetic signaling in induced pluripotent stem cells to maintain their self-renewing
population and resist spontaneous differentiation without the need of small-molecule
supplements145.
Nanotopological substrate features can also be generated by electrospinning of
natural and synthetic polymers146. By adjusting electrospinning variables such as voltage,
collection speed, and syringe nozzle, fiber sheets can comprise of homogenous or
heterogeneous fiber and pore sizes147. Fiber ranges have been tuned as low as tens of
nanometers working up to many microns148.
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Figure 2-10 In Vitro Culture Platforms that Alter Nanotopography.
Schematics of three representative nanotopography geometries commonly used as cell
culture substrates, including nanogroove/ridge arrays, nanopost arrays, and nanopit
arrays. Anisotropic topographies are directionally dependent, in this case, providing cues
along a single axis. Isotropic topographies are uniform in all directions, providing cues
along multiple axes. Topography gradients provide cues through gradual changes in
physical features (e.g., groove spacing) along a particular direction. Schematics are not
drawn to scale. The ranges of relevant feature sizes could vary between 100 nm and 1
µm, depending on the design dimensions of the substrates’ nanofeatures. Adapted with
permission from 143.
2.3.3   Chemistry
Finally, surface chemistry has also served as a dominant theme in biomaterials
design in controlling hMSC phenotype. An early example of this involved functionalizing
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glass with different functional end groups (e.g, -CH3, -NH2, -SH, -OH, and –COOH) that
would alter binding capacity and adsorption properties of serum protein and cells149. Cell
morphologies were drastically altered when cultured on the different surfaces (Figure
2-11A) and the resulting phenotype commitment of the hMSCs could be seen at the
transcriptional level as specific combinations of ECM-related molecules and sensing
proteins were more significantly expressed on particular functionalized glass substrates
(Figure 2-11B). These results altered the landscape of synthetic materials as culture
substrates such that functionalized moieties could recapitulate previous findings for
hMSC differentiation into desired tissue types but in larger anatomical dimensions3. More
specifically, it was the degree of functional moiety incorporation that enhanced the
degree of hMSC differentiation, as evaluated by immunofluorescent staining.
ECM-related molecules are not the only substances that can be built into the
substrates. Photopolymerization has enabled different synthetic polymer components to
be attached to natural and synthetic polymer backbones, and control of this process
further allows the user to define where these polymer components are located within or
on the substrate (Figure 2-12)3,

150

. Depending on the chemistry of the added group,

different signaling molecules and growth factors are selectively sequestered and provide
an additional chemical instruction beyond material cues151. Further development of this
technology towards high-throughput screening are also being explored as libraries of
organic and inorganic materials can aid in decoupling how altered chemistry, topology
and stiffness (among other previously listed material characteristics in Section 2.3.1)
influence stem cell behavior152-155.
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Figure 2-11 Surface Functionalization Alters hMSC Morphology.
(A) Cell viability with Calcein AM (green) and ethidium homodimer (red) was
ascertained through immunofluorescent imaging with visible alterations in hMSC
morphology depending on surface treatment. (B) qRT-PCR of ECM-related molecules
and sensing proteins for each functional group. Adapted with permission from 149.

Figure 2-12 High-Throughput Screening of Materials for Stem Cell Culture.
Methodology for high-throughput screening for (embryonic) stem cell culture
substrates150. Reprinted with permission.
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2.3.4   Issues of Material Tunability and Need for More Pro-Stemness Materials
Matrix stiffness, surface chemistry and topology continue to remain as the
dominant ECM variables being probed. Yet, there remain issues of platform tunability in
order to vary more than one material parameter in a precisely controlled manner. For
example, polyacrylamide and poly(dimethyl siloxane) gels have been the tools of choice
when studying hMSC responses to the extracellular environment as these mediums allow
for tight control over certain material properties133-135; however, these platforms offer
greater control over stiffness and protein density/crosslinking tunability, leaving
properties such as roughness, adhesiveness, and hydrophilicity less easily manipulated
when they could, in fact, influence hMSC phenotype. Furthermore, these materials are
unable to be fabricated as three-dimensional scaffolds, thereby limiting the implications
and scalability of findings.
Because of these substrate limitations, the discourse in the literature over the last
10 years has primarily promoted hMSC mechanosensitivity as a fundamental regulator of
lineage specification and has ignored the other end of the spectrum: namely, the material
properties that assist hMSCs in resisting differentiation. To date, nearly all studies
regarding hMSC interactions with biomaterials have focused upon directed
differentiation to specific lineages, aiming to improve their potential for tissue
engineering applications3, 5. The simplified systems employed in the aforementioned
studies have yielded paradigm-shifting insights for outside-in signaling from the
microenvironment, but the number of remaining experiments that can yield meaningful
results with these systems may be limited. Consensus opinion by leading experts in the
field has articulated the need for developing more highly integrated, complex material
systems to continue the progression of the field129.
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Biomaterials investigators more recently considered making substrates for longterm maintenance of hMSC stemness. For tissue regeneration in a clinical setting,
autologous or allogenic hMSCs would be expanded ex vivo to achieve relevant numbers,
and then differentiation would be induced over several weeks. Despite the documented
loss of stem cell phenotype and potency during this type of long-term culture43, the
underlying requirement for expanding healthy, undifferentiated hMSCs prior to
differentiation, or for reinstating the reduced capacity of aging cells, has been
significantly overlooked in the literature. To address the unmet need, studies oriented at
maintaining expression of hMSC stemness genes in response to changing material and
biochemical cues has yielded very few substrates that can maintain an undifferentiated
state of hMSCs with high stemness24, 156-158. In a seminal paper that evaluated the effects
of nanotopography on intracellular function, McMurray et al demonstrated that regularlyspaced nanopits in a thin polymer substrate improved the expression of ALCAM and
CD63 (markers of undifferentiated hMSCs) while supporting long-term culture of
hMSCs and sustaining differentiation capacity140. However, the roles of cell-cell/cellmaterial interactions and coupled material properties that undoubtedly played a role in
driving cell behavior were disregarded. Furthermore, only a limited selection of markers
was used to classify hMSCs as undifferentiated, and the resulting phenotype of the cells
was not explored. Nonetheless, this work represents an important step in the interface of
hMSC and biomaterials as it links high-level stem cell biology to controlled alterations at
the substrate surface to maintain an undifferentiated status of hMSCs.
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Chapter 3: Aim 1- Expanding the Copolymer Library
3.1   Introduction
Two decades of research have demonstrated that cell fate and function can be
regulated by the physicochemical properties of biomaterial culture substrates159. hMSCs
respond to changes in the physicochemical properties of the extracellular matrix (ECM)
such as stiffness and nanotopography, revealing an intrinsic sensitivity of cells –
particularly hMSCs – to changing material properties5, 133, 160. This outside-in signaling
has become a dominant theme in the biomaterials community with several groups
attempting to elucidate how hMSCs sense their environment and identify how the signal
is transduced to elicit functional change in the cell5, 133-135.
Most studies to-date have focused on material-mediated differentiation of hMSCs
toward specific lineages, but one landmark paper demonstrated that topographical cues
can modulate hMSC stemness and metabolism

140

. Indeed, development of culture

substrates that maintain stemness (that is, the ability of a stem cell to both self-renew and
differentiate) is critical for the success of hMSC-based therapies for two reasons. First,
exhaustive ex vivo expansion of hMSCs is required to generate clinically-relevant cell
numbers, but this yields functional abnormalities such as reduced stemness and
accumulation of reactive oxygen species (ROS)43. Intracellular ROS and the associated
redox mechanisms are tightly-controlled in healthy tissues; however, aberrant regulation
results in increased ROS levels that oxidize DNA and proteins161, leading to stem cell
aging and quiescence162. Second, aging patients (e.g. 65+ years old) who stand to benefit
the most from autologous, hMSC-based therapies donate cells that already exhibit
reduced stemness and increased ROS, and additional expansion renders their cells
therapeutically-limited.42 Identification of physicochemical material properties that
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regulate hMSC health without the need for exogenous biomolecules would overcome
these translational barriers. Despite this fact, material systems that simultaneously
regulate hMSC stemness and redox capacity remain undeveloped, and systematic
evaluations of the physicochemical parameters that affect these pathways have rarely
been explored. Therefore, in order to expedite clinical translation, strategies to maintain
or reinstate hMSC stemness are needed to address these issues68.
Cell-matrix and cell-cell interactions instruct stem cell behavior. Within their in
vivo niche, stem cells are anchored to the extracellular matrix and neighbouring cells, and
the competition between these interactions is instrumental for maintaining stemness or
inducing differentiation. Most biomaterial systems encourage cell-matrix adhesion, yet
biasing the cells in the opposite direction (i.e. toward cell-cell interactions) can be equally
beneficial. For example, hMSCs cultured as substrate-free aggregates, or “hanging drops”
(HDs), are initially comprised of only cell-cell contacts and have garnered attention due
to their anti-inflammatory capabilities70. However, HDs pose technical problems for
clinical translation, including scalability, handling, and implantation. Material systems
such as patterned surfaces163, pre-fabricated microwells164, or chitosan-based substrates75,
165

can be leveraged to promote cell aggregation, but in-depth analysis of the structure-

function relationship between the material composition/properties and subsequent cellular
response remains undeveloped. To address this issue, synthetic copolymer culture
substrates can simultaneously provide physicochemical cues that encourage HD-like cell
behaviors, while tuning the material composition/properties for in-depth analysis of
material-mediated regulation of the cellular response.
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In this aim, we designed copolymers of varying surface repellency that effectively
modulate both stemness and redox regulation in hMSCs, and demonstrate that these
effects can be finely tuned by altering the polymer composition.
3.2   Methods
3.2.1   Polymer Substrate Preparation
All polymers were synthesized as previously described

166

. Unless otherwise

noted, all in vitro experiments were performed on spin-coated polymer films that were
prepared with a commercial spin-coater (Laurell Technologies, North Wales, PA, USA).
15 mm circular glass cover slips (Fisher Scientific, Waltham, MA, USA) or 10 cm Pyrex
Petri dishes (Corning Inc., Corning, NY, USA) were first cleaned with 100% ethanol
(Sigma Aldrich, St. Louis, MO, USA), rinsed with dH2O, and heated to 80°C for ~20 min
to dry. A 1% weight/volume (w/v) solution of the specified polymer in tetrahydrofuran
(THF, Sigma Aldrich) was spun for either 30 seconds at 3,000 RPM on glass cover slips
(50 µl solution/sample) or 2 min at 1,500 RPM on Petri dishes (1 ml solution/sample).
All samples were then exposed to constant cold-trap vacuum for ≥ 30 min to remove
excess solvent and kept in a desiccator until use. For cell experiments, substrates were
UV sterilized for 30-60 min on each side before use; for 15 mm cover glass, samples
were placed in a 24-well plate, and secured with an autoclaved silicon O-ring (McMaster
Carr, Atlanta, GA, USA).
For protein pre-coating experiments, the desired amount of human fibronectin
(Fisher Scientific) was diluted in serum-free αMEM and allowed to adsorb to the material
surface for ≥ 30 minutes at 37 ºC. Samples were then rinsed twice with PBS and used for
culture experiments.
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3.2.2   Physicochemical Characterization of Polymer Library and Surfaces
Surface roughness was measured on dry, spin-coated samples by profilometry
(Dektak 150 Surface Profiler, Veeco, Plainview, NY, USA) using a 2 mg force, a 1000
µm scan length over 10 seconds, and a 65.6 µm z-axis scan range. N=10 measurements
were made on each of n=3 independent samples and the average deviation from the
arithmetic mean (Ra) is reported. Protein adsorption was measured by quartz crystal
microbalance with dissipation (QCM-D). Polymer was spin coated onto gold-coated
quartz crystal (5 MHz, QSX 301; Q-Sense AB, Goetenberg, Sweden) using a ~50 ml of
10 mg/ml solution at 3,000 RPM for 30 seconds using a spin coater (Headway Research
Inc., TX). QCM-D measurements were carried out using a Q-Sense E4 instrument (QSense AB, Goetenberg, Sweden) at 37.5 °C with 10% FBS, according to standard
protocols.167 The data were analyzed using the Voigt model in the Q Tools software
supplied by Q-Sense, Inc. Contact angle was performed with a goniometer (Ramé-Hart,
Succassunna, NJ, USA) using 10 µl droplets of deionized water. Three measurements
were taken on each of three independent samples, and the average advancing contact
angle was reported (n = 9).
Surface modulus was measured using a Veeco NanoScope V (Bruker
Corporation, Billerica, MA, USA) using a cantilever with a rectangular cross-section
(MLCT tip B; Bruker AFM Probes). A glass coverslip was used as a control sample
while all spin-coated coverslips were tested using an identical protocol. Samples were
first incubated in PBS overnight before testing in air at 37 °C. A topographical scan of a
5 µm x 5 µm area was made in contact mode sampling 512 samples/line for 512 lines
with a scanning rate of 30 µm/s. A z-limit of 5 µm was used to prevent tip failure. A force
volume scan was then performed to allow for an estimation of the sample’s area-averaged
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elastic modulus. A 16 x 16 grid spanning the same area as the topographical scan was
indented at 1.54 µm/s to a maximum motor movement of 750 nm. Calibration of the
deflection-voltage curve d(V) of the cantilever beam was estimated using a series of
indentations into a glass coverslip by assuming rigidity of the coverslip. This calibration
had the form of:

Equation 3-1:

𝑑 nm = 0.0000113𝑉 ) + 0.00836𝑉 − 12.3

where V has units of volts (n=3; R2=0.997). The Sader method168 was used to estimate the
cantilever stiffness k (approximately 0.02 N/m) such that the force could be estimated as
F = kd. The indentation depth u was computed as:

Equation 3-2:
𝑢 = 𝑃 − 𝑃1 − 𝑑 − 𝑑1
where P is the absolute position of the stage, PC is the absolute position at the point of
contact between the tip and the sample, and dC is the deflection of the cantilever at the
point of contact. This allowed the generation of a force-displacement F(u) diagram for
each sample point in the force-volume image. These data were then analyzed using
conical indenter theory corrected for the true probe geometry.169 These results were then
used to estimate the elastic modulus E in a least-squares sense by treating it as a
parameter in a Levenberg-Marquadt fitting algorithm. The expected form of the F(u) data
was given by:

Equation 3-3:
𝐹 𝑢 =
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where α is the half-angle of the indentation probe (nominal average 71.25°), β=1.023 is
the asymmetric correction factor for a probe with square base169, and assuming
incompressibility (i.e. Poisson ratio ν=0.5) and rigidity of the indentation probe. The
area-averaged elastic modulus was then found by averaging the modulus determined for
each of equally-spaced 256 locations within the 5 µm x 5 µm area characterized during
the topographical scan. Analysis was performed using NanoScope Analysis v1.50
(Bruker). Ten randomly-selected locations were analyzed using the indentation analysis
tools in this software package. Data from 10-70% of the full force scale were included in
the analysis.
1

H NMR was conducted on a 400 MHz AV-400 console (Bruker Instruments, Inc)

using 1% w/v solutions in CDCl3. Mole percent composition for each copolymer was
determined by comparing the integration of CH2–CH2 protons of PEG (δ = 3.65 ppm) to
that of O–CH2 protons representing the ε-carbon of the PCL peak at (δ = 4.05 ppm)170.
Molecular weight was measured by gel permeation chromatography. After
dissolving copolymers in THF at 10% w/v, the polymer solutions were injected at 1
mL/min through a Waters chromatography system equipped with a binary HPLC pump,
refractive index detector, dual λ absorbance detector, and four 5 mm Waters columns
(300 mm x 7.7 mm) connected in series (Waters Corporation, Milford, MA)171.
3.2.3   Cell Culture
hMSCs were either purchased from Lonza (Walkersville, MD, USA). hMSCs
were maintained in complete media (CM) composed of alpha-minimum essential media
with nucleosides (αMEM, Life Technologies, Carlsbad, CA, USA) with 16.7% fetal
bovine serum (Life Technologies), 1% penicillin/streptomycin (Life Technologies), and 4
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µg/ml plasmocin (InvivoGen, San Diego, CA, USA). Cells were kept in a humidified
incubator at 37°C and 5% CO2, and media was replaced twice each week. When ~80%
confluent, hMSCs were detached with 0.05% trypsin-EDTA, re-seeded at a density of
100 - 500 cell/cm2, and cultured for 7-14 days before reaching confluence. For all
experiments, hMSCs (page < 6) were seeded at a density of 10,000 viable cells/cm2, as
determined by exclusion of Trypan blue, and cultured for three to four days.
3.2.4   Measuring Levels of Intracellular Reactive Oxygen Species (ROS)
hMSCs

were

incubated

with

10

µM

5-(and-6)-chloromethyl-2’,7’-

dichlorodihydrofluorescein diacetate acetyl ester (DCFDA) (Life Technologies) in
serum-free DMEM for 30 minutes following the manufacturer’s instructions. Cells were
trypsinized and run on a FACS Calibur flow cytometer (BD Biosciences, Franklin Lakes,
NJ, USA) with the appropriate unstained control. N=3 biological replicates were
conducted per substrate condition. Data were analyzed by FlowJo software (Tree Star
Inc., Ashland, OR).
3.2.5   Measuring Cell Proliferation
hMSCs were incubated with 10 µM 5-ethynyl-2’-deoxyuridine (EDU) (Life
Technologies, Carlsbad, CA, USA) in serum-free media for 12 hours before the
completion of the 96-hour culture period. Cells were fixed in 4% paraformaldehyde
(PFA, Sigma Aldrich, St. Louis, MO) and processed per the manufacturer’s instructions.
Images were taken with a Zeiss LSM 710 microscope (Carl Zeiss, Oberkochen,
Germany), and the images were processed with Zeiss Zen software and ImageJ (National
Institutes of Health, Bethesda, MD). N=6 biological replicates were used per substrate
condition.
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3.2.6   Immunocytochemistry and Immunophenotyping by Flow Cytometry
hMSCs were fixed with 4% paraformaldehyde (PFA, Sigma Aldrich) for 15 min,
permeabilized with 0.3% Triton-X (Sigma Aldrich) for 15 min when probing intracellular
targets, and blocked with 10% goat serum (Sigma Aldrich) for >2 hours, all at room
temperature. hMSCs were then incubated with primary antibody in 1% bovine serum
albumin (Table A-1) overnight at 4°C, followed by incubation with the appropriate
secondary antibody at 1:500 in 5% goat serum for 2 hours at room temperature, and
counterstained with Hoechst (Sigma Aldrich, 2µg/ml).

For staining the actin

cytoskeleton, cells were incubated with Alexa488-phallodin (1:40 v/v in PBS, Life
Technologies) for 10 minutes followed by counterstaining with Hoechst (Sigma Aldrich,
2 µg/ml) for 20 minutes at room temperature. Imaging was performed with either a Nikon
Ti inverted microscope (Nikon Instruments Inc., Melville, NY, USA) or a Zeiss LSM 710
confocal microscope (Carl Zeiss, Oberkochen, Germany), and images were processed
with ImageJ (National Institutes of Health, Bethesda, MD, USA).
For flow cytometry, unstained hMSCs were used to set voltages for the
fluorescence and scatter channels. Single-stained hMSCs were used to determine
compensation values so that fluorescence signal within one channel was definitively from
a positively-stained cell. Cells were then run on a FACS Calibur flow cytometer (BD
Biosciences). Each experiment represents 10,000 gated cells, and data were analyzed by
FlowJo software (Tree Star Inc., Ashland, OR, USA).
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3.2.7   Quantitative Real-Time Polymerase Chain Reaction
hMSCs on spin-coated substrates were homogenized with the Trizol reagent (Life
Technologies), mixed with chloroform (1:5 Trizol:chloroform), and separated by
centrifugation (12,000x g, 15 min, 4°C). The RNA contained within the aqueous phase
was then isolated with RNeasy columns (Bio-Rad, Hercules, CA, USA), according to the
manufacturer’s instructions. cDNA was synthesized using a kit (Applied Biosystems,
Life Technologies), and qRT-PCR was performed with a SYBR Green master mix (BioRad) with 15 – 20 ng cDNA and 500 nM each of forward and reverse primers, using a
CFX Real-Time PCR System (Bio-Rad). The qRT-PCR protocol included: 95°C for 3
min, followed by 40 cycles of denaturation at 95°C for 30 seconds, annealing at 58°C 30
sec, and extension at 72°C for 30 seconds. The expression of each gene of interest was
normalized to expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a
housekeeping gene, generating the ΔC(t) value, and expression of 2-ΔΔC(t) relative to the
TCPS control with n ≥ 3 biological replicates for each experiment was reported. Primer
sequences are listed in Table A-2 and only those that showed single, specific amplicons
were used for qRT-PCR experiments.
3.2.8   Statistical Analysis
Comparisons between two groups were performed with a Student’s unpaired ttest. Comparisons between multiple groups were performed with a one- or two-way
analysis of variance (ANOVA) with a Tukey post hoc test to adjust p-values for multiple
comparisons. In all cases, p < 0.05 is considered statistically significant. Mean ± standard
deviation is reported, unless otherwise noted.
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For multivariate analysis, all computation work and graphical outputs were
performed in R statistical software. Specific tests and analyses conducted are described in
the results section.
3.3   Results
3.3.1   Physicochemical Substrate Properties on the PEG-PCL-cPCL Library
We first employed 2D copolymer substrates consisting of three subunits (Figure
3-1A): PCL, which is hydrophobic and protein adsorptive; PEG (2kDa chain length),
which is hydrophilic and cell-repellant; and carboxylated-PCL (cPCL) which is
hydrophilic but interacts favorably with proteins. We included cPCL as a material
“rescue” against the repellant effect of PEG; comparing two materials with the same PEG
mol%, but with and without cPCL, allows us to better understand how PEG repellency
modulates stem cell behavior. Protein adsorption (Figure 3-1B) and contact angle (Figure
3-1C) were controlled by altering the mol% PEG, with increasing PEG content resulting
in more hydrophilic, protein-repellant surfaces; this effect was counteracted upon
inclusion of cPCL. Surface moduli were constrained between 2 and 18 kPa to mitigate
stiffness influences on cell behavior (Figure 3-1D). Surface roughness increased when
either PCL or cPCL content was added to PEG, thereby confirming the hydrophobic
surfaces were entropically ruffled due to semi-crystalline formations (Figure 3-1E).
However, it should be noted that when more PEG was added, the surface roughness
increased likely due to competitive packing between PEG and PCL/cPCL subunits.
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Figure 3-1 Chemical Structure and Material Properties of the Ter-Polymer Library.
(A) Schematic representation of the copolymer structure, including hydrophobic and celladhesive PCL, hydrophilic and cell-repellent PEG, and hydrophilic and cell-adhesive
cPCL. (B) By varying the molar percentage of each subunit, the protein adsorption on
spin-coated surfaces was controlled. Increasing PEG content resulted in a more repellent
surface, but inclusion of the cPCL component increased protein binding. (C) Contact
angle measured by goniometry demonstrates that increasing PEG and cPCL content in
the copolymer backbone results in a more hydrophilic surface. (D) Surface modulus
measured by atomic force microscopy confirms that copolymers exhibit values that fall
within a range not expected to heavily influence cell behavior. (E) Surface roughness
measured by a one-dimensional profilometer demonstrates that PEG incorporation
increased surface roughness, with supplemental increase with cPCL. All bars are mean ±
S.D. *p < 0.05, **p < 0.01, ***p<0.001, ****p<0.001 relative to 100%PCL or as
indicated between the lines.
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3.3.2   hMSCs Phenotypic Response to the PEG-PCL-cPCL Library
hMSCs formed aggregates on PEG-PCL copolymers but spread on 100%PCL and
cPCL-containing materials (Figure 3-2A), verifying the functional repellency of PEG and
adhesiveness of PCL and cPCL. Increasing the mol% PEG further to 25%PEG-75%PCL
resulted in large regions devoid of cell attachment after seeding, indicating this as the
upper limit of cell repellency for further experiments. As was previously described,
hMSC spheroids are representative of embryonic-like niches, which should have reduced
ROS loads. ROS was subsequently measured in order to investigate if the morphological
findings indicated any deeper biological changes occurring. Intracellular ROS (Figure
3-2B) decreased for hMSCs cultured on 100%PCL and decreased further on PEG-PCL,
but returned to TCPS-equivalent levels on cPCL copolymers.
We next evaluated copolymer-mediated modulation of NANOG and SOX2, two
fundamental stemness genes that maintain self-renewal and differentiation capacity.172, 173
Confirming our hypothesis that repellency would modulate stemness, one copolymer 10%PEG-90%PCL – induced a significant increase in expression of NANOG and SOX2
relative to TCPS control (Figure 3-2C,D). Because 10%PEG-90%PCL had the greatest
significant increase in pluripotency gene expression, we reconfirmed that ROS was also
reduced as was demonstrated in a separate experiment (Figure 3-2B). Furthermore,
expression of STRO-1, the most commonly used in vivo marker of undifferentiated
hMSCs, is gradually lost during in vitro culture on TCPS23, but was reinstated on
10%PEG-90%PCL (Figure 3-2F).
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Figure 3-2 Pro-stemness and Low Redox Phenotype is Enhanced on 10%PEG90%PCL.
(A) Cell attachment and spreading were heavily influenced by the substrate upon which
they were grown. hMSCs on TCPS or 100%PCL attached and spread normally, but
copolymers of PEG-PCL forced cells to aggregate, discouraging cell-matrix interactions;
in contrast, hMSCs cultured on the PEG-PCL-cPCL copolymers appeared similar to
those on TCPS and 100%PCL, demonstrating that the cell-repellent PEG subunit has a
functional effect on cell behavior (green – phalloidin, blue – Hoechst; scale bars = 100
µm). (B) Intracellular reactive oxygen species (ROS) quantification by flow cytometry
shows that hMSCs cultured on TCPS or 100%PCL carry similar ROS loads; in contrast,
PEG-PCL materials stimulate a reduction in ROS levels, but cells cultured on cPCLcontaining polymers exhibit an ROS profile similar to that of TCPS. The gene expression
of the core stemness genes (C) NANOG and (D) SOX2 was modulated by culture on the
test substrates (n = 5). Furthermore, the accumulation of intracellular ROS (E) was
decreased on 10%PEG-90%PCL, relative to TCPS, as indicated by the fluorescence of
the ROS-sensitive DCFDA dye. (F) The expression of STRO-1, an in vivo marker of
undifferentiated hMSCs in the bone marrow, was lost during culture on TCPS but was
reinstated following three-day culture on 10%PEG-90%PCL. All bars are mean ± S.D.
*p < 0.05, **p < 0.01 relative to TCPS or as indicated between the lines.
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3.3.3   Validating Surface Chemistry as the Primary Driver for hMSC Response
Previous studies have implicated specific material properties in regulating hMSC
behavior133-135 and we analyzed how stemness gene expression was influenced by
physicochemical parameters. Figure 3-3A presents the correlation matrix that shows the
bivariate linear association between shear modulus, elastic modulus, contact angle, Voigt
mass, NANOG and SOX2. The results indicate that contact angle and roughness produces
relatively largest effects for NANOG and SOX2. In particular, contact angle had a
consistent positive impact on NANOG and SOX2, whereas roughness’ effect for them
remained negative. On the other hand, voight mass, shear modulus, and elastic modulus
affected the outcomes (i.e., NANOG and SOX2) in inverse fashion in smaller magnitudes.
Results from significance testing were deemed uninformative and not reported here as the
test involved a small sample size (N = 15).
Exploratory factor analysis (EFA) continued to explore for a parsimonious model
by collapsing potentially redundant predictors. Examination of the correlation matrix
suggested eliminating shear modulus and elastic modulus from the model considering the
relatively small impact for the outcomes and their strong association with Voight mass.
Accordingly, the remaining variables including contact angle, surface roughness,
NANOG, and SOX2 entered the model. These factors were further extracted using
principal component analysis (PCA) as shown in Figure 3-3B. The strongest correlation
was between the material contact angle and hMSC expression of NANOG and SOX2;
relatively weaker correlations with roughness and Voigt mass were also observed.
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Figure 3-3 Stemness Gene Expression Has Specific Correlations with Material
Properties.
(A) A PCA matrix across all measured material properties and stemness gene expression
was compiled for Pearson correlation values. (B) Three material variables (roughness,
contact angle and Voigt mass) were plotted on the first two principal components along
with NANOG and SOX2. Contact angle was correlated with stemness gene expression
while roughness and Voigt mass were anticorrelated, and these findings align with the
functional properties of PEG when mol% is increased.
To confirm that the chemical elements of the copolymers were driving the hMSC
phenotype change, copolymer surfaces were then pre-coated with adhesive collagen I,
laminin or fibronectin (FN) at varying concentrations to mask the repellent domains
without changing copolymer composition. Only the lowest concentration of FN tested
(0.05 µg/cm2) retained the material-induced increase in NANOG and SOX2, but this effect
was lost as FN content increased (Figure 3-4). All concentrations of collagen I or laminin
resulted in a complete attenuation of stemness expression.
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Figure 3-4 Covering the Copolymer Surface with ECM Protein Abrogates Increased
Stemness Gene Expression.
To prove that surface repellency is required to modulate stemness, 10%PEG-90%PCL
was pre-coated with fibronectin (FN), collagen I and laminin at various concentrations
before culture. The expression of (A) NANOG and (B) SOX2 was regulated by the
surface repellency (n = 4). At the lowest FN concentration, 10%PEG-90%PCL
copolymers promoted expression of stemness genes that was similar to that of substratefree hanging drop (HD) cultures (data not shown); however, as FN concentration
increased, cell attachment and spreading increased, and the increased stemness effect was
lost. The same effect was seen for all concentrations of collagen I and laminin. All bars
are mean ± S.D. **p < 0.01 ,****p<0.0001. #p<0.05 compared to TCPS.
Since PEG as the repellent copolymer subunit would restrict cell attachment, we
hypothesized that abrogated effects of pre-coated PEG-PCL were due, at least in part, to a
shifting bias toward cell-matrix interactions through enhanced accessibility to adhesive
ligands. Because FN was the only ECM molecule that maintained increased pluripotency
gene expression with low surface coating mass, we imaged the cell spreading progression
at 8 and 72 hours post-seeding. As seen in Figure 3-5A, the concentration of FN at the
PEG-PCL surface played a critical role in changing hMSC behavior. Cell aggregates
formed on uncoated and 0.05 µg/cm2 FN PEG-PCL after 8 hours (red arrows), but cells
spread more readily on higher FN concentrations. After 72 hours, a similar effect was
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observed with limited cell spreading on uncoated and 0.05 µg/cm2 FN PEG-PCL but
confluent cultures for higher concentrations (Figure 3-5B). These results verify that precoating the surface with ECM proteins promotes cell attachment and spreading,
increasing cell-matrix interactions and diminishing the influence of the cell-repellant
PEG-PCL material.

Figure 3-5 Increased Fibronectin Coating Induces Cell Spreading.
To prove that surface repellency is required to modulate stemness, 10%PEG-90%PCL
was pre-coated with fibronectin (FN) at various concentrations before culture (green –
phalloidin, blue – Hoechst; scale bars = 100 µm). On uncoated and 0.05 µg / cm2 FN
10%PEG-90%PCL, hMSCs formed aggregates (red arrows) at (A) 8 hours and (B) 24
hours post-seeding. Increasing FN concentration enhanced cell attachment and spreading
beyond what was observed on TCPS control.
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3.3.4   Expanding the PEG-PCL Copolymer Library
A library of PEG-PCL was created given that cPCL compositions tested in the
original copolymer library did not yield statistically significant increases in pluripotency
genes nor performed well in terms of decreased ROS load. In the new copolymer library,
the length and/or mol% of the PEG subunit within the copolymer backbone was tuned to
further regulate the cellular response. Copolymers containing (i) 5 – 20 mol% PEG and
(ii) block lengths of 750Da, 2kDa, or 5kDa were synthesized and characterized (Figure
3-6). hMSCs were cultured on these copolymers to determine the degree of repellency
that the surfaces imparted on the cells with the aforemented altered PEG subunit
variables. After four days in culture, PEG750 materials allowed attachment, although to a
decreasing degree as PEG mol% increased (Figure 3-7A). This trend was more apparent
on PEG2k copolymers as > 10 mol% PEG inhibited attachment, and virtually no
attachment was observed on PEG5k copolymers. Four materials (5%PEG750, 20%PEG750,
5%PEG2k, and 10%PEG2k) were chosen for remaining studies to represent two decoupled
variables: (1) increased PEG chain size at a constant mol%, and (2) increased mol% with
constant PEG chain size (Figure 3-7A-B, indicated by red letters).
hMSCs on PEG750 copolymers interacted with the surface and elongated, but cells
on PEG2k copolymers generated more isolated aggregates (Figure 3-7B). With respect to
stemness genes, the expression of NANOG (Figure 3-7C) and SOX2 (Figure 3-7D) were
heavily influenced by both the PEG chain length and the mol%. NANOG expression was
increased significantly on all copolymers, relative to TCPS control, with a subsequent
increase on 10%PEG2k. Interestingly, SOX2 displayed a ‘step-like’ pattern. Copolymers
comprised of longer PEG chains (2kDa versus 750Da) stimulated greater expression of
SOX2 genes, and the increased mol% of PEG within each group (10/20% versus 5%)
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further enhanced this effect. On all copolymers, the expression of key antioxidative
mediators, including sestrin 1 (SESN1), superoxide dismutase 2 (SOD2), thioredoxin
(TRX), and apurinic endonuclease/redox-factor 1 (APE/Ref-1), was increased (Figure
3-8A-D), and both intracellular ROS load (Figure 3-8E) and cell proliferation (Figure
3-9) were significantly reduced, relative to TCPS.

Figure 3-6 Characterization of New PEG-PCL Copolymer Library.
Highlighted in yellow are the copolymers chosen for biological experiments. The PEG
mol% is rounded to the closest 5% in the main text and all figures for simplicity (such as,
5%PEG750, 20%PEG750, 5%PEG2k, and 10%PEG2k).
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Figure 3-7 Tuning PEG Chain Length and Mol% Regulates Cell Attachment and
Stemness Gene Expression.
(A) Cell attachment could be tuned by varying the PEG mol% and/or chain length within
the copolymer. All 750Da PEG copolymers (PEG750) and 2kDa PEG (PEG2k) ≤ 10 mol%
maintained hMSC attachment whereas PEG2k copolymers > 10 mol% and the entire 5kDa
PEG (PEG5k) library prevented cell attachment. Therefore, four materials (indicated by
the red letters) were chosen as they offered the greatest range of PEG mol% and/or PEG
chain length without completely preventing cell attachment. (B) hMSCs cultured on
PEG750 copolymers attached and elongated, but still formed aggregates (a: 5%PEG750 and
b: 20%PEG750). In contrast, at the same PEG mol% or less, PEG2k copolymers
discouraged cell attachment and promoted cell aggregation at the material surface (c:
5%PEG2k and d: 10%PEG2k). (C-D) PEG mol% percentage and chain length both
affected the gene expression of stemness markers significantly. The expression of
NANOG was enhanced on all copolymers relative to TCPS, with greatest expression on
10%PEG2k. SOX2 was higher on 20%PEG750 versus 5%PEG750, and the increase in PEG
chain length enhanced this effect further, with 5%PEG2k expression higher than
5%PEG750, and 10%PEG2k higher than 20%PEG750 (n = 3). All bars are mean ± S.D. *p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 relative to TCPS or as indicated
between the lines.
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Figure 3-8 Tuning PEG Chain Length and Mol% Regulates Redox Potential.
The expression of anti-oxidative genes was enhanced significantly in hMSCs cultured on
all test polymers, compared to TCPS control (A-D). The expression of (A) SESN1 and
(C) TRX was further increased on PEG2k copolymers (n = 3). (E) Enhanced redox gene
expression was functionally-relevant as hMSCs from all copolymers exhibited
significantly reduced intracellular ROS. All bars are mean ± S.D. ***p < 0.001 relative
to TCPS or as indicated between the lines.
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Figure 3-9 hMSC Proliferation Decreases on Select Copolymers.
The degree of cell proliferation was significantly decreased on all select copolymers, an
expected association with pro-stemness environments. All bars are mean ± S.D. ***p <
0.001 relative to TCPS.
3.4   Conclusions
In this Aim, copolymer comprising of subunits that modulate surface repellency
were synthesized and fabricated into thin films for hMSC cell culture. As evidenced in
the physical characterization data, adjusting molar ratios of PEG and cPCL in the
copolymer backbone resulted in changed surface repellency (increase and decrease,
respectively). An upper threshold of 25%PEG was determined as the ceiling molar ratio
before surface repellency could not be overcome by the hMSCs. Surprisingly, when
hMSCs were cultured on an optimal PEG-PCL surface (10%PEG-90%PCL), a known in
vivo surface antigen only expressed by hMSCs present in the bone marrow was
reactivated. Concurrently, gene expression of both NANOG and SOX2 were upregulated
and ROS load was decreased. Pre-coating the polymer surface with ECM proteins were
found to abrogate the new hMSC phenotype and statistical analysis demonstrated contact
angle being most correlated and adsorbed protein mass plus roughness being least
correlated with stemness gene expression.

	
  
	
  

53

Further tuning of the PEG-PCL library through alteration of PEG molecular weight
and PEG/PCL mol% uncovered hMSC sensitivity to copolymer composition beyond the
original library first used in cell studies. Higher PEG content by either PEG block size
and/or mol% resulted in more dramatic decrease in ROS loads and increased stemness
gene expression. Moreover, cell proliferation decreased on the copolymers, thereby
marking hMSCs adopting more ‘stem cell-like’ phenotype where cell division is typically
decreased in stem cell reservoirs.

	
  
	
  

54

Chapter 4: Aim 2
4.1   Introduction
We next sought to determine the nanoscale structure-function relationship that
drives these changes. In a previous study, PEG chains copolymerized with hydrophobic
repeating units (e.g. tyrosine-derived polymers) segregated into nanoscale phase domains,
thereby creating unique spatial patterns of PEG-mediated repellent surface that modulates
adhesion of proteins and cells174. This event was previously investigated using smallangle neutron and x-ray scattering techniques where the spectra allowed for quantified
nanoscale distribution of the hydrophobic and hydrophilic domains on such174,

175

.

Moreover, the surface roughness observed in atomic force microscopy measurements was
thought to be the result of minor phase separation and/or hydration and swelling. These
resulting surface clusters were thus speculated to determine protein adsorption and
subsequent cell attachment. Unfortunately, the nanoscale phase behavior effect on
intracellular behavior and functional activities were not evaluated.
Nanoscale analysis to explain the phase behavior of copolymer composition and its
effect on cellular interaction is lacking in the field likely due to technical limitations to
observe nanoscale changes in polymer phase behavior and subsequent changes in
molecular presentation of cells in contact with the polymer substrates. Therefore, we
utilized small-, medium-, and wide-angle x-ray scattering (SAXS, MAXS, WAXS) to
study phase behavior of the copolymers, and how this might explain the observed hMSC
response176,

177

. We also employed super resolution imaging to confirm cell adhesion

machinery was organizing in patterns that would indicate cell recognition of the phase
behavior described by x-ray scattering.
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In order to provide better context of these techniques, brief backgrounds are
provided below.
4.1.1   Brief Background on X-Ray Scattering
X-rays are a form of electromagnetic radiation that comprises part of the
electromagnetic spectrum (Figure 4-1). Originally discovered in 1895 by Wilhelm
Röntgen, for which he was awarded the Nobel Prize in physics, x-rays were found to be
critical in both basic science (e.g. astronomy) and real-world applications (e.g. medical
imaging). X-rays are formed by shooting of electrons at a metal anode under high
voltage, knocking out a lower orbital electron, and the higher energy orbital electrons
release quantized energy as an x-ray when the the lower orbital vacancy is filled (Figure
4-2A). X-rays can also be formed by the sudden change in electron acceleration around a
charged nucleus called Bremsstrahlung (Figure 4-2B). However, the phenomenon that is
taken advantage of for the purpose of this thesis is x-ray scattering, and not the generation
of x-rays themselves.

Figure 4-1 The Electromagnetic Spectrum.
Different types of electromagnetic radiation are illustrated in the figure. Wave of low
energy (e.g. radio waves) have larger wavelengths and lower frequencies while the
inverse is found in high energy waves (e.g. gamma rays). Adapted from 178.
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Figure 4-2 Two Common Mechanisms for Generating X-Rays.
(A) An incident electron (1) aimed at an electron in a lower shell displaces the low
energy electron (2). The higher shell electron fills the valence by dropping down to the
lower shell (3) and releases excess energy as an x-ray. (B) Bremsstrahlung is an event
where an incident electron undergoes rapid deceleration change within a target atom and
the excess energy is released as an x-ray. Adapted from 179.
Similar to the generation of x-rays, x-ray scattering can occur in two formats:
elastic and inelastic scattering. In elastic scattering, an incident x-ray strikes an electron
on a target atom and then is scattered as a spherical wave from the electron (Figure 4-3).
In inelastic scattering, some of the energy is kept by the electron, and thus changes the
phase of the scattered emanated x-ray. The most useful information from x-ray scattering
typically comes from the elastic scattering category, and features of the substances
subjected to incident x-rays are classified based on the scattering angle. Four divisions of
scattering angles are ultrasmall angle x-ray scattering (USAXS), small angle x-ray
scattering (SAXS), medium angle x-ray scattering (MAXS), and wide angle x-ray
scattering (WAXS). Scattering angles beyond those covered by WAXS are collected by
x-ray diffraction and other associated techniques.
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Figure 4-3 Wave Patterning of Scattered X-Rays.
X-rays that are focused on a specified target will encounter electrons and nuclei that
scatter the waves. Upon hitting one of the aforementioned atomic constituents, the x-ray
is converted from a one-dimensional wave to a spherical wave, which is detected by
sensitive instruments in experimental setups. Adapted from 180.
SAXS has become one of the premier methodologies to elucidate very small
features of materials as well as computationally developing three-dimensional maps of
macromolecules (in solution) without the need for x-ray crystallography181. The general
SAXS experiment is outlined in Figure 4-4. First, x-rays generated by a synchrotron
source (e.g. device that accelerates electrons) are passed through one of the following: a
bending magnet, undulator, or wiggler. Any of these devices create a dipole moment that
makes the electrons oscillate and lose energy in the form of x-rays at very tuned
wavelengths. These x-rays move through a beam line where it is defined, cleaned and
collimated to the sample cell. When the x-rays strike the sample in the sample cell, the
scattering x-rays hit a detector device, typically a CCD or imaging plate that has a beam
stop to exclude non-scattered x-rays. In a typical experiment, an empty sample cell and
sample cell with solvent are collected as background and control measurements,
respectively, before collecting scattering data from actual solutions. Of note, only onedimensional data is collected for SAXS on biological samples. MAXS data can be
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collected from SAXS experimental runs, but other instruments are usually required for
WAXS experiments.
When the scattering data is fully processed, different parts of the intensity curve
can described features of the target sample. Several classifications are illustrated in
Figure 4-5182.

Figure 4-4 Schematic of X-Ray Scattering Experiment.
Moving from right to left, an x-ray source and collimated onto a sample target. Scattered
x-rays strike the detector with the exception of the beam stop (pink shade), which
prevents detection of unscattered x-rays. Examples on the left illustrate how raw data is
converted into intensity plots for analysis. Adapted from 183.

Figure 4-5 Structural Features of an X-Ray Scattering Plot.
A list of features and example curve-fitting equations are provided to illustrate the
dynamic range of analysis that can be extracted from raw x-ray scattering data. Adapted
from 182.
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4.1.2   Brief Background on Structured Illumination Microscopy
Several different super resolution microscopy techniques have come to the
forefront of biological research over the past several decades. Several modes used include
structured illumination microscopy (SIM), saturated structured illumination microscopy
(SSIM), stimulated emission depletion microscopy (STED), photoactivated localization
microscopy (PALM) and stochastic optical reconstruction microscopy (STORM). The
advent of these tools recently garnered recognition with the Nobel Prize in chemistry in
2014. This thesis work used SIM and the brief overview of SIM concepts are reviewed
below.
SIM works by shining light onto a sample through different patterned gradients that
can rotate about an axis184. When light passes through the gradients, the interference
pattern is measured, otherwise known as a moiré patter (Figure 4-6). In order to amplify
the resolution, non-structured illumination was introduced and more features could be
spatially resolved as the saturated point for different pixels varied over time185. For all the
fringe patterns obtained, computational algorithms stitch together a final image via
Fourier analysis (frequency space to spatial space) (Figure 4-7)186. Additionally, no
modified fluorophores or special reagents are necessary to obtain images with this mode
of microscopy other than the initial capital investment in the microscope itself. Many
labeled components of cells can also be imaged in three-dimensional space, thereby
exceeding the previous z-stack standards in confocal microscopy187-190.
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Figure 4-6 Moiré Patterning.
(A) A sample containing unknown structures. (B) A known structured patterned. (C) The
moiré´ pattern generated by overlaying (A) and (B) Adapted with permission from 184.

Figure 4-7 Illustration of Super Resolution Imaging Concepts.
(A) The ability to increase resolution in super resolution microscopes is based on
convoluting real space data into Fourier space for each point. The graphs illustrate how
the data are interchanged. (B) In SIM, the sample plane is excited by a non-uniform
wide-field illumination. Laser light passes through an optical grating, which generates a
strip-shaped sinusoidal interference pattern. This combines with the sample information
originating from structures below the diffraction limit to genera moiré fringes. The image
detected by the CCD camera thus contains high spatial frequency samples information
shifted to a lower spatial frequency band that is transmitted through the objective. A
mathematical reconstruction allows, from a series of 15 raw images per slice, to
reconstruct a high-resolution image with a doubled resolution in x-y compared with widefield resolution. Adapted with permission from 186.
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4.2   Methods
4.2.1   Calculations for PEG Volume Fraction
PEG volume percent was calculated using three equations. First, PCL molecular
weight for each copolymer was calculated using:
Equation 4-1:
PCL MW =Copolymer	
  MW -

PEG mol% ∗ PEG MW
	
  
100

PEG molecular weight was taken from the manufacturer’s data sheet and copolymer
molecular weight reported by gel permeation chromatography. Weight percent of PEG or
PCL in each copolymer was then calculated using:
Equation 4-2:
PEG Wt% =

100 ∗ PEG mol% ∗ PEG MW
PEG mol% ∗ PEG MW + PCL mol% ∗ PCL MW

Finally, PEG volume percent of each copolymer was calculated using:
Equation 4-3:
PEG wt%
1.234
PEG vol% =
PEG wt% PCL wt%
+
1.234
1.146
100*

where 1.234 and 1.146 are the densities (g/cm3) of PEG and PCL, respectively.
4.2.2   Polymer Substrate Preparation
All polymers were synthesized as previously described
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. Unless otherwise

noted, all in vitro experiments were performed on spin-coated polymer films that were
prepared with a commercial spin-coater (Laurell Technologies, North Wales, PA, USA).
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15 mm circular glass cover slips (Fisher Scientific, Waltham, MA, USA) or 10 cm Pyrex
Petri dishes (Corning Inc., Corning, NY, USA) were first cleaned with 100% ethanol
(Sigma Aldrich, St. Louis, MO, USA), rinsed with dH2O, and heated to 80°C for ~20 min
to dry. A 1% weight/volume (w/v) solution of the specified polymer in tetrahydrofuran
(THF, Sigma Aldrich) was spun for either 30 seconds at 3,000 RPM on glass cover slips
(50 µl solution/sample) or 2 min at 1,500 RPM on Petri dishes (1 ml solution/sample).
All samples were then exposed to constant cold-trap vacuum for ≥ 30 min to remove
excess solvent and kept in a desiccator until use. For cell experiments, substrates were
UV sterilized for 30-60 min on each side before use; for 15 mm cover glass, samples
were placed in a 24-well plate, and secured with an autoclaved silicon O-ring (McMaster
Carr, Atlanta, GA, USA).
4.2.3   X-Ray Scattering Experimental Protocol and Analysis
For x-ray scattering experiments, Pyrex petri dishes were spin-coated with 40%
w/v copolymer solutions in THF. Each petri dish was spun twice to generate a film that
could be peeled off the dish surface by hand and easily handled for transportation and cut
to size for insertion into 2 mm quartz capillary tubes. X-ray scattering was performed
before (dry condition) and after wetting by exposing polymers to phosphate buffered
saline (PBS) for at least 6 hours. Small- and medium-angle x-ray scattering was
performed at the Cornell High Energy Synchrotron Source (CHESS) facility in Ithaca,
NY. The wavelength was 1.055 Å, and sample-to-detector distances were 1479 and 416
mm for small- and medium-angle scattering, respectively. Radiation damage was
monitored by collecting 10 exposures, each of 4 second duration, and no radiation
damage was observed. Small- and medium-angle x-ray scattering data were analyzed
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using BioXTAS RAW 0.99.14b software (open-source on sourceforge.net). Wide-angle
x-ray scattering data were collected on a Bruker area detector using Cu Ka radiation
from a rotating anode and a sample-to-detector distance of 88 mm. These data were
analyzed using JADE software (Materials Data Inc., Livermore, CA).
4.2.4   Cell Culture
hMSCs were either purchased from Lonza (Walkersville, MD, USA). hMSCs
were maintained in complete media (CM) composed of alpha-minimum essential media
with nucleosides (αMEM, Life Technologies, Carlsbad, CA, USA) with 16.7% fetal
bovine serum (Life Technologies), 1% penicillin/streptomycin (Life Technologies), and 4
µg/ml plasmocin (InvivoGen, San Diego, CA, USA). Cells were kept in a humidified
incubator at 37°C and 5% CO2, and media was replaced twice each week. When ~80%
confluent, hMSCs were detached with 0.05% trypsin-EDTA, re-seeded at a density of
100 - 500 cell/cm2, and cultured for 7-14 days before reaching confluence. For all
experiments, hMSCs (page < 6) were seeded at a density of 10,000 viable cells/cm2, as
determined by exclusion of Trypan blue, and cultured for three to four days.
4.2.5   Super Resolution Imaging
hMSCs were fixed with 4% paraformaldehyde (PFA, Sigma Aldrich) for 15 min
at room temperature, washed three times with 1X PBS, and then permeabilized with 0.3%
Triton X-100 (Sigma Aldrich,) for 5 min at room temperature. Primary anti-paxillin (Cat.
#610051, BD Transduction Laboratories, Franklin Lakes, NJ, USA) and secondary
AlexaFluor 568 goat anti-mouse (Cat. A11004, Life Technologies) antibodies were
diluted in 10% bovine serum albumin (Sigma Aldrich) at 1:200 and 1:100, respectively,
and centrifuged at 13000 RPM for 10 min before use. Samples were blocked in 10%
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bovine serum albumin for 20 min at room temperature, and primary antibody incubation
occurred at room temperature for 1 hour and 45 minutes, washed three times with 1X
PBS, and then secondary antibody incubation for 1 hour at room temperature followed by
three washes with 1X PBS. Cells were mounted in Vectashield (H-1000, Vector
Laboratories, Inc. Burlingame, CA, USA) mounting medium. SIM imaging was
performed on a GE Healthcare DeltaVision OMX equipped with a 60x 1.42 NA Oil
objective and sCMOS camera. Images were collected from N=3 biological replicates with
n³3 images per replicate. SIM images with a maximum projection (in Z) of 3D
acquisitions were analyzed using ImageJ (National Institutes of Health, Bethesda, MD,
USA). Focal adhesion width was calculated using the ImageJ 1D line tool (width = 10)
by drawing a line across the leading edge of the cell. A 1D plot of pixel intensity was
generated live as the line was drawn to identify the focal adhesion regions within the plot.
Full width at half maximum (FWHM) was used as the width measurement for each focal
adhesion. The average from at least 40 cells from three images was reported for each
group.
4.2.6   Statistical Analysis
Comparisons between two groups were performed with a Student’s unpaired ttest. Comparisons between multiple groups were performed with a one- or two-way
analysis of variance (ANOVA) with a Tukey post hoc test to adjust p-values for multiple
comparisons. In all cases, p < 0.05 is considered statistically significant. Mean ± standard
deviation is reported, unless otherwise noted.
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4.3   Results and Discussion
4.3.1   X-Ray Scattering Elucidates PEG and PCL Domain Structure
X-ray scattering was performed on the entire copolymer library with the
respective graphs show examples raw data curves obtained from the synchrotron (Figure
4-8). Peaks seen in the SAXS plot (Figure 4-8A) indicate that PCL exists as lamellae in
the films, and that these crystalline lamellae are farther apart in the PEG2k and PEG5k
copolymers than in the PEG750 copolymer (150 vs. 130 Å, Figure 4-8E); this was true at
all mole% PEG used in this study. The MAXS curves (Figure 4-8B) show a PCL peak at
q=0.9 Å-1 along with its 002 reflection that has not been reported in the literature191.
These two peaks were sharp in the PEG750 when dry but broad when wet, indicating that
PCL chains are ordered when dry but disordered when wet. In contrast, this peak remains
sharp in PEG2k and PEG5k copolymers when both dry and wet (Figure 4-8B), as PCL
crystalline order remains unchanged upon hydration. The WAXS curves (Figure 4-8C)
show the expected crystalline peaks indicated by their Miller indices overlaid on the
amorphous scattering of the copolymer and water. Results of detailed profile analysis
(Figure 4-8D) showed that the PCL crystallinity increases by ~20% upon hydration in the
PCL, PEG2k and PEG5k samples, but not in the PEG750 samples. These results suggest
that PEG750 is dispersed differently in the PCL matrix than the PEG2k and PEG5k, and
may explain some of the differences observed in cellular responses between PEG chain
sizes for these groups.
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Figure 4-8 X-Ray Scattering (XRS) Reveals PEG Chain Length-dependent
Nanoscale Characteristics at the Material Surface.
(A) Small-angle, (B) Medium-angle, and (C) wide-angle XRS confirmed the presence of
PCL lamellae and crystalline structures, respectively, in all test copolymers (sample
curves shown). Small-angle XRS data indicate that PEG chain length does not interfere
lamellar formation. Medium-angle XS plot (wet) shows the broadening of the PCL peak
upon hydration in the PEG750 copolymer sample, but this does not happen for 100%PCL,
PEG2k, or PEG5k. This indicates that PEG750 copolymers are less ordered upon hydration,
whereas the other three polymer samples become more ordered. Miller indices are shown
by black arrows. Wide-angle XRS data demonstrate that the example curve of measured
PEG-PCL spectra is the summation of signals from amorphous PCL, three peaks of
crystalline PCL, and water. (D) PEG750, but not PEG2k or PEG5k, prevented PCL
crystallization under wet conditions, suggesting that PEG750 chains interdigitate within
PCL domains whereas the longer PEG chains remain excluded, but mushroom out at the
polymer-air/water interface. (E) Indeed, lamellar spacing data further support this claim.
PEG2k and PEG5k chains swelled upon hydration, physically distancing the adjacent
crystalline domains of PCL. All bars are mean ± S.D. *p < 0.05, and *** p < 0.001
between groups indicated by the lines.
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Since PEG and PCL regions influence cell adhesion differently depending upon
their locations in crystalline versus amorphous areas192, it was crucial to find whether
PEG domains were formed in PCL crystalline or amorphous areas. The presence of a
SAXS lamellar peak confirmed that PEG does not interfere with this process in this
copolymer format since the crystalline peaks associated with PCL remain unchanged at
all PEG molecular weights. This result indicates that the PEG segments likely form
phase-separated domains in the amorphous PCL area. The signature of these domains
was not expected with PEG750 because PEG750 domains do not crystallize. Surprisingly,
although PEG2k and PEG5k blocks are known to crystallize in copolymers, there was no
evidence of PEG crystallinity even in the dry samples. Therefore, PEG2k and PEG5k
chains are either interdigitated with the PCL chains in the amorphous space or they
mushroom out at the polymer-air/water interface. Interdigitation, if present, is expected to
disrupt the crystallization of PCL. We observed the opposite: the crystallinity of these
samples is about the same as in PCL and increases to ~60% upon hydration. In contrast,
the crystallinity increased with PEG750 when dry (47%) and did not change upon
hydration (49%) (Figure 4-8D). MAXS peaks also show that PEG2k and PEG5k samples
are more ordered. Thus, we conclude that PEG2k and PEG5k that are excluded from the
crystalline PCL lamellae form a mushroom-like structure at the copolymer-water
interface.193, 194 This can also account for the increase in the lamellar spacing in these two
copolymers upon hydration (150-155 vs. 140 Å); no such increase was observed with
PEG750 (132 Å) (Figure 4-8E).
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4.3.2   Consistent Volume Fraction of PEG Aids in Decoupling Molar Percent Ratio and
Molecular Weight of PEG
To investigate how mole% PEG, instead of PEG chain size, influenced the film
surface, the percent volume fraction of PEG was calculated for each copolymer in the
library using the GPC data (Figure 4-9). The plot shows that the percent volume fraction
of PEG was about the same for PEG750 and PEG2k at each of the PEG concentrations.
PEG5k, likely due to the effect of chain size on copolymer synthesis, had markedly
elevated percent volume fractions of PEG for all compositions. Because the films are
approximately 100 nm thick, the volume fraction derived from bulk copolymer samples
can be taken to represent the surface area fraction. Thus, the plot shows that the surface
area of PEG coverage is the same for the three PEG sizes at the same molar ratio of PEG
to PCL. This enables us to separate the effect of the PEG size from that of the PEG
concentration on the observed cellular responses. As the PEG750 did not display large
changes in the lamellar spacing or crystallinity (Figure 4-8D,E), and displayed disorder in
the MAXS data shown (Figure 4-8B), it can be concluded that PEG750 stays embedded
within the amorphous PCL. Yet, the volume fraction is too small (x<0.5%) to completely
cover the amorphous space between the crystalline PCL lamellae. Thus, with shorter PEG
chains, PEG segments remain embedded in the amorphous PCL matrix, and the exposed
amorphous PCL regions facilitate cell attachment. In contrast, based on the x-ray
scattering data discussed earlier, we conclude that longer PEG chains form a local
hydrated mushroom structure out of the non-crystalline regions of PCL.
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Figure 4-9 Volume Fraction of PEG in PEG-PCL Library.
Volume fraction of PEG, computed from gel permeation chromatography (GPC) data, for
all copolymers synthesized in Figure 3-6. For copolymers with < 15 mol%, PEG750 and
PEG2k demonstrate similar vol% values, confirming that direct comparison between the
materials is not skewed by the volume occupied by the PEG fraction.
4.3.3   Synthesis of X-Ray Scattering Data Justifying Degree of Cellular Attachment
The influence of nanoscale structural changes at the copolymer surface gleaned
from the above data on the hMSCs is schematically illustrated in Figure 4-10. It has been
previously shown that cells do not adhere to crystalline PCL areas, which make 60% of
surface area on the films. Therefore, the hMSCs interact only with the amorphous PCLPEG phase.192 When the PEG size is increased, the amount of exposed amorphous phase
PCL is relatively decreased while at the same time the size of the hydrated PEG domain
is increased. Together, the larger PEG domains, especially PEG5k, mask large areas of
amorphous PCL from cell-matrix binding machinery. Hence, cell aggregation is induced
in order for the cells to survive on the copolymer substrate. When the PEG chain is small
(e.g., 750 Da), the numerous PEG domains are not large enough to block cell attachment.
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Figure 4-10 Schematic Synthesis of XRS Data and Cell-Material Interface.
In PEG750 samples, PEG chains remain interdigitated in the amorphous PCL matrix and
cannot mobilize to the material surface upon wetting. This does not prevent cell
attachment to the amorphous PCL. In contrast, larger PEG chains (PEG2k, PEG5k) are
completely excluded from the PCL region, forming a loop that hydrates and swells,
effectively mushrooming out and masking the adhesive PCL domains that cell attachment
machinery cannot overcome.
4.3.4   Verification of Phase Separation by Super Resolution Microscopy of Focal
Adhesions
In order to causatively link how changes in copolymer domain spacing influences
cell attachment, we sought to visualize focal adhesion formation at the cell-material
interface using Structured Illumination Microscopy (SIM)185. We used SIM to verify that
hMSC attachment was influenced by exposure to limited amorphous PCL, and that this
cell-biomaterial phenomenon was responsible for changing the subsequent hMSC
behavior. Integrins are the main proteins involved in matrix adhesion, but there transient
binding nature for stromal cell types such as hMSCs necessitates visualization of a more
permanent and definitive marker. The mature focal adhesion marker protein, paxillin, was
chosen for these purposes. Representative images found in Figure 4-11A confirm that the
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PEG chains covering the amorphous PCL copolymer surface are causative for changes in
focal adhesion formation in hMSCs as their structural morphologies are different.
Quantification of the focal adhesion widths are reported in Figure 4-11B. Glass and
100%PCL control substrates had large focal adhesion sites resulting from the interaction
between the hMSC and the culture substrate. Both 5%PEG750 and 20%PEG750 have a
similar number of focal adhesions that also displayed the same morphology, thereby
confirming that the steric hindrance of the PEG chain in these copolymers is unable to
block amorphous PCL areas from formation of necessary integrin-matrix complexes. In
contrast, both 5%PEG2k and 10%PEG2k show drastically different focal adhesion quantity
and morphology. Focal adhesion morphologies portraying decreasing width and
extending long axes has been documented to have more cell-induced force associated
with them as a result of weak cell binding to the matrix195-199. Because the PEG domain
sizes are increased, the reduction in amorphous PCL binding area is reflected with the
thinner focal adhesion morphology with a compensated increased major axis length.
Additionally, the striated pattern of the focal adhesions could be indicative of the spatial
distribution of PEG in the amorphous PCL matrix.
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Figure 4-11 Focal Adhesion Morphologies are Compromised on Select Copolymers.
(A) To interrogate how cells perceive the nanoscale surface, super resolution, structured
illumination microscopy (SIM) was performed for the mature focal adhesion (FA)
protein, paxillin. On glass and 100%PCL surfaces (i.e. fully adhesive, non-repellent),
hMSCs formed thick, dense FAs. Similarly, on PEG750 copolymers, FA morphology and
width remained similar to the adhesive controls; however, on PEG2k samples, FAs were
sparse with a compromised, thin morphology, suggesting weak cell-matrix interactions
and supporting the presentation of PEG2k chains at polymer-air/material interface (scale
bars = 5 µm). (B) Quantification of FA width confirms similarity between glass,
100%PCL, and PEG750 samples versus PEG2k. All bars are mean ± S.D. *** p < 0.001
between groups indicated by the lines.
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4.4   Conclusions
In this Aim, we employed two high-resolution experiments to elucidate the cellmaterial interface. X-ray scattering from a synchrotron source demonstrated that the
copolymers displayed phase separation between the PEG and PCL subunits. SAXS
curves contained peaks that indicated PCL lamellae in the copolymer films for all the
compositions. Specifically, this meant that all the sizes of PEG used in the copolymer
library has phase separation with PCL domains. MAXS curves also showed peaks that
indicated phase separation between PEG and PCL. Surprisingly, an unreported Miller
index was discovered in the raw data curves that had not been in any previous literature
available. WAXS curves had predicted Miller indices for PEG and PCL components.
When these raw data curves were subjected to computational analysis, it was found that
PEG750 copolymers has PEG components that interdigitated with the amorphous PCL
while both PEG2k and PEG5k copolymers formed distinct PEG domains that masked the
limited amorphous PCL on the film surface.
Validation of the x-ray scattering data with biological relevance was conducted
using SIM. Immunostaining for the mature focal adhesion protein, paxillin, demonstrated
that cell attachment machinery morphology was indeed altered on the different
copolymer surface. These morphological changes were aligned with the x-ray scattering
findings where larger PEG molecular weight components stressed the cell’s ability to
adhere to the amorphous PCL, as the focal adhesion widths were significantly thinner and
more numerous.
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Chapter 5: Aim 3
5.1   Introduction
Our next avenue of investigation was two-fold: (1) determine if the effect of the
PEG-PCL substrate was universal across a larger body of hMSC donors, and (2)
determine what protein or proteins at the cell-material interface are critical for the
maintenance of hMSC stemness. The variability between donors for any cells or tissues
exists for a variety of reasons. Some of the principle factors arise from the fact that all
human beings have unique genomes, are exposed to different environmental conditions,
and can develop a dynamic medical history. Commercial sources, like Lonza
Walkersville, Inc, have strict criteria for donor cells. For example, hMSCs come from
individuals between the age of 18 and 45, are of the male gender or non-pregnant
females; have acceptable hematological vital signs; have general good health with no past
history of chronic illness (e.g. heart disease, kidney disease, liver disease, cancer,
epilepsy, and blood/bleeding disorders); and are negative for HIV, hepatitis B and
hepatitis C200. As was alluded to in Chapter 2 and the introduction of Chapter 3, most
patients who need regenerative therapies are of a more advanced age, which could
generally be considered with a lower cut off of 65 years of age. These hMSCs are likely
to have unique phenotypes compared to the donors between 18 and 45 years old. Even
more, donors over 65 have likely started developing chronic illnesses. Hence, the efficacy
of the PEG-PCL substrate should be tested on a population that not only is broader than
those that commercial sources use but also select donors who would likely benefit most
from regenerative medicine therapies requiring expansion of their bone marrow hMSCs.
With respect to the second part of this Aim’s investigation, we desired to uncover
what cell-cell and cell-matrix adhesion proteins may be modulated by the copolymer, and
	
  
	
  

75

if they were inhibited would the improved stemness phenotype be lost. Integrins play key
roles in both cell signaling as well as cell adhesion to the ECM. Several types of integrins
exist and dimerize to form functional macromolecular structures that can link with
cytoskeletal machinery within the cell or set off a signaling cascade201. Similarly, a host
proteins form adherens junctions between cells, such as cadherins, that serve to provide
structural integrity between cells in a tissue as well as a conduit for signaling molecules
to travel between cells202-204. Given the plethora of literature and biotechnology
companies that seek to find chemical inhibitors of both integrins and cell-cell junction
proteins, we subjected hMSCs to peptide and chemical inhibitors to find the causative
protein(s) that initiate the phenotype change.
5.2   Methods
5.2.1   Polymer Substrate Preparation
All polymers were synthesized as previously described
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. Unless otherwise

noted, all in vitro experiments were performed on spin-coated polymer films that were
prepared with a commercial spin-coater (Laurell Technologies, North Wales, PA, USA).
15 mm circular glass cover slips (Fisher Scientific, Waltham, MA, USA) or 10 cm Pyrex
Petri dishes (Corning Inc., Corning, NY, USA) were first cleaned with 100% ethanol
(Sigma Aldrich, St. Louis, MO, USA), rinsed with dH2O, and heated to 80°C for ~20 min
to dry. A 1% weight/volume (w/v) solution of the specified polymer in tetrahydrofuran
(THF, Sigma Aldrich) was spun for either 30 seconds at 3,000 RPM on glass cover slips
(50 µl solution/sample) or 2 min at 1,500 RPM on Petri dishes (1 ml solution/sample).
All samples were then exposed to constant cold-trap vacuum for ≥ 30 min to remove
excess solvent and kept in a desiccator until use. For cell experiments, substrates were
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UV sterilized for 30-60 min on each side before use; for 15 mm cover glass, samples
were placed in a 24-well plate, and secured with an autoclaved silicon O-ring (McMaster
Carr, Atlanta, GA, USA).
5.2.2   Cell Culture
hMSCs were either purchased from Lonza (Walkersville, MD, USA) or acquired
from patients at Vanderbilt University Medical Center in cooperation with Dr. Pampee P.
Young, according to previously published methods.205 hMSCs were maintained in
complete media (CM) composed of alpha-minimum essential media with nucleosides
(αMEM, Life Technologies, Carlsbad, CA, USA) with 16.7% fetal bovine serum (Life
Technologies), 1% penicillin/streptomycin (Life Technologies), and 4 µg/ml plasmocin
(InvivoGen, San Diego, CA, USA). Cells were kept in a humidified incubator at 37°C
and 5% CO2, and media was replaced twice each week. When ~80% confluent, hMSCs
were detached with 0.05% trypsin-EDTA, re-seeded at a density of 100 - 500 cell/cm2,
and cultured for 7-14 days before reaching confluence. For all experiments, hMSCs (page
< 6) were seeded at a density of 10,000 viable cells/cm2, as determined by exclusion of
Trypan blue, and cultured for three to four days.
5.2.3   Quantitative Real-Time Polymerase Chain Reaction
hMSCs on spin-coated substrates were homogenized with the Trizol reagent (Life
Technologies), mixed with chloroform (1:5 Trizol:chloroform), and separated by
centrifugation (12,000x g, 15 min, 4°C). The RNA contained within the aqueous phase
was then isolated with RNeasy columns (Bio-Rad, Hercules, CA, USA), according to the
manufacturer’s instructions. cDNA was synthesized using a kit (Applied Biosystems,
Life Technologies), and qRT-PCR was performed with a SYBR Green master mix (Bio	
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Rad) with 15 – 20 ng cDNA and 500 nM each of forward and reverse primers, using a
CFX Real-Time PCR System (Bio-Rad). The qRT-PCR protocol included: 95°C for 3
min, followed by 40 cycles of denaturation at 95°C for 30 seconds, annealing at 58°C 30
sec, and extension at 72°C for 30 seconds. The expression of each gene of interest was
normalized to expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a
housekeeping gene, generating the ΔC(t) value, and expression of 2-ΔΔC(t) relative to the
TCPS control with n ≥ 3 biological replicates for each experiment was reported. Primer
sequences are listed in Table A-2 and only those that showed single, specific amplicons
were used for qRT-PCR experiments.
5.2.4   Inhibitor Study
hMSCs were exposed to various inhibitor concentrations for 48 hours to
determine optimal concentrations. The following inhibitors and concentrations were used:
30 µM BTT 3033 (Integrin a2b1 inhibitor, Tocris, Avonmouth, Bristol, United
Kingdom), 30 µM P11 (Integrin avb3/avb5 inhibitor, Tocris) and 1 mg/mL GAP26
(Connexin-43 peptide-based inhibitor). GAP26 (Val-Cys-Tyr-Asp-Lys-Ser-Phe-Pro-IleSer-His-Val-Arg)

peptide

was

synthesized

by

standard

solid-phase

fluorenylmethyloxycarbonyl chloride chemistry on a Rink amide-MBHA resin using PS3
synthesizer (Protein Technologies, Tucson, AZ, USA). These peptides were cleaved and
deprotected in trifluoroacetic acid/thioanisole/ethanedithiol/anisole (90/5/3/2). The
formation of peptide was characterized by liquid chromatography-mass spectrometry
(LC-MS) (Figure B-1).
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For the inhibition experiment, the indicated concentrations of inhibitors were
added to hMSC suspensions before seeding the cells onto the substrates. Cells were
cultured for 4 days before harvesting RNA for gene expression analysis.
5.2.5   Measuring Levels of Intracellular Reactive Oxygen Species (ROS)
hMSCs

were

incubated

with

10

µM

5-(and-6)-chloromethyl-2’,7’-

dichlorodihydrofluorescein diacetate acetyl ester (DCFDA) (Life Technologies) in
serum-free DMEM for 30 minutes following the manufacturer’s instructions. Cells were
trypsinized and run on a FACS Calibur flow cytometer (BD Biosciences, Franklin Lakes,
NJ, USA) with the appropriate unstained control. N=3 biological replicates were
conducted per substrate condition. Data were analyzed by FlowJo software (Tree Star
Inc., Ashland, OR).
5.2.6   Western Blot
Western blot analysis was done according to standard protocols206. Primary
antibodies used in this study include: Integrin-a2 (1:200, sc-6586r, Santa Cruz
Biotechnology, Dallas, TX, USA), Integrin-b3 (1:200, D7X3P, Cell Signaling
Technologies, Danvers, MA, USA), Integrin-b5 (1:200, D24A5, Cell Signaling
Technologies), Connexin-43 (1:200, #3512, Cell Signaling Technologies), and GAPDH
(1:5000, 14C10, Cell Signaling Technologies) (Table A-1). Appropriate secondary
antibodies from Li-COR (Lincoln, Nebraska, USA) were used to image the blots on the
Odyssey imaging system according to the manufacturer’s protocol.
5.2.7   Statistical Analysis
Comparisons between two groups were performed with a Student’s unpaired ttest. Comparisons between multiple groups were performed with a one- or two-way
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analysis of variance (ANOVA) with a Tukey post hoc test to adjust p-values for multiple
comparisons. In all cases, p < 0.05 is considered statistically significant.

Mean ±

standard deviation is reported, unless otherwise noted.
5.3   Results and Discussion
5.3.1   Generating and Validating the Donor hMSCs
Donor hMSCs were obtained from patients at Vanderbilt University Medical
Center in order to investigate if the effect of the copolymer has the same phenotype
outcome from non-commercial cell sources. The cells purchased from Lonza have strict
screening criteria as the commercial cell sources have to guarantee performance to
anyone that purchases the cells for research purposes. However, because this screening
criteria is so discriminatory, the ability to confidently state that the copolymer’s
usefulness in potential patient application is severely limited because Lonza hMSCs are
not a randomly selected portion of the donor population. Hence, when screening to obtain
donor hMSCs from Vanderbilt University Medical Center, very limited criteria was used.
First, all donors were limited to being over 65 years of age. As most patients that would
benefit from future tissue engineering therapies are of advanced age, proof of principle
testing should utilize donors that are reflective of that population. Second, only male
donors were selected. Because it is well known that steroid hormones cause significant
physiological changes in hMSCs, their presence is hard to decouple if the donors were of
both male and female genders. Moreover, related to the first screening criterion, the
hormone levels are significantly altered for young and old donors207. Third, none of the
male donors over 65 years of age could have known genetic blood disorders or known
cancer diagnosis at the time of bone marrow harvest.
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Confirming that the hMSCs obtained from the donor bone marrow were a pure
population was paramount before conducting in vitro studies. Flow cytometry staining for
three positive markers (CD74, CD90, and CD105) and four negative markers (CD14,
CD20, CD34, and CD45) in a phenotyping kit was performed. As evidenced in Figure
5-1, all three donors exhibited the staining patterns predicted for both positive and
negative stains. Hence, the hMSC isolation was deemed successful.

Figure 5-1 Flow Cytometry Verification of Isolated Donor hMSCs.
Flow cytometry analysis of marker expression of three patient-derived MSCs confirms
the expected immunophenotype: CD73+CD90+CD105+ > 95% for all tested samples.
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5.3.2   Donor hMSCs Elicit Same Phenotype Response to PEG-PCL as Commercial
hMSCs
To demonstrate that the effect of the material was not donor-dependent, hMSCs
from the three patient sources were tested on the 5%PEG2k copolymer since a strong
cellular response was consistently observed on this substrate. For all donors, compared
to TCPS, the expression of NANOG and SOX2 was significantly increased on 5%PEG2k
(Figure 5-2A-C), and the expression of antioxidative genes was enhanced in virtually all
cases (Figure 5-2D-F). Intracellular ROS levels decreased for all patient cells cultured on
the copolymer, compared to TCPS control (Figure 5-2G).
5.3.3   Screening Cell-Cell and Cell-Matrix Proteins for Causative Agent
Since cell aggregation can be promoted by increased cell-cell interaction with
altered cell-matrix interaction, it was imperative to screen major cell-cell/cell-matrix
binding proteins thus far reported in order to glean what cell adhesion molecules might be
altered in response to changing material parameters (Figure 5-3). Thus, cell-cell adhesion
molecules were first investigated because of the aggregated status of hMSCs on 2 kDa
PEG. Platelet endothelial cell adhesion molecule 1 (PECAM-1), connexin-43 (CX43),
and intercellular adhesion molecule (ICAM) were significantly upregulated on all select
copolymers relative to TCPS. However, expression of neural cadherin did not change.
Five integrins had striking upregulation profiles that highlighted the effects of altered
chemistry in the copolymers. Integrins alpha 1, 2 and 6 (ITGA1/ITGA2/ITGA6) had
dramatically higher mRNA levels than TCPS. Interestingly, integrins beta 3 and 5
(ITGB3/ITGB5) had significant fold change.
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Figure 5-2 Patient-derived hMSCs Demonstrate that Material-mediated Modulation
of Stemness and Redox is Not Donor-specific.
(A-C) hMSCs isolated from three different donors demonstrated significant increases in
the expression of NANOG and SOX2 when cultured on 5%PEG2k, relative to TCPS
control (n = 4). (D-F) Similarly, the expression of the anti-oxidative genes SESN1, TRX,
SOD2, and APE/Ref-1 was downregulated in virtually all cases (n ≥ 5). (G) Intracellular
ROS load was also reduced for hMSCs isolated from all three donors when cultured on
5%PEG2k, relative to the TCPS counterpart. All bars are mean ± S.D. *p < 0.05, **p <
0.01, ***p < 0.001 relative to TCPS or as indicated between the lines.
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Figure 5-3 Gene- and Protein-level Screening of Cell Adhesion Molecules on Select
Copolymers.
(A) Cell-cell adhesion molecule screen shows that Connexin-43 (CX43) is modulated by
copolymer composition but N-cadherin (N-Cad) is not. (B-C) Screening of cell-matrix
adhesion molecules (i.e. integrin: ITG) reveals a potential role for ITGA1, ITGA2,
ITGA6, ITGB3, and ITGB5. We chose to inhibit ITGA2 and ITGB3/B5 as
representative subunits of the heterodimeric integrin complex. (D) Protein-level analysis
by Western blot confirms the upregulation of the molecules-of-interest (CX43, ITGA2,
ITGB3, ITGB5) on 5%PEG2k copolymer, relative to TCPS (n = 3 independent
replicates).
Principal component analysis (PCA) was performed to find correlations between
hMSC responses and polymer properties (Figure 5-4). Expression of both stemness genes
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was positively correlated with PEG molecular weight and mol% PEG. Several cell
adhesion markers clustered in particular arrangements, as indicated by the dot and text
color. The clear divergence among these clusters supports the hypothesis that polymer
chemistry is a major factor that changes hMSC behavior. Moreover, the scale of
screening such genes across a highly controlled set of copolymer surfaces allows for
unprecedented insight into chemistry influences on particular cell adhesion molecules.
Further inhibition experiments are required to verify mechanistic roles of the clustered
cell-cell and cell-matrix markers on the functional and phenotypical changes of hMSCs.

Figure 5-4 PCA for Stemness and Cell Adhesion Molecule Gene Expression
Compared to PEG Chain Length and Mol%.
PCA illustrations color-coded correlations among different genes and altered chemical
properties of the copolymers. PEG chain length (PEGMw here) was found to positively
correlate with ITGA1/6, ITGB3, ICAM, PECAM and CX43. Mol% (%PEG here)
positively correlated with ITGB1 and ITGA2.
5.3.4   Inhibition of Key Proteins to Elucidate Molecular Mechanism
Since the balance of cell-cell and cell-matrix adhesions is hypothesized to drive
this effect, we measured the expression of multiple cell adhesion molecules and integrin
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subtypes (Figure 5-3), and identified CX43, integrin α2 (ITGA2), and integrins β3/β5
(ITGB3/B5) as candidate regulators of the material-derived effect. Upon inhibition, we
found that interruption of CX43 most potently attenuated the expression of stemness
(Figure 5-5A) and anti-oxidative genes (Figure 5-5B). CX43 has recently been shown to
maintain skin-derived stem cells208, and is also required for resistance to oxidative stress
in the bone marrow209; this finding indicates a functional role of CX43 in mediating
material-derived signals in hMSCs.

Figure 5-5 Functional Inhibition of Adhesion Molecules Suggests a Role for
Connexin-43 in Regulating Outside-in Signaling.
(A) The gene expression of stemness markers significantly decreased when treated with
anti-CX43 inhibitor, relative to untreated cells on 5%PEG2k. (B) Similarly, the polymermediated increase in expression of SESN1, SOD2, and APE/Ref-1 antioxidative genes
was lost under treatment with anti-CX43 inhibitor (n ≥ 5). All bars are mean ± S.D. *p <
0.05, **p < 0.01 relative to TCPS or as indicated between the lines.
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5.4   Conclusions
In this Aim, donor hMSCs from a larger population were successfully harvested
and screened to confirm a uniform population not contaminated by bone marrow
fibroblasts or other native bone marrow cell types. Donor were selected with minimal
screening criteria in order to maintain a more representative donor population that could
potential use this copolymer platform for hMSC culture as well as determine if the effect
of the copolymer effect on hMSC phenotype was universal beyond commercial hMSC
cells sources. Upon culturing all three donors on a select copolymer (5%PEG2k), gene
expression for both NANOG and SOX2 were significantly increased to expression levels
seen in the Lonza hMSCs. Moreover, the redox related genes were significantly
upregulated with the concomitant decrease in ROS load.
Extensive PCR screening was conducted to determine what cell-cell and/or cellmatrix proteins could be positioned at the cell-material interface to initiate the drive for
hMSC phenotype change. Several candidate genes were reported and upon western blot
analysis, only ITGA2, ITGB3, ITGB5, and CX43 had increased translation. Chemical
inhibition was employed as opposed to genetic modification or RNA interference given
that hMSCs generally do not respond well to genetic-level manipulation and RNA
interference would not only be transient but also risk upregulation of genes not present in
non-treated cells. As such, CX43 inhibition was found to most ameliorate the phenotype
change at the RNA level, thereby indicating that the forced aggregation affect driven by
the PEG content is the likely dominant signaling factor for the increase in stemness in the
hMSCs.
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Chapter 6: Aim 4
6.1   Introduction
Human mesenchymal stem cells (hMSCs) offer a potential stem cell source for
the translation of tissue engineering strategies to repair or replace damaged tissues. In
fact, several proof-of-principle studies of direct stem cell injections into injury sites have
resulted in improved function, such as in bone210, cartilage211, heart212 and large blood
vessels213. However, to effectively translate these studies to human clinical trials,
sufficient stem cells need to be grown such that enough hMSCs are present at the
injury/disease site to engraft and adopt the cell phenotype of the host tissue. Since
hundreds of millions of hMSCs are required to generate meaningful regeneration of bone
in large animals67 for tissue generation, the few hundred thousand hMSCs that can be
isolated from the bone marrow of any typical human donor requires expansion and breaks
the Hayflick limit in the process. This could become an obstacle in front of translating
hMSCs for therapeutic applications42,

43, 68

, as phenotype-level changes occur when

hMSCs are serially passaged on tissue culture polystyrene (TCPS). In order to expedite
clinical translation, new cheap, easily scalable strategies to maintain or reinstate hMSC
fitness following expansion must be developed to counteract this inherent decline in cell
health68.
Spheroid aggregates of hMSCs produce the most effective stem cells in terms of
stem cell potency and avoidance of senescence78,

79

. Generating large quantities of

aggregates have employed bioreactors and cell substrates with varying degrees of
success. Maintaining bioreactor systems, due to their inherent design, can be financially
prohibitive, and the complexity of interconnected bioreactor components and unique
contamination risks (e.g. chemical or biological) complicates scaling up this process214.
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With respect to culture substrates, many groups have employed inverted hanging drop
wells that have cell-repellant surfaces79-82. While the cell aggregates recapitulated the
expected pro-stemness phenotype, controlling the size of the hMSC aggregates can be
challenging and risk developing of necrotic cores that could result in negative
consequences for the recipient tissues receiving the cells74, 83, 84. Moreover, the ability to
handle and break down these aggregates into single cell suspensions for injection is
difficult.
Approaches other than aggregates have also been developed for extensive culture
of hMSCs. In one study by Ng et al, adipose MSCs were expanded in vitro by culturing
on extracellular matrix (ECM) protein produced by fetal MSCs215. Although the adipose
MSCs demonstrated increased functional capacity over several passages, concerns
regarding immunogenicity arise when using ECM from another human donor that could
stimulate a negative immune response by the stem cell recipient. Also, the financial
burden of continually generating uniform fetal ECM and harvesting fetal MSCs to
generate the ECM could become exponential. Alternatively, other groups like Duffy et al
have developed synthetic polymer culture substrates that reduce harsh passaging
techniques to grow hMSCs over many passages216. While their enzyme-free substrate did
demonstrate marginal improvement in adipose MSC differentiation, the surface marker
profiles were not maintained thereby challenging the efficacy of the system beyond
simple differentiation assays and the monolayer appearance of the cells.
Using these studies as inspiration, we set out to demonstrate a cheap, easilyreproducible and effective culture platform that could maintain stem cell homeostasis and
functional capacity over serial passaging. Based on previous work using a poly(ethylene
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glycol) (PEG) and poly(ε-caprolactone) (PCL) copolymer film, we discovered that
human bone marrow-derived MSCs maintained high stemness and low reactive oxygen
species load compared to conventional TCPS plates (in review). Using the optimal
copolymer composition from this study, we serially passaged patient donor hMSCs from
aged donors (age > 65 years old) to demonstrate feasibility of maintaining a pro-stemness
state of the cells as they multiplied by performing a series of functional assays including
flow cytometry detection of reactive oxygen species (ROS), adipogenic and osteogenic
differentiation and Raman spectroscopy for metabolite changes.
6.2   Methods
6.2.1   Polymer Substrate Preparation
5%PEG (Mw = 2000 Da) - 95%PCL (PEG-PCL) was synthesized using methods
previously described166. Spin-coated polymer films were prepared with a commercial
spin-coater (Laurell Technologies, North Wales, PA, USA). 15mm circular glass cover
slips (Fisher Scientific) or CaF2 discs (Crystran Ltd, Dorset, United Kingdom) were first
cleaned with 100% ethanol (Sigma Aldrich), rinsed with dH2O, and heated to 80°C for
~20 min to dry. A 1% weight/volume (w/v) solution of the copolymer in tetrahydrofuran
(THF, Sigma Aldrich, St. Louis, MO, USA) was spun for 30 seconds at 3,000 RPM atop
the clean glass cover slip (50 µl copolymer solution per sample). For preparation of
“large-scale” Petri dish polymer films, Pyrex Petri dishes (Corning Inc., Corning, NY,
USA) were cleaned as described above, and 1 mL of a 1% w/v solution of polymer in
THF was spun for 2 min at 1,500 RPM to coat the surface. All samples were then
exposed to constant vacuum for ≥30 min to remove excess solvent and kept in a
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desiccator until use. Coverslips and dishes were UV sterilized for 60 min before use for
cell culture.
6.2.2   Cell Culture
hMSCs were acquired from three patients at Vanderbilt University Medical
Center in cooperation with Dr. Pampee P. Young, according to previously published
methods205. All patients were male and over the age of 65 with no known blood disorders
or cancer diagnosis at the time of bone marrow harvest. hMSCs were maintained in
complete media (CM) composed of alpha-minimum essential media with nucleosides
(αMEM, Life Technologies, Carlsbad, CA, USA) with 16.7% fetal bovine serum (Life
Technologies), 1% penicillin/streptomycin (Life Technologies), and 4 µg/ml plasmocin
(InvivoGen, San Diego, CA, USA). Cells were kept in a humidified incubator at 37°C
and 5% CO2, and media was replaced twice each week. For all experiments, hMSCs were
seeded at a density of 10,000 viable cells/cm2, as determined by exclusion of Trypan
blue, and cultured for four days before passaging.
6.2.3   Immunocytochemistry
hMSCs were fixed with 4% paraformaldehyde (PFA, Sigma Aldrich) for 15 min,
permeabilized with 0.3% Triton-X (Sigma Aldrich) for 15 min when probing intracellular
targets, and blocked with 10% goat serum (Sigma Aldrich) for >2 hours, all at room
temperature. Cells were incubated with Alexa488-phallodin (1:40 v/v in PBS, Life
Technologies) for 10 minutes followed by counterstaining with Hoechst (Sigma Aldrich,
2 µg/ml) for 20 minutes at room temperature. Imaging was performed with a Zeiss LSM
710 confocal microscope (Carl Zeiss, Oberkochen, Germany), and images were
processed with ImageJ (National Institutes of Health, Bethesda, MD, USA).
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6.2.4   Measuring Levels of Intracellular Reactive Oxygen Species (ROS)
hMSCs

were

incubated

with

10

µM

5-(and-6)-chloromethyl-2’,7’-

dichlorodihydrofluorescein diacetate acetyl ester (DCFDA) (Life Technologies) in
serum-free DMEM for 30 minutes following the manufacturer’s instructions. Cells were
trypsinized and run on a BD LSR Fortessa (BD Biosciences, Franklin Lakes, NJ, USA)
with the appropriate unstained control. N=3 biological replicates were conducted per
substrate condition. Data were analyzed by FlowJo software (Tree Star Inc., Ashland,
OR).
6.2.5   Differentiation Assays
hMSCs were grown on TCPS or PEG-PCL at their indicated passage for 4 days
before being trypsinized and moved to 24-well TCPS plates. Differentiation assays were
performed based on pre-established protocols217,

218

. Adipogenic media using AMEM

contained 16.7% FBS, 1% P/S, 4 µg/ml plasmocin, 0.1 µM dexamethasone, 0.45 mM 3isobutyl-1-methylxantine, 0.2 mM indomethacin 1 µg/mL insulin and 1 µM rosiglitazone.
Osteogenic media using AMEM contained 16.7% FBS, 1% P/S, 4 µg/ml plasmocin,
10nM dexamethasone, 5mM β-glycerophosphate and 50 µg/mL ascorbate-2-phosphate.
All specialized differentiation media reagents were purchased from Sigma-Aldrich. Cells
were cultured under induction media for one month and then fixed with 4% PFA. Cells
were stained with Oil Red O (ORO) and Alizarin Red S (ARS) for adipogenic and
osteogenic staining, respectively. Images were taken with a Nikon Ti inverted
microscope (Nikon Instruments Inc., Melville, NY, USA) and processed with ImageJ.
Stain quantification was performed on N = 3 independent experimental replicates. Images
were first converted to RGB stack followed by setting a threshold range in the green
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channel to account for variation in background light from brightfield imaging. The
images were inverted resulting in a new grayscale image and mean intensity was
measured.
6.2.6   Raman Instrumentation and Image Acquisition
Raman spectra of N ≥ 3 cells per substrate condition (uncoated or PEG-PCL spincoated CaF2 discs at both passage 3 and passage 6) were recorded with an InVia confocal
Raman microscope (Renishaw, Hoffman Estates, Illinois) using a diode laser at 532nm as
excitation wavelength. The laser light was focused on the sample with a 100X/0.85 NA
objective (Leica N Plan, Wetzlar, Germany) to deliver ~ 15 mW. Spectra were obtained
with 10 second accumulations in mapping mode using a motorized xy-sample stage with
2 µm step-size through the same objective with a 180 degree backscatter collection
geometry. Cosmic ray removal and noise smoothing based on a 4th order Savitky-Golay
filter were implemented in Matlab, along with background subtraction based on a
modified polynomial fitting algorithm219.
6.2.7   Statistical Analysis for ROS and Differentiation Assays
Comparisons between substrates for differentiation assays were performed with a
Student’s unpaired t-test. In all cases, p < 0.05 is considered statistically significant.
Mean ± standard deviation is reported, unless otherwise noted.
6.2.8   Statistical Analysis for Raman Spectra
The intensity of the 1003 cm-1 peak (phenylalanine) was used to identify pixels
within the Raman maps that correspond to hMSCs and generate an image mask. Spectra
from identified pixels were included in analysis. Spectral regions that correspond to
substrate-specific features were excluded from analysis of the dataset after masks were
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generated for each cell area. Principal component analysis (PCA) was performed on full
range Raman spectra following mean centering. Separate rank sum tests were applied to
PCA scores to identify principal components that significantly differ between hMSC
preparations (temporal passages or substrates). To identify biomolecules that correspond
with individual PCs, wavenumbers associated with each biomolecule target were
compiled into a library from prior literature with a focus on energy metabolism (refer to
Tables 1 and S1). Raman shifts identified in the library that intersected with the substrate
specific features were omitted from further analysis. Each remaining library Raman shift
was compared to a threshold value defined as one standard deviation below the maximum
intensity of the absolute value for each PC loading and the percent overlap for the library
biomolecules and the PCs were determined. PCs that had significant overlap (>50%) with
biomolecules and explained at least 0.5% of the total variance were compiled for further
comparison.
6.3   Results
6.3.1   Experimental Design
The synthesis of the PEG-PCL polymer was based on ring opening
polymerization of ε-caprolactone onto methoxy-PEG (Figure 6-1A). X and Y refer to the
mole percent fraction of PEG and PCL, respectively. Based on prior work in our group,
we utilized a 5%PEG-95%PCL copolymer where the PEG block was 2000 Da in size.
Substrates were generated using a spin coater in order to create easily reproducible and
high throughput films that cells could grow on (Figure 6-1B). As illustrated, a Pyrex©
Petri dish (or coverslip) was placed in the spin coater with a small amount of copolymer
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solution added in the center. The rotation of the block spread the solution evenly across
the surface of the dish yielding the copolymer film in a culture-ready vessel.
For the longitudinal study, patient hMSCs were isolated from donors, expanded
two passages on TCPS, and then subsequently cultured to passage 6 on either TCPS or
PEG-PCL substrates (Figure 6-1C). Upon initial collection of bone marrow aspirate, the
bone marrow was passed through a 70 µm filter, cultured on Histoplaque, and the
monocytes were collected to be plated on TCPS. The hMSCs were the only cells to
adhere to TCPS dishes at passage 0 and grown to confluence before being evaluated for
appropriate positive and negative MSC markers at passage 1 (refer to Section 5.3.1).
Cells were grown out to passage 2 and frozen down before beginning the serial passage
phase of the experiment. As indicated in the Figure 6-1C, cells were passaged every 4
days, the time needed for hMSCs from all three donors to become confluent on TCPS. At
day 4, cells from TCPS or PEG-PCL were re-plated onto new TCPS or PEG-PCL
substrates. At passages 3 and 6, hMSCs were evaluated for functional capacity by
looking at their morphology on their respective substrates, ROS load, osteogenic and
adipogenic differentiation capacity, and metabolic profile visualized by confocal Raman
spectroscopy.
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Figure 6-1 Experimental Flow Overview
(A) The PEG-PCL copolymer was synthesized using methoxy-PEG and ring-opening
polymerization of ε–caprolactone. (B) Polymer films were generated by spin-coating
copolymer solution onto coverslips or into Pyrex© petri dishes as shown in the
illustration. First, a set volume of 1% w/v PEG-PCL solution is dropped onto coverglass
or Pyrex© petri dishes. The coverglass or dishes are placed into the spin coater and an
spin program (green arrows) is applied to the substrates. The PEG-PCL solution is evenly
spread out on the surface with the solvent evaporating in the process. (C) The timeline of
experiments with respect to passage number of the donor hMSCs. Red indicates that
passage numbers where imaging or functional tests were performed.
6.3.2   Morphological Change of hMSCs on TCPS and PEG-PCL Over Passages
hMSCs from all donors showed markedly altered cellular morphology when
passaged on TCPS or PEG-PCL (Figure 6-2). At passage 3, hMSCs grown on TCPS had
a flattened, spread cell shape typical of this cell type. However, when cultured on PEGPCL, distinct cell clusters, reminiscent of hanging drop aggregates, formed over the
entire surface area of the coverslips. Cells within the aggregates were round in
morphology with some cells exhibiting spindle-like extensions. At passage 6, TCPS
hMSCs were highly aligned with strong spindle morphology, forming a cell sheet. PEGPCL hMSCs yielded aggregates with increased size and number of constituent cells. The
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diversity in spheroid morphology can be seen among the donors, where donor 2
maintained a tight, enlarged spheroid of cells, donor 1 had more cellular spindle
projections anchoring to the copolymer surface, and donor 3 contained a spheroid with a
broad based of spindle-shaped hMSCs along the copolymer surface like a cell-feeder
layer. Of note, passage 6 was not exceeded in this study due to the spheroids becoming so
large that they no longer adhered to the surface of the PEG-PCL.

Figure 6-2 Morphological Changes Occur Over Serially Passaging hMSCs on Their
Respective Substrates.
Cells were stained with AlexaFluor-488-conjugated phalloidin (green) and Hoechst
nuclear counterstain (blue). Scale bar = 100µm.
6.3.3   ROS Load
All donors displayed decrease levels of detected intracellular ROS when grown
on the PEG-PCL compared to TCPS (Figure 6-3). Passage 3 fluorescent signal was
decreased by ~1 order of magnitude, and this effect was maintained at passage 6. TCPS
curves (blue) had a homogenous population while PEG-PCL (green) was more
heterogenous as seen by the increased peak width. This could be due to the cells closer to
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the material interface containing more ROS compared to the cells within in the cell
aggregate.

Figure 6-3 PEG-PCL Copolymers Reduce Intracellular ROS Load for Donor Cells
at Both Passages.
hMSCs were incubated with DCFDA and FITC intensity correlated with active ROS
species. The graphs shown are representative results from N = 3 independent
experimental replicates.
6.3.4   Differentiation Capacity
The degree of osteogenic differentiation, as evaluated by image-based
quantification of ARS, was maintained when hMSCs were serially passaged on PEGPCL (Figure 6-4). Different staining patterns were observed across all donors at passage
3, with enhanced mineralization for donor 2. However, at passage 6, staining intensity
was markedly decreased on TCPS, with minimal staining for donor 2. Adipogenic
differentiation had mixed results across all donors (Figure 6-5). Staining patterns for
TCPS and PEG-PCL did not show unique patterning or oil droplet shape nor where there
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statistically significant differences in staining intensity between the substrates at either
passage.
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Figure 6-4 Osteogenic Differentiation of hMSCs.
hMSCs were stained with Alizarin Red after one month of osteogenic differentiation.
Mean ± S.D. of stain intensity is plotted for all donors for each substrate with N = 3
independent experimental replicates. * p < 0.05, *** p < 0.001.
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Figure 6-5 Adipogenic Differentiation of hMSCs.
hMSCs were stained with Oil Red O after one month of adipogenic differentiation. Mean
± S.D. of stain intensity is plotted for all donors for each substrate with N = 3
independent experimental replicates.
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6.3.5   Raman Analysis
hMSCs grown on TCPS and PEG-PCL were imaged with confocal Raman
microscopy in a 2 micron grid. Mask generation to isolate the cell area and not
background-only area used the intensity of the 1003cm-1 peak as the delineating feature,
as a strong cellular signal of this peak did not occur in the background specific spectra of
either TCPS or PEG-PCL substrates (Figure 6-6). Furthermore, masking of acquired
maps was necessary to remove signals specific to the substrates themselves within the
cell area spectra.

Figure 6-6 Raman Analysis Overview.
(A) Brightfield images of the cells were overlaid with a grid indicating the step pattern
taken for each of the images taken by the confocal Raman microscope. (B) Using the
cell-less background substrate as a control signal, all pixels within the grid that did not
contain cell signal was thresholded to generate a cell mask for spectral analysis. (C) An
example graph illustrating the cell-less background signal (blue) and the cell-containing
spectra (red). Cell-containing spectra were used for subsequent metabolite analysis.
Two types of analysis were conducted on the collected Raman spectra. The first
test investigated if the composite signal from the whole cell differed with respect to
passage change with substrate control (referred to as ‘temporal’) or signals from the
whole cell differed with respect to substrate at the same passage number (referred to as
‘substrate’) (Figure 6-7). Based on non-parametric tests, significant differences were
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found between both temporal passage and substrate for several principal components of
the aggregate signal.
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Figure 6-7 Whole Spectra Principal Component Comparison.
(A) Principal component loadings for PCs that most significantly differed between
temporal passage (PCs 3, 4, & 5) and substrate (PCs 1, 8, & 15) indicate Raman spectral
features that are strongly represented in the data. The vertical gray bands indicate spectral
regions that correspond to strong features from the substrate material. (B) The top three
most significant principal component scores for temporal (differences between passage
number on constant substrate, left column) and substrate (differences between TCPS and
PEG-PCL at given passage number, right column) based on a rank sum test. All principal
components explain greater than 5% of the total variance in the data set. Mean ± SEM is
plotted with calculated p-value.
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The second analysis of the Raman spectra investigated if certain metabolites
within the cells were changing. Several metabolites were selected and inputted into a
biomolecules library. The library comparison results are presented in Tables 1 & S1. For
each biomolecule, a ratio the mean PC scores are presented for hMSCs at a given passage
number on PEG-PCL versus TCPS (Table 1). Biomolecules that show increased score
ratios are indicated in red while those that decreased are in green. With respect to
temporal change on a given substrate, nearly 50% of the metabolites did not significantly
change over serial passage. However, when passage number was held constant and TCPS
and PEG-PCL were compared, both upregulation and downregulation of metabolites
were found across the entire biomolecule library. To start, the overwhelming majority of
fatty acids, triglycerols, cholesterol & cholesterol esters, and membrane lipids were in
higher quantity for PEG-PCL compared to TCPS. On the other hand, slightly less than
half of the amino acids decreased in relative amount while slightly more than half
increased. Interestingly, DNA nucleotides adenine and guanine increased while cytosine
and thymine decreased. Finally, metabolites associated with glycolysis and pentose
phosphate pathway (e.g. GSSG, lactic acid) were increased with compensatory decrease
in TCA cycle/oxidation associated pathways (e.g. pyruvate and Acetyl-CoA).
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Table 6-1 Fold-change in Metabolite Signal Intensity with Respect to Fixed
Substrate.
Red is upregulated and green is downregulated.
Biomolecule

PEG-PCL /

PEG-PCL /

P-value

Reference

TCPS at P3

TCPS at P6

Acetyl CoA

4.344

1.996

1.1E-03

220

Adenine

1.433

3.288

6.2E-17

220

Ammonia dimer

0.114

0.787

2.6E-03

221

Ammonia-water complex

0.113

0.778

1.1E-03

221

Coenzyme A

1.433

3.288

6.2E-17

220

Cytosine

1.688

0.096

4.9E-06

220

Glycine

1.688

0.096

4.9E-06

220

Reduced Glutathoine (GSH) (solid)

1.688

0.096

4.9E-06

222

Oxidized Glutathione (GSSG)

0.106

0.720

4.9E-06

222

Guanine

0.145

0.883

2.8E-12

220

Lactic Acid

1.433

3.288

6.2E-17

223

L-Glutamine

1.688

0.096

4.9E-06

224

Pyruvate

1.688

0.096

4.9E-06

220

Ribose (solid)

1.433

3.288

6.2E-17

225

Ribose-5P

1.688

0.096

4.9E-06

225

Thymine

1.688

0.096

4.9E-06

220

Uracil

1.688

0.096

4.9E-06

220

0.530

14.793

5.9E-

226

(solid)

Amino Acids
Alanine

19

	
  
	
  

Arginine

0.530

14.793

5.9E-19

226

Aspartic Acid

1.688

0.096

4.9E-06

226

Cysteine

17.788

0.013

6.7E-10

227

Glutamic Acid

0.530

14.793

5.9E-19

226

Glycine

8.804

4.941

1.7E-02

226

Histidine

0.124

0.835

6.7E-10

226

Isoleucine

1.688

0.096

4.9E-06

226

Leucine

1.672

1.469

2.8E-12

226
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Lysine

1.433

3.288

6.2E-17

226

Methionine

1.433

3.288

6.2E-17

226

Phenylalanine

5.596

0.638

4.9E-02

226

Proline

1.433

3.288

6.2E-17

226

Serine

1.688

0.096

4.9E-06

226

Threonine

4.051

10.896

8.2E-03

226

Tryptophan

1.672

1.469

2.8E-12

226

Tyrosine

0.162

0.787

6.7E-10

226

Valine

1.433

3.288

6.2E-17

226

Arachidic Acid

1.433

3.288

Arachidonic Acid

1.688

0.096

4.9E-06

228

Elaidic Acid

4.344

1.996

1.1E-03

228

Linoleic Acid

0.126

0.566

4.9E-06

228

Myristic Acid

1.433

3.288

6.2E-17

228

Oleic Acid

0.133

0.571

1.7E-02

228

Palmitic Acid

1.433

3.288

6.2E-17

228

Palmitoleic Acid

0.131

0.581

8.2E-03

228

Stearic Acid

0.170

0.937

4.4E-02

228

α-Linolenic Acid

0.530

14.793

5.9E-19

228

Tri-11-eicosenoin

0.119

0.796

Triarachidin

6.471

4.523

3.3E-02

228

Tribehenin

6.471

4.523

3.3E-02

228

Tricaprin

4.379

0.260

1.9E-02

228

Trielaidin

4.051

10.896

8.2E-03

228

Trierucin

0.120

0.802

8.2E-03

228

Trilaurin

4.379

0.260

1.9E-02

228

Trilinolein

0.100

0.701

1.1E-03

228

Trilinolenin

0.530

14.793

5.9E-19

228

Trimyristin

0.122

0.827

3.2E-02

228

Triolein

0.530

14.793

5.9E-19

228

Tripalmitin

0.167

0.838

5.3E-03

228

Fatty Acids
6.2E-17

228

Triglycerols
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4.9E-06

228

Tripalmitolein

0.530

14.793

5.9E-19

228

Triparoin

0.114

1.046

1.8E-02

228

Tripetroselinin

0.104

0.703

4.9E-06

228

Tristearin

0.167

0.838

5.3E-03

228

Trucaprylin

0.112

1.038

2.6E-02

228

Cholesterol

1.433

3.288

Cholesteryl linoleate

0.104

0.703

4.9E-06

228

Cholesteryl oleate

0.104

0.703

4.9E-06

228

Cholesteryl stearate

1.433

3.288

6.2E-17

228

Choleteryl palmitate

1.433

3.288

6.2E-17

228

L-α-Phosphatidylcholine

4.344

1.996

L-α-Phosphatidylethanolamine

0.167

0.869

1.1E-03

228

Sphingomyelin

4.344

1.996

1.1E-03

228

Cholesterol & Cholesterol esters
6.2E-17

228

Membrane Lipids
1.1E-03

228

6.4   Discussion
Longitudinal, serial passage of hMSCs for regenerative medicine and tissue
engineering-based therapies is undoubtedly a prerequisite critical to clinical success.
Regardless of allogenic or autologous donor cells, ensuring a sizable stem cell mass is
prepared for host injection enables the greatest chance for engraftment. However, in the
process of expanding said stem cells, phenotype characteristics associated with
senescence could inhibit success rates of future stem cell therapies and potentially raise
the risk of harming patients. Therefore, different culture strategies ranging from proaggregate culture vessels to minimally-disrupted monolayer substrates have been
explored for culturing hMSCs ex vivo79-82, 214. We sought to do the same but used aged
human donor hMSCs and evaluated phenotype retention via functional assays.
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Prior work in our lab discovered that carefully tuning of PEG-PCL copolymer
composition manipulated the stemness homeostasis of hMSCs (in review). Similar to the
aforementioned study, cells on the copolymer were into a forced aggregation state, but as
the passage number increased, the size of these aggregates also increased (Figure 6-2).
These formations with a small interfacing cell layer with the material like as a ‘feeder
layer’ has been seen in vivo in the bone marrow229-231. Additionally, speculation of
hMSCs being related to pericytes, which is still under debate in the field, demonstrates
the same balance of cell-cell (pericyte-endothelial cell) and cell-matrix interaction
(pericyte-surrounding ECM), and the PEG-PCL appears to cause the hMSCs to behave as
if they were in a bone marrow or capillary-like environment113.
Because the functional capacity of hMSCs have direct effects on their clinical
usefulness, the first functional test was evaluated the ROS load in the hMSCs. It is well
known that general cell health decreases as ROS increases in the cell as the likelihood of
cancerous or apoptotic-inducing changes occurring232. ROS loads for hMSCs cultured on
TCPS for both passages were higher than those cultured on PEG-PCL (Figure 6-3). This
aligns with previous literature reporting stem cell niches or the small fractions of stem
cells that replenish the stem cell population have naturally low amounts of ROS. This is
also logical given that ROS can also damage DNA, which if damaged beyond repair halts
replacement of damaged resident cells of a tissue or organ. Because hMSCs cultured on
PEG-PCL maintained a similar level of ROS through passage 6, our substrate appears to
keep these hMSCs in a pro-stem cell state and correlates with the growing size of the
aggregates (Figure 6-2).
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hMSCs used for future tissue engineering therapies will likely be differentiated
into other cell types for healing damaged tissues. Hence, differentiation assays were
conducted for osteogenesis and adipogenesis (Figure 6-4 and Figure 6-5). In the original
publication defining the bone marrow stromal population, researchers confirmed that the
stromal cells were multipotent and able to differentiate into multiple mesenchymal stem
types include bone, cartilage and fat1. hMSCs have also been differentiated into
neurons233 and cardiac cells234, but for this study osteogenesis and adipogenesis were
employed in order to compared to the literature. Osteogenic potential was maintained for
hMSCs cultured on PEG-PCL while the ability for successful mineralization was
abrogated by passage 6 for TCPS. Loss of osteogenic potential is known to occur due to
senescence-associated changes235-237, thus validating that the pro-stemness phenotype was
maintained on PEG-PCL. However, no significant changes were seen in. This was likely
due to age of the donors and resulted in reduced differentiation capacity58. Moreover,
hMSC bone marrow-marrow derived might not readily differentiate into adipocytes
compared to adipose-derived MSCs.
The final functional characterization of the cells was the use of Raman
spectroscopy to observe changes in metabolite signatures. Raman spectroscopy has long
been used to validate the quality of inorganic materials but also over the recent decades
characterize fixed and live tissues including, but no limited to, how bone mineralization
occurs among different cell types238 and how engineering substrate platforms can alter
bone regeneration239. Therefore, we interrogated the cells with Raman spectroscopy to
measure biomolecule changes. To the best of our knowledge, this has been the first
Raman profile of serially passaged hMSCs to-date.
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Mentioned in Section 3.5, nearly 50% of the biomolecule library did not report
significant changes when compared temporally (Table C-1). We reason that inherent
changes in protein expression on a substrate are primed to a particular cell state, as was
seen in the ROS data where both TCPS and PEG-PCL ROS loads were relatively
unchanged between passage 3 and 6. If biomolecule changes were compared between
substrates at a fixed passage, the ratio of a known ROS sink, GSSG, increased at passage
6, indicating a compensation mechanism was in place to keep the ROS in PEG-PCL low
or unchanged relative to TCPS. Conversely, GSH follows the opposite trend, suggesting
that changes of this cell metabolite at low passage were not needed prior to the
senescence-associated passage 6.
Raman data also supported previous literature suggesting that stem cells primarily
utilize glycolysis and non-oxidative mechanisms to generate cellular energy. Lactic acid
and Coenzyme A (coupled with low Acetyl-CoA) were markedly increased by passage 6
on PEG-PCL relative to TCPS, representing a shift to glycolysis and less TCA cycle,
while ribose-5-P likely decreased due to highly activated pentose phosphate shunt
pathway. The increase of ribose in PEG-PCL is intriguing given that previous literature
has shown hMSCs upregulate RNA expression and requires additional ribose for posttranslational modifications140,

240

. We cannot make any conjectures on the changes in

amino acid levels other than reporting their shifts given the lack of hMSC-specific
literature on amino acid metabolism.
Finally, an increase in most all of the fat-based metabolites was observed PEGPCL hMSCs. Breakdown of these biomolecules requires beta-oxidation, and it has been
reported that hMSC stem cell properties are lost when fatty acids are increasingly used as
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energy sources241. Some fatty acids, like myristic acid, have anti-apoptotic activities in
hMSC populations and was significantly increased on PEG-PCL hMSCs242. Overall, the
overwhelming trend of increased fat-based biomolecule composition in PEG-PCL
hMSCs reinforces glycolysis-based shift in metabolism.
6.5   Conclusion
In this study, we explored the ramifications of serially passaging human bone
marrow-derived hMSCs from aged patient donors on a novel PEG-PCL copolymer film
to maintain functional capacity and stem cell phenotype for future tissue engineering
applications. hMSCs grown on the films illustrated morphologies representative of
hMSCs found in vivo and maintained low ROS loads that if unchecked are known to be
associated with the progression of senescence-associated changes. Moreover, the
maintenance of differentiation capacity of PEG-PCL hMSCs demonstrated relevance of
using our alternative copolymer film to maintain stem cell functionality for downstream
hMSC adoption of target tissue cell types. Finally, first-of-its-kind Raman analysis of
hMSC biomolecule profile illustrated the metabolic snapshot of PEG-PCL hMSCs
maintaining metabolic fluxes representative of stem cell homeostasis relative to TCPS.
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Chapter 7: Summary and Future Directions
7.1   Summary
Discovery and development of biomaterials that maintain the stemness phenotype
of stem cells remains an underdeveloped sub-field of research. Because of the anticipated
future demand for regenerative medicine therapies that rely on autologous or allogenic
stem cells to create tissue or organ replacements, the ability for clinicians to safely and
effectively culture said stem cells ex vivo without modification of phenotype is
paramount. Therefore, the purpose of this dissertation was to address this unmet need as
it pertained to hMSCs through the careful synthesis and investigation of PEG-PCL
copolymers and the subsequent hMSC response to in vitro culture on these materials.
In Aim 1, experiments utilizing the first copolymer library containing PEG, PCL
and cPCL demonstrated that PEG content prevented protein adsorption and stiffened the
gels due to its known crystallinity. cPCL was proven to be a rescue subunit that
counteracted the PEG but maintained hydrophilic properties similar to PEG. Culturing
hMSCs on the library illustrated that a PEG-PCL copolymers yielded spheroid-like
morphologies of the cells while cPCL and PCL-only controls had cell morphologies
similar to TCPS controls. Intracellular ROS correlated with the morphology findings
where PEG-PCL substrates had lower ROS and TCPS and cPCL-containing copolymers
had higher ROS loads. Expression of stemness genes NANOG and SOX2 peaked on
10%PEG-90%PCL, and surprisingly the in vivo marker of bone marrow hMSCs, STRO1, was reactivated on this polymer and not present on TCPS, as expected. Pre-coating of
the 10%PEG-90%PCL substrate with different ECM molecules confirmed that the
surface chemistry was the primary driver of the hMSC response, as even the smallest of
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pre-coat ECM mass abrogated the increase in stemness gene upregulation. Finally, when
the PEG-PCL copolymer library was expanded based on mol% and PEG molecular
weight, it was reported that very high molecular weight PEG (5000 Da) prevented cell
attachment, very low molecular weight PEG (750 Da) allowed maximal cell attachment,
and an intermediate molecular weight PEG (2000 Da) allowed cell attachment provided
that the mol% did not exceed 10%PEG. Isolated four copolymer compositions to
decouple the mol% and PEG molecular weight effects, hMSCs cultured on all substrates
had increased stemness gene and redox gene expression coupled with decreased ROS
load and proliferation rates, all of which are indicative of stem cell homeostasis.
In Aim 2, nanoscale characterization of the copolymer surface was studied to
determine how the chemical features of the copolymers were organizing themselves, and
if the responsive cell machinery that adheres to the copolymers organized in a similar
manner. Because of the resolution and feasibility challenges of other imaging and
analytical techniques (e.g. atomic force microscopy and confocal fluorescent
microscopy), the ability to visualize the potential phase separation between PEG and PCL
domains are severely hindered. However, other high-energy physics tools, like x-ray and
neutron beam scattering, have the sufficient prerequisites to decipher the domain
separation with reasonably applicable computational analysis. As such, the entire PEGPCL copolymer library that formed the basis of the second half of Aim 1 was subjected to
x-ray scattering and scattering patterns for small-, medium- and wide-angle spectra were
collected. PCL lamella were found to increase as the PEG molecular weight increased,
and was not responsive to PEG mol%. The degree of phase separation was stronger for
PEG2k and PEG5k compared to PEG750, and was further confirmed by the correlative
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increase in PCL crystallinity. To our surprise, the PEG750 interdigitated with amorphous
PCL, which explained why the lamellar spacing was less than 100%PCL controls and the
PCL crystallinity being unchanged between dry and wet states. This implied that the large
PEG chains were swelling and therefore both covering the remaining amorphous PCL
that cells could adhere to and push apart the PCL crystalline domains coupled with
increased degree of PCL crystallinity. Verification that the hMSCs were in fact able to
interpret phase separation of this resolution was conducted using super resolution
microscopy. Mature focal adhesion marker paxillin was stained and both number and
morphology of focal adhesions were significantly altered for PEG2k copolymers
compared to Glass, 100%PCL and PEG750 groups. This served as evidence that the phase
separation event that occurs in substrate formation and further enhanced in wetting was
indeed sensed by the relevant hMSC cell attachment machinery that primarily interacts
with the copolymer surface.
In Aim 3, patient-derived hMSCs from Vanderbilt University Medical Center were
harvested in order to test if the an optimal PEG-PCL copolymer (5%PEG2k) elicited the
same phenotype response from a less restricted donor population compared to Lonza
hMSCs, which have strict donor criteria and not representative of the potential broader
patient population that would utilize regenerative medicine hMSC-based therapies.
hMSCs from three male donors over 65 years old were successfully isolated, purified and
expanded for future cell experiments. None of the donors has known genetic blood
disorders nor had known cancer diagnoses at the time of bone marrow harvest. When
each of the donors was cultured on 5%PEG2k, NANOG and SOX2, along with the
previously tested redox genes, were significantly upregulated. Additionally, ROS load
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was decreased on the copolymer substrate compared to tissue culture plate for all donor
lines. Therefore, it could be concluded that 5%PEG2k, and by extension the PEG-PCL
library itself, exuded a universal effect on hMSCs that was not donor specific. Following
up this finding, qPCR screening of cell-cell and cell-matrix genes was conducted,
followed by western blotting significant hits, in order to determine what proteins may be
causatively changing hMSC phenotype at the early stages of cell-material interface. Of
the four candidate proteins (ITGA2, ITGB3, ITGB5, and CX43), only chemical
inhibition of CX43 resulted in abrogating the observed gene upregulation coupled with
similar cell morphology to that of TCPS. This implied that the forced cell aggregation
driven by steric hindrance of the PEG likely initiated the phenotype response by the
hMSCs to reflect cell properties indicative of hMSCs found in their native bone marrow
niche.
In Aim 4, hMSCs were serially passaged on either TCPS or 5%PEG2k to see if this
new substrate platform could feasibly maintain the hMSC stemness phenotype over
multiple passages. As has been reported for TCPS surfaces, serial passaging of hMSCs
results in senescence-associated qualities that hinder the regenerative potency of hMSCs.
Thus, provided the findings of the first three aims, the optimal PEG-PCL copolymer
would mitigate this acquisition of senescence-associated qualities over several passages.
Using functional assays as the majority of readouts, all three donor lines responded in
similar manners. Cell morphologies were similar to those found in Aim 1 and ROS loads
were also decreased and stayed decreased at both passages 3 and 6. When induced to
differentiate into either adipocytes or osteocytes, a divergent response was observed. For
adipogenesis, little significant differences in degree of differentiation were reported,
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which was likely due to the fact these hMSCs were obtained from bone marrow and
preferably form bone tissue. The finding was also speculated to be due to the fact the
donors had aged cells as donors were 65 years or older. In contrast, for osteogenesis, the
degree of mineralization was significantly increased and maintained through passage 6
from hMSCs grown on 5%PEG2k. Finally, the metabolic profiles of the hMSCs were
evaluated using confocal Raman spectroscopy demonstrating the substrate type heavily
influenced hMSC health towards glycolysis/low ROS (pro-stemness) over several
passages likely due to the spheroid-promoting abilities of PEG-PCL.

7.2   Future Work
7.2.1   Parallel Sequencing
The gene screening that was conducted for this dissertation was limited with
respect to breadth and depth of genes in human genome. While it is obvious that a
majority of genes in the human genome will contain relevant and/or critical roles in the
physiology being studied with respect to hMSCs on these copolymers, there are likely
many signaling pathways, both chemical and mechanical, being triggered or suppressed.
RNAseq and mass spectroscopy would appear relevant for the future of this work that
similar methods are employed across the copolymer library to better address 1) what is
changing, and 2) what is the causative mechanism triggered inside hMSCs once exposed
to the copolymer substrates. Additional inhibition experiments could follow the
sequencing experiment to further verify targets of importance to maintaining the stem cell
phenotype.
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7.2.2   Variation in Copolymer Subunits
A second area of further study involved changing the PEG and PCL subunits.
Although PCL is a special polymer with unique semi-crystalline properties, swapping out
PEG and PCL with similar polymers and adjusting the molecular weight and mol% could
provide insight into global biomaterial design. The interfaces that are created with
different copolymer subunits could produce data that indicate different physicochemical
variables alter hMSC phenotype despite the copolymer library being synthesized in the
same manner as the PEG-PCL library (i.e. only adjusting molecular weight and mol%).
Subunits that are replaced need not only be synthetic polymer because natural polymers,
many of which can be constituents in ECM, could be experimented with.
The shape of the copolymer subunits can also be adjusted given that linear block
copolymers were utilized. PEG can take many formats beyond the linear format.
Multiarm PEG is readily available and additional terminal functional groups can be added
to the arms. Furthermore, the PCL component could be replaced with multiarm
components or ring shapes, which alter phase separation.
7.2.3   Additional X-ray and Neutron Scattering
SAXS, MAXS and WAXS are not the only means to obtain nanoscale structural
features of the copolymer films. Two different sets of experiments could be carried out to
better inform what the material surface looks like. In the first experiment, small-,
medium- and wide-angle neutron scattering could elucidate the PEG domain shapes and
provide specific swelling volumes that were only speculated on from the x-ray scattering
experiments in Aim 2. This could be done by soaking the copolymer films in deuterated
water and use similar analytical methods for x-ray scattering. The second experiment
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takes both x-ray and neutron scattering, but instead of the incident beam being
perpendicular to the film surface, a grazing incident beam can be directed across the
surface area of the film and provide a two-dimensional image of the phase separated
features. Grazing incident methods are both more precise and more accurate than the xray scattering performed in Aim 2, however the preparation and execution of this
alternative method is often difficult.
7.2.4   Other Classes of Stem Cells for Culture
The remaining unanswered question based on this dissertation work is
investigating if other types of stem cells could benefit from culture on the PEG-PCL
substrate. Many stem cells in the past required special suspension bioreactors or feeder
cells in order to maintain stem cell homeostasis, but newer biochemical supplements and
protocols have steered the stem cell field away from the antiquated techniques. It would
be fascinating if these substrates contributed towards the same goal with difficult stem
cells such as induced pluripotent stem cells, embryonic stem cells, intestinal stem cells,
and hematopoietic stem cells, to name a few. If these copolymers could maintain these
stem cell cultures and with less biochemical supplement burden, the cost of developing
stem cell lines for regenerative medicine may drastically decrease.
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: Antibody and Primer Tables
A.1   Antibody Table
Table A-1:Antibody Table with Dilutions

Target
STRO-1
Paxillin

Host
Mouse
Mouse

Integrin-a2
Integrin-b3
Integrin-b5
Connexin-43
GAPDH
β-Actin

Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit

	
  
	
  

Company
Santa Cruz Biotech
BD Transduction
Laboratories
Santa Cruz Biotech
Cell Signalling Technologies
Cell Signalling Technologies
Cell Signalling Technologies
Cell Signalling Technologies
Santa Cruz Biotech
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Dilution Factors
IF, FCM
WB
1:50
N/A
1:200
N/A
N/A
N/A
N/A
N/A
N/A
N/A

1:200
1:200
1:200
1:200
1:5000
1:2000

A.2   Primer Table
Table A-2: Primer Table
Gene

Accession
Number

Forward Primer (5’ – 3’)

Reverse Primer (3’ – 5’)

Amplicon
(bp)

SOX2

NM_003106.3

ATCAGGAGTTGTCAAGGCAGAG

CGCCGCCGATGATTGTTATT

172

Nanog

NM_024865.2

AATACCTCAGCCTCCAGCAGATG

TGCGTCACACCATTGCTATTCTTC

148

SESN1

NM_001199933

CGACCAGGACGAGGAACTT

CCAATGTAGTGACGATAATGTAG
G

273

SOD2

NM_000636

GCTGACGGCTGCATCTGTT

CCTGATTTGGACAAGCAGCAA

101

TRX

NM_003329

TGAAGCAGATCGAGAGCAAGAC

TTCATTAATGGTGGCTTCAAGC

305

APE/REF
-1
CX43

NM_001641

GCAGATACGGGGTTGCTCTT

TTTTACCGCGTTGCCCTACT

136

NM_000165.3

TCATTAGGGGGAAGGCGTGA

GGGCACCACTCTTTTGCTTAAA

164

ICAM-1

NM_000201.2

TGTGACCAGCCCAAGTTGTT

TGGAGTCCAGTACACGGTGA

186

NCadherin
ITGA1

NM_001792

CGAGCCGCCTGCGCTGCCAC

CGCTGCTCTCCGCTCCCCGC

199

NM_181501.1

ACGCTGCTGCGTATCATTCA

CACCTCTCCCAACTGGACAC

194

ITGA2

NM_002203.3.

TTAGCGCTCAGTCAAGGCAT

CGGTTCTCAGGAAAGCCACT

179

ITGA3

NM_002204.2

GCTGACCGACGACTACTGAG

CTGGTCACCCAGTGCTTCTT

178

ITGA5

NM_002205.2

AGACTTCTTTGGCTCTGCCC

CGCTCCTCTGGGTTGAACAT

174

ITGA6

TCATGGATCTGCAAATGGAA

AGGGAACCAACAGCAACATC

ITGA11

NM_001079818.
1
NM_001004439

GCCTACTGAAGCTGAGGGAC

TGTGATTCAGCTGTGGAGCA

129

ITGAv

NM_002210.4

TCCGATTCCAAACTGGGAGC

AAGGCCACTGAAGATGGAGC

137

ITGB1

NM_002211.3

ATCTGGAGGGCAACCCTTCT

245

ITGB3

NM_000212.2

GCGCGGAAAAGATGAATTTACAA
C
ACCAGTAACCTGCGGATTGG

TCCGTGACACACTCTGCTTC

208

ITGB5

NM_002213.3

TACCTGGAACAACGGTGGAG

GCTTCGGGCCTCCAATGATA

242

GAPDH

NM_002046.4

GCACCGTCAAGGCTGAGAAC

TGGTGAAGACGCCAGTGGA

138
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135

Appendix B: LC/MS Data
B.1   Connexin-43 Inhibitor Peptide (GAP26) Validation by LC/MS

Figure B-1 LC/MS of Connexin-43 Inhibitor Gap26.
LC-MS spectra of Gap26 (Val-Cys-Tyr-Asp-Lys-Ser-Phe-Pro-Ile-Ser-His-Val-Arg)
peptide (A) Total ion current (TIC) spectrum of Gap26 peptide, (B, C) Mass spectrum of
peptide ion at 0.716 (B), and 0.897 (C) retention time indicate characteristic mass peak of
peptide at m/z 1550, the expected molecular weight of Gap26.
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Appendix C: Temporal Raman Spectra Data
C.1   Raman Table at Fixed Passage
Table C-1 Fold-change in Metabolite Signal Intensity with Respect to Fixed Passage
Number.
Red is upregulated and green is downregulated.
Biomolecule

P6 / P3 on

P6 / P3 on

P-value

Reference

TCPS

PEG-PCL

Coenzyme A

1.377

3.158

6.24E-17

220

Cytosine

2.219

0.126

4.94E-06

220

Guanine

1.377

3.158

6.24E-17

220

Lactic Acid

1.377

3.158

6.24E-17

223

Ribose (solid)

1.377

3.158

6.24E-17

225

Ribose-5P

2.219

0.126

4.94E-06

225

Thymine

2.219

0.126

4.94E-06

220

Alanine

0.111

3.104

5.91E-19

Aspartic Acid

2.219

0.126

4.94E-06

226

Cysteine

0.350

0.000

6.67E-10

227

Glutaminc Acid

0.111

3.104

5.91E-19

226

Isoleucine

2.219

0.126

4.94E-06

226

Leucine

2.219

0.126

4.94E-06

226

Lysine

1.377

3.158

6.24E-17

226

Proline

1.377

3.158

6.24E-17

226

Serine

2.219

0.126

4.94E-06

226

Valine

1.377

3.158

6.24E-17

226

Arachidic Acid

1.377

3.158

6.24E-17

Arachidonic Acid

2.219

0.126

4.94E-06

228

Myristic Acid

1.377

3.158

6.24E-17

228

Oleic Acid

0.111

3.104

5.91E-19

220

Palmitic Acid

1.377

3.158

6.24E-17

228

Stearic Acid

1.377

3.158

6.24E-17

220

α-Linolenic Acid

0.111

3.104

5.91E-19

228

Amino Acids
226

Fatty Acids
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228

Triglycerols
228

Trilinolein

0.525

3.556

4.94E-06

Trilinolenin

0.111

3.104

5.91E-19

228

Trucaprylin

0.111

3.104

5.91E-19

228

Cholesterol

1.377

3.158

6.24E-17

Cholesteryl linoleate

0.525

3.556

4.94E-06

228

Cholesteryl oleate

0.525

3.556

4.94E-06

228

1.377

3.158

6.24E-17

Cholesterol & Cholesterol esters
228

Membrane lipids
L-α-Phosphatidylethanolamine
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228

Appendix D: Copolymer-Mediated Cell Aggregation Promotes a Pro-angiogenic
Stem Cell Phenotype In Vitro and In Vivo
D.1   Introduction
Human bone marrow-derived mesenchymal stem cells (hMSCs) have become
immensely popular for tissue engineering and regenerative therapies over the past two
decades. hMSCs have been used not only to generate new bone210 or cartilage211 to
replace degenerate tissues, they have also been injected into damaged heart212 or
peripheral arteries213, which are highly vascularized. Choosing hMSCs to regenerate
tissues that require significant vasculature is based on the fact that hMSCs are proangiogenic, likely due to their perivascular localization within the physiological niche113,
and can both stimulate and stabilize the formation of vasculature over long periods of
time122. Furthermore, hMSCs have moved rapidly into clinical trials for modulation of
the immune system in graft-versus-host disease243, 244 due to their immunomodulatory
capabilities. To reach relevant numbers for clinical therapy, hMSCs must undergo serial
in vitro expansion on tissue culture polystyrene (TCPS) plates, which alters their
transcriptional profile similar to natural aging42, 43. Application of biomaterial systems
that impart therapeutically-beneficial properties to hMSCs during this expansion phase
would prime cells prior to in vivo implantation. Therefore, identifying a material type
that regulates the pro-angiogenic and anti-inflammatory capabilities of hMSCs would
enhance successful outcomes of hMSC-derived therapies.
Previous work has demonstrated that forced aggregation of hMSCs, also known
as “hanging drops” (HDs), stimulates a drastic increase in both their anti-inflammatory 79,
245-247

and pro-angiogenic

248

expression profiles. A range of techniques have been

leveraged to enhance and exploit these characteristics for both in vitro and in vivo
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applications249, and encapsulation of hMSC HDs for therapeutic delivery has become an
area of recent interest250. Similarly, a series of papers has investigated chitosan-based
substrates that promote hMSC aggregation, demonstrating that gene regulation and
differentiation capacity are affected by the semi-repellent surfaces75, 251, 252.

To date

these studies have not addressed the therapeutic capacity of hMSC HDs although a proangiogenic, anti-inflammatory cellular system would have excellent clinical benefit.
Since the anti-inflammatory profile of HDs is clearly established, and inflammation and
angiogenesis are intrinsically linked processes253, we hypothesized that synthetic
copolymers of moderate surface repellency could promote the HD-like aggregation of
hMSCs, and that this would correlate with a pro-angiogenic, anti-inflammatory
phenotype. Here, we demonstrate that formation of hMSC clusters on copolymers that
contain competing cell-repellant and cell-adhesive units results in a functional proangiogenic phenotype both in vitro and in vivo. These findings provide new insight into
material-mediated control of the therapeutic capacity of adult-derived stem cells and can
be used for improving the design of cell-instructive scaffolds for tissue engineering and
regenerative medicine.
D.2   Methods
D.2.1   Substrate Preparation
Copolymers were synthesized by methods previously described, and compositions
were verified by 1H NMR. The specific compositions of PEG in each copolymer was
5.6% (5%PEG750), 20.6% (20%PEG750), 5.5% (5%PEG2k), and 9.3% (10%PEG2k);
percentages were rounded to 5/10/20% for simplicity of presentation and discussion. For
two-dimensional cell culture experiments, glass cover slips (15 mm diameter, Fisher
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Scientific, Waltham, MA, USA) were cleaned with 100% ethanol (Sigma Aldrich, St.
Louis, MO, USA), rinsed with dH2O, and heated to 80°C for 20 min to dry. A 1%
weight/volume copolymer solution in tetrahydrofuran (THF, Sigma Aldrich) was spun
for 30 seconds at 3,000 RPM. Excess solvent was then removed from samples by
exposure to a constant cold-trap vacuum for ≥ 30 min. Samples were UV sterilized for
30-60 min on each side before use and secured with an autoclaved silicon O-ring
(McMaster Carr, Atlanta, GA, USA) during cell culture experiments.
D.2.2   Cell Culture
hMSCs were purchased from Lonza (Walkersville, MD, USA), maintained in
complete media (CM) composed of alpha-minimum essential media with nucleosides
(αMEM, Life Technologies, Carlsbad, CA, USA) with 16.7% fetal bovine serum (Life
Technologies), 1% penicillin/streptomycin (Life Technologies), and 4 µg/ml plasmocin
(InvivoGen, San Diego, CA, USA). Cells were kept in a humidified incubator at 37°C
and 5% CO2, and media was replaced twice each week. When ~80% confluent, hMSCs
were detached with 0.05% trypsin-EDTA, re-seeded at a density of 100 - 500 cell/cm2,
and cultured for 7-14 days before reaching confluence. For all experiments, hMSCs
(page < 6) were seeded at a density of 10,000 viable cells/cm2, as determined by
exclusion of Trypan blue, and cultured for three to four days.
D.2.3   Immunocytochemistry and Scanning Electron Microscopy
hMSCs were fixed with 4% paraformaldehyde (PFA, Sigma Aldrich) for 15 min,
permeabilized with 0.3% Triton-X (Sigma Aldrich) for 15 min, and blocked with 10%
goat serum (Sigma Aldrich) for >2 hours, all at room temperature. hMSCs were then
incubated with Alexa488-phallodin (1:40 v/v in PBS, Life Technologies) for 10 minutes
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followed by counterstaining with Hoechst (Sigma Aldrich, 2 µg/ml) for 20 minutes at
room temperature. Imaging was performed with either a Nikon Ti inverted microscope
(Nikon Instruments Inc., Melville, NY, USA) or a Zeiss LSM 710 confocal microscope
(Carl Zeiss, Oberkochen, Germany), and images were processed with ImageJ (National
Institutes of Health, Bethesda, MD, USA).
For SEM, hMSCs were fixed and then dehydrated with a series of graded ethanol
washes (25%, 50%, 60%, 70%, 80%, 90%, 95%, 100% x 3; 10 minutes each) before
being stored in a desiccator overnight. Samples were then sputter coated with gold
(Cressington Scientific, Watford, United Kingdom) and imaged under SEM (Hitachi S4200, Tokyo, Japan) at an accelerating voltage of 1-10 kV.
D.2.4   Quantitative Real-Time Polymerase Chain Reaction
hMSCs on spin-coated substrates were homogenized with the Trizol reagent (Life
Technologies), mixed with chloroform (1:5 Trizol:chloroform), and separated by
centrifugation (12,000x g, 15 min, 4°C). The RNA contained within the aqueous phase
was then isolated with RNeasy columns (Bio-Rad, Hercules, CA, USA), according to the
manufacturer’s instructions. cDNA was synthesized using a kit (Applied Biosystems,
Life Technologies), and qRT-PCR was performed with a SYBR Green master mix (BioRad) with 15 - 20ng cDNA and 500nM each of forward and reverse primers, using a
CFX Real-Time PCR System (Bio-Rad). The qRT-PCR protocol included: 95°C for 3
min, followed by 40 cycles of denaturation at 95°C for 30 sec, annealing at 58°C 30 sec,
and extension at 72°C for 30 sec. For cPCR, products were separated on a 2% agarose
gel containing ethidium bromide for 15 minutes at 100V, and bands were visualized with
a gel imaging station.

	
  
	
  

For qRT-PCR, the expression of each gene of interest was
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normalized to expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a
housekeeping gene, generating the ΔC(t) value, and expression of 2-ΔΔC(t) relative to the
TCPS control with n ≥ 3 biological replicates for each experiment is reported. Primer
sequences are listed in Table D-1 and only those that showed single, specific amplicons
were used for qRT-PCR experiments.
D.2.5   In Vivo Experiments
Three-dimensional scaffolds of either 100%PCL or 10%PEG-90%PCL were cut
into 6 mm discs, sterilized by UV exposure for 1 hour on each side, placed into 96-well
plates, and held in place with silicon O-rings. The bottom of the 96-well plates was first
coated with 1% agarose to prevent cell attachment, following previously published
protocols

71

. hMSCs were seeded at a density of 105 cells / scaffold (or left in culture

media for “blank” scaffolds) and cultured for one week in complete media before
subcutaneous implantation into the ventral region of athymic, NU/J Foxn1nu/nu male nude
mice (6-8 weeks of age, n = 7 animals, The Jackson Laboratory, Bar Harbor, ME, USA).
Four types of scaffolds were used for this experiment: 100%PCL without cells (“blank”),
100%PCL seeded with hMSCs, 10%PEG-90%PCL without cells (“blank”), and
10%PEG-90%PCL seeded with hMSCs. One of each scaffold type was implanted into
the same animal, totaling four scaffolds per animal into eight animals. Four of the eight
animals were used for fluorescence microangiography to visualize functional vasculature,
as previously described 253. Scaffolds were then excised and fixed in 4% PFA overnight
at 4 °C before being subjected to graded soaks in optimal cutting temperature compound
(OCT, Tissue-Tek) with sucrose and snap-frozen in OCT. Samples were cryosectioned to
5 µm-sections, and stained with goat anti-mouse CD31 antibody (sc-1505, Santa Cruz
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Biotechnology) and IRdye 680 tagged anti-goat secondary antibody (926-68024, Li-Cor
Biosciences) before confocal imaging on Zeiss LSM 710 microscope.
Speckle variance optical coherence tomography (OCT) was used for in vivo
imaging

254

. To visualize projection images of the vasculature within the implanted

scaffolds, volume data sets were processed with a speckle variance technique that
computes the variance in each pixel over seven repeated A-lines at each lateral position.
The resulting speckle variance images represent OCT flow signal for perfused vessels
within the imaged volume. Noise due to signal fall-off was excluded by thresholding the
corresponding structural images to create a mask, and an average signal projection over
the depth (∼1 mm) of the speckle variance OCT data was used to visualize all vessels
present in the volume.

Images were enhanced with an optimized, modified Frangi

filter255 to enhance vessel-like features, and the enhanced image was multiplied by the
initial image to accentuate the vessels. Quantification of vessel density was performed
using MATLAB (MathWorks, Natick, MA, USA) built-in Canny edge detection

256

to

find edge features, and active contours to mask in edges, and the vessel density was
calculated as the mask pixels over total pixels in the image.
D.2.6   Statistical Analysis
Comparisons between two groups were performed with a Student’s unpaired t test.
Comparisons between multiple groups were performed with a one- or two-way analysis
of variance (ANOVA) with a Tukey post hoc test to adjust p-values for multiple
comparisons. In all cases, p < 0.05 is considered statistically significant. Mean ±
standard deviation is reported, unless otherwise noted.
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D.3   Results, Discussion and Conclusion
We first synthesized block copolymers comprised of a cell-repellant unit,
poly(ethylene glycol) (PEG), and a cell-adhesive unit, poly(ε-caprolactone) (PCL) at
varying compositions (Figure D-1A). Specifically, the length and molar percentage
(mol%) of the repellant PEG unit was varied to modulate the cellular response.
Copolymer names are abbreviated by the mol% and chain length of the PEG unit, and the
remaining content is PCL (i.e. 5%PEG750Da and 5%PEG2kDa are both 95mol% PCL).
Based upon our previous findings that PEG chain length and mol% impacts the
expression of stemness genes and redox capacity (manuscript under review), we sought
to investigate how these factors influence the expression of tissue-reparative, proangiogenic factors. Copolymers containing the shorter 750Da PEG chain allowed for
moderate cell attachment and spreading (Figure D-1B-C), but cells began aggregating at
higher PEG mol%. In contrast the longer 2kDa PEG chains forced cell aggregation or
extreme elongation at both PEG mol% tested (Figure D-1D-E). Of note, PEG2kDa
copolymers greater than 10 mol% abrogated all cell attachment and were not used for
these studies. Representative confocal (Figure D-1F-G) and scanning electron (Figure
D-1H-I) microscopy images verify the pseudo-three dimensionality of these aggregates; a
cell-matrix interactive layer attaches to the material surface, upon which hMSCs
aggregate into three-dimensional clusters with limited cytoskeletal staining.
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Figure D-1 Copolymers Composed of Cell-repellent and Cell-adhesive Domains
Differentially Regulate Cell Attachment and Spreading.
(A) Copolymer structure: a repellent poly(ethylene glycol) (PEG) unit was
copolymerized with adhesive poly(ε-caprolactone) (PCL). The length and molar
percentage (mol%) of the PEG unit was altered to modulate the degree of repellency. (BF) After four days in culture, hMSCs on PEG750Da substrates were able to attach and
spread, but moderate aggregation was observed as the PEG mol% was increased; in
contrast, cells on PEG2kDa were highly elongated at the material surface and mostly
formed aggregates (green – phalloidin; blue – DAPI). Scale bars = 100 µm. (F-G)
Representative confocal z-stack projection of hMSC aggregate on 10%PEG2kDa
copolymer demonstrating that a matrix-interactive layer of cells forms at the material
surface with strong actin staining, and hMSC aggregates with reduced actin signal form
on top. Scale bars = (F) 100 µm and (G) 50 µm. Scanning electron micrographs of (H) a
cell aggregate, demonstrating that multiple cells cluster atop a thin cell layer, and (I) a
cellular protrusion that interacts directly with the material surface.

We next investigated how culture on copolymer substrates modulated the
expression profile of beneficial factors. Since HD cultures have been shown to generate
a strong anti-inflammatory/pro-angiogenic profile, we first tested how expression of these
genes was regulated in our system. TCPS was used as a control substrate since this is the
most common culture material used in both laboratory and clinical settings. As seen in
Figure 2, expression of the anti-inflammatory cytokines, tumor necrosis factor-inducible
gene 6 protein (TSG-6), stanniocalcin 1 (STC1), and interleukin-6 (IL-6) was drastically
enhanced for hMSCs cultured on all copolymer types (Figure D-2A-C).

Similarly,

expression of the pro-angiogenic factors interleukin-8 (IL-8), angiopoietin-1 (ANGPT1),
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epidermal growth factor (EGF), vascular endothelial growth factor A (VEGF-A), and
angiogenin (ANG) was all enhanced to varying levels on all substrates tested (Figure
D-2D-H). Akin to blood vessel formation in the body, hMSCs can organize endothelial
cells into tube-like formations and maintain abluminal localization124.

Therefore, a

functional test for proangiogenic potential was performed to verify the regenerative
phenotype. hMSCs were cultured on copolymer substrates and TCPS for 3 days and
subsequently removed to be co-cultured with endothelial cells on growth factor-reduced
Matrigel. Red fluorescent protein (RFP)-expressing human umbilical vein endothelial
cells (HUVECs) were used to track endothelial tubes and hMSCs were given a green
counterstain (PKH-67) (Figure D-2I). After 8 hours in culture, tube formation was
observed for all groups tested. HUVECs alone (EC only) formed an elaborate tube
network, and the presence of hMSCs from any material type did not interfere with this
behavior. However, at 24 hours, HUVECs alone did not maintain tube formation, and
hMSCs from TCPS or 5%PEG750Da substrates did not aid in tube stablization, which
led to the formation of large heterogeneous cell clumping. However, hMSCs that had
been cultured on 20%PEG750Da, 5%PEG2kDa, or 10%PEG2kDa strongly supported
tube stablization and assumed an abluminal localization, similar to what is observed for
hMSCs within their in vivo niche113. In Figure D-2J, the cumulative tube length per
image confirms the functional pro-angiogenic capability of hMSCs cultured upon
20%PEG750Da, 5%PEG2kDa, or 10%PEG2kDa copolymer substrates.
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Figure D-2 Copolymers Promote a Pro-angiogenic Expression profile that is
Functional in vitro.
qRT-PCR analysis of (A-C) anti-inflammatory factors TSG-6, STC1, and IL-6 and (D-H)
pro-angiogenic factors IL-8, ANGPT1, EGF, VEGF-A, and ANG demonstrates that culture
on all copolymer substrates enhances the expression of the tested cytokines. (I-J) Tube
formation and stabilization assay with RFP-expressing HUVECs. hMSCs were cultured on
the different substrates for three days and then moved to co-culture with HUVECs for the
indicated time period. After 8 hours, all conditions exhibited tube network formation;
however, after 24 hours, only hMSCs that had been cultured on 20%PEG750Da,
5%PEG2kDa, or 10%PEG2kDa were able to stabilize endothelial tube formation. For each
time point, the yellow box indicates the area magnified for the image immediately below.
Scale bars = 200 µm. The cumulative tube length per image is quantified, verifying these
data. *p < 0.05, **p < 0.01, ***p < 0.005 versus TCPS control or between groups as
indicated by the lines.
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Finally, we tested if this effect was functionally conserved hMSCs when cultured
within three-dimensional (3D) scaffolds and implanted in vivo. For these experiments,
10%PEG2k was fabricated into 3D scaffolds (PEG-PCL) and compared against
100%PCL scaffolds as a “PEG-free” control. As seen in Figure 3, the formation and
stabilization of vasculature over a three-week period was the strongest for hMSC-loaded
PEG-PCL scaffolds, as evidenced by optical coherence tomography (OCT) imaging
(Figure D-3A); of note, these images were collected from the same animal over time.
When quantified (N = 7 animals, two-way ANOVA), hMSC-loaded PEG-PCL scaffolds
demonstrated a higher density of vessels in each OCT image, as compared to hMSCloaded PCL scaffolds (Figure D-3B, p = 0.05). The increased presence of vasculature
was verified post mortem by two techniques: fluorescence microangiography (Figure
D-3C) and positive staining for the endothelial-specific marker CD31 (Figure D-3D).
For both imaging analyses, staining was weakest for PCL scaffolds without hMSCs and
strongest for hMSC-loaded PEG-PCL scaffolds.

For hMSC-loaded PCL scaffolds,

vasculature appeared immature (Figure D-3C) and did not penetrate into the interior of
the scaffold (INT, Figure D-3D). In contrast, both the blank and hMSC-loaded PEG-PCL
scaffolds promoted strong, stable vascular networks that traversed throughout the
material interior. It can be hypothesized that the blank PEG-PCL scaffolds allowed for
potent vascularization due to the enhanced degradability derived from PEG-mediated
wettability; however, material may also promote a pro-angiogenic response by the host
cells with which it interacts.
In summary, the data presented here verify the functionality of PEG-PCL in
enhancing a pro-angiogenic, anti-inflammatory phenotype of hMSCs, in both two- and
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three-dimensional formats, in vitro and in vivo. Future work deploying these scaffolds
will center on co-culture of hMSC-loaded PEG-PCL scaffolds with other cell types as
well as implantation of hMSC-loaded PEG-PCL scaffolds at highly vascularized injury
sites such as skin ulcers. Finally, these findings are currently being used to further
optimize cell-instructive scaffolds comprised of other synthetic polymer constituents for
enhanced therapeutic benefit and regulation of hMSC phenotype.
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Figure D-3 Pro-angiogenic Capacity of hMSCs is Retained During Culture Within
Three-dimensional (3D) PEG-PCL Scaffolds in vivo.
Porous, 3D scaffolds were fabricated from 10%PEG2kDa (PEG-PCL) or 100%PCL
(PCL) by salt-leaching, and were either left without cells (Blank) or loaded with hMSCs
prior to subcutaneous implantation (+ hMSCs). (A) Optical coherence tomography
(OCT) was used to non-invasively monitor the formation and retention of vasculature
over a three-week period. Of note, all OCT images were collected from the same
animal over time. (B) When quantified, vessel density per image was shown to be
highest for the hMSC-loaded PEG-PCL scaffolds, although hMSC-loaded PCL
scaffolds demonstrated a similar response. (C) Fluorescent microangiographs reveal
limited vasculature (red) in blank PCL scaffolds, which was enhanced by the presence
of hMSCs; in contrast, both blank and hMSC-loaded PEG-PCL scaffolds exhibited
strong signal from the vasculature. All microangiographs were taken from within the
scaffold area. (D) Immunohistochemistry for CD31 (red) reveals that the interior (INT)
of PCL scaffolds for both blank and hMSC-loaded conditions contained relatively poor
vascular networks, whereas the PEG-PCL material demonstrated pronounced
vasculature throughout the scaffold. Scale bars = 100 µm. *p < 0.05, **p < 0.01
between groups indicated by the lines.
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Table D-1 Primer Sequences
Gene
TSG-6
STC1
IL-6
IL-8
ANGPT1
EGF
VEGF-A
ANG
GAPDH

	
  
	
  

Accession
Number
NM_007115
.3
NM_003155
.2
NM_000600
.4
NM_00584.
3
NM_001146
.3
NM_001963
.4
NM_001025
366.2
NM_001145
.4
NM_002046
.4

Forward Primer
(5’ – 3’)
CTCAGCCCTCTTCAAAAA
CTTCT
CACTCAGGGAAAAGCATT
CGT
CAATGAGGAGACTTGCCT
GGTG
ACTCCAAACCTTTCCACC
CC
GCTGACAGATGTTGAGAC
CCA
TGTCCCTTTTTGGTGACCG
T
CGAGAAGTGCTAGCTCGG
G
GGATCCCAGGCTCGTTCT
TT
GCACCGTCAAGGCTGAGA
AC

137

Reverse Primer
(3’ – 5’)
TTCACACACCGCCTTAGC
TT
GAAAGTGGAGCACCTCCG
AA
GGTTGGGTCAGGGGTGGT
TA
CTCAGCCCTCTTCAAAAA
CTTCT
TTCCTCCCTTTAGTAAAA
CACCTTC
TGTCCCTTTTTGGTGACC
GT
CTGGGACCACTTGGCATG
G
CTTCCAACACAGGCTCCT
CG
TGGTGAAGACGCCAGTGG
A

Amplicon
(bp)
95
97
193
173
395
197
377
378
138
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