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 This dissertation advances the field of biomaterials-based tissue 

engineering via the development of a single cell imaging approach to profile and 

predict cellular responses.  The methodology at the core of the dissertation 

characterizes cellular behaviors via the extraction and quantification of cell 

shape, intensity, textural and spatial distribution features of molecular 

fluororeporters, referred to as high-content cell imaging.   

First, we highlight the use of high-content imaging of cell-based 

fluororeporters to establish and correlate quantifiable metrics of intracellular 

cytoskeletal features (e.g., descriptors of actin organization) on a set of model 

biomaterial substrates.  The high-content imaging approach is then applied to 

spatially graded polymer blend substrates of both continuous roughness and 

discrete chemical compositions in parallel with high-throughput analyses. The 

imaging approach allowed us to identify the "global" and “high content” structure-
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property relationships between cell adhesion and biomaterial properties such as 

polymer chemistry and topography.  The approach also identifies features of the 

actin-based cytoskeleton that respond to minute chemical modifications of the 

polymer backbone of a combinatorially derived library.  In combination with 

decision tree and artificial neural network analyses, these 24-hour descriptors are 

used to predict 3-week material-mediated mineralization. 

 The high-content imaging approach is complemented with multi-

dimensional scaling (MDS) modeling efforts to project amplified variations in 

cytoskeletal organization that forecast human mesenchymal stem cell lineage 

commitment before it is detected via traditional assays.  Utilizing early 

quantitative measures of cytoskeletal morphology (morphometrics) and MDS 

allows the identification of distinct subpopulations of stem cells that emerge from 

non-linear combinations of cell shape, texture, density and cytoskeletal 

organizational features.  These clusters allow the prediction of long-term 

differentiation behaviors of stem cells that manifest days to weeks later than the 

time of morphometric analysis. The proposed platform represents an ideal 

approach to probe cell-responses to complex microenvironments as it provides: 

real time measures of stem cell fates and material induced cell responses, cell-

by-cell based analysis that captures the heterogeneity of sample populations, 

and the ability to parse out lineage commitment in stem cells resulting from 

multiple stimuli. 
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1 INTRODUCTION 

 

1.1 Tissue Engineering and Regenerative Medicine – The Need for New 

Tools to Define Structure-Function Relationships 

 Tissue loss and end organ failure present an enormous social and 

economic strain on the afflicted individuals and society at large.  In the United 

States, the treatment of these patients costs over $400 billion per year (1) with 

over 8 million surgical procedures performed annually to treat these disorders 

(2).  While “tissue loss and end organ failure” represents a heterogeneous 

grouping of pathologic conditions ranging from liver failure to musculoskeletal 

injury, current surgical interventions often may fail to provide curative solutions.  

Traditional treatment strategies depend on extracorporeal devices, such as 

kidney dialysis machines, or operative interventions, such as the allografting of 

organs from living/cadaveric donors.  Although these approaches have provided 

positive patient outcomes for some, many patients fail to receive viable long-term 

cures. Mechanical interventions lack adequacy because they treat symptoms of 

the organ failure, not the failure itself.  This requires that patients maintain 

permanent application of these devices resulting in extreme morbidity and 

economic loss.  For example, in a 2008 survey, over 500,000 patients were 

diagnosed with end-stage renal disease (ESRD) at a cost of nearly $23 billion to 

Medicare with a majority receiving some form of hemodialysis (3).  While 

hemodialysis can provide some relief of the symptoms associated with ESRD, 

because dialysis cannot recapitulate the entire function of the organ, patients on 
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hemodialysis have a 5-year survival rate of only 33% in contrast to their 

transplanted counterparts with a 5-year survival rate of 74% (3).  Unfortunately, 

current transplantation approaches suffer from extreme shortages in donor 

organs.  In 2008, 108,747 patients were listed for organ transplants, while only 

12,934 organs were donated (4).  Non-transplantation-based surgical 

reconstructions also frequently fail due to their associated post-operative 

complications.  For example, patients who undergo total hip arthroplasty often 

suffer from heterotopic ossification (the abnormal formation of bone within 

extraskeletal soft tissue), which occurs in 50% of patients (5). These numbers 

demonstrate that current surgical and mechanical interventions fail to provide 

adequate curative solutions to tissue loss and organ failure.  The ideal solution 

would recreate whole organ function in a corporeal device that is biocompatible 

and easily integrated into the patient’s anatomy. 

 Tissue engineering and regenerative medicine seek to facilitate the 

healing of tissues and organs lost to pathological processes via the development 

of devices/biologics that stimulate, supplement or act in lieu of the body’s natural 

regenerative abilities.  The term tissue engineering was defined at an NSF 

meeting in 1988 as, the “application of the principles and methods of engineering 

and life sciences toward the fundamental understanding of structure-function 

relationships in normal and pathological mammalian tissues and the 

development of biological substitutes for the repair or regeneration of tissue or 

organ function.”(6)  Although the terms “tissue engineering” and “regenerative 

medicine” are often used synonymously, it is important to note that while they 
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share the same end purpose, the terms imply subtly different approaches.  

Tissue engineering focuses on the creation and formation of biological 

substitutes, whereas regenerative medicine seeks to utilize the naturally 

regenerative properties of cells to repair the body, whether by direct tissue 

formation or by the release of trophic factors to induce endogenous healing (1, 

7).  To clarify, regenerative medicine functions by stimulating cells to repair 

damaged tissue, whereas tissue engineering utilizes engineered constructs to 

reform solid tissue or organs (8).  These strategies are not mutually exclusive, 

and often a given approach for tissue repair represents a combination of both 

tissue engineering and regenerative medicine.  Proponents of these strategies 

believe they can address the clinical needs of patients suffering from 

organ/tissue loss by developing biologically derived constructs that maintain the 

entire functionality of the original organ.  These organs will reduce the need for 

whole organ donation and surgical repair by providing artificial surrogates that 

are non-immunogenic and effectively perform the functions of endogenous tissue 

(9).   

  Historically, attempts by physicians to artificially induce tissue 

regeneration date back to 1500 BC (10).  These early attempts at nasal 

reconstruction utilized autologous grafted skin in conjunction with wood scaffolds 

to reform the nose.  In its modern formulation, tissue engineering currently 

employs three main strategies: (1) implantation of isolated or cultured cells for 

injection and subsequent healing; (2) in situ directed tissue regeneration; and (3) 

implantation of ex vivo assembled constructs containing cells and scaffolds (11).  



4 

 

 The interest in injectable cell therapies, particularly injectable stem cell 

therapies, derives from: their avoidance of a surgical procedure and associated 

complications, the enormous availability of cell sources in the form of aspirates 

from donors, and the replacement of only damaged tissue rather than whole 

organs (1).  Studies have shown some success in both animal models and 

clinical applications with this strategy for repair of cardiac function in heart 

disease (12, 13).  However, the true feasibility and effectiveness of this approach 

remains unclear.  While injection of stem cells appears to improve cardiac 

function, a clinical review published by Collins et al. indicates that few of the 

injected cells are retained in the heart and that most improvements in cardiac 

function are more likely a result of stimulated angiogenesis via secreted 

cytokines than via reparation of cardiac tissue (14).  This review highlights some 

of the greatest criticisms of the injectable approach.  First, while some cells may 

localize to the wound site, the lifetime of those cells and the location and 

consequences of the remainder of the injected cells within the body remain 

concerns.  Second, the benefit of injecting stem cells may be artifactual, with the 

greatest benefit derived from secreted soluble factors as opposed to tissue 

reformation (12).  Finally, while this approach may be adequate for the repair of 

focally damaged tissue, it is not expected to provide restoration of whole organ 

failure because it is believed that isolated cells cannot themselves form new 

tissues in the absence of a supporting material (15). 

 In situ tissue regeneration depends on the ability of the native cells within 

the body to synergize with an acellular implanted device.  This device may be 
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permanent or degradable, and the material may be natural (e.g., fibrin, gelatin, 

thrombin, or collagen) (16) or synthetic.  In contrast to prostheses where the 

ultimate goal is to provide an artificial replacement, here the device acts as a 

scaffold for endogenous cell repair. The scaffold provides the mechanical support 

necessary to maintain functional form.  The material may include bioactive or 

biomimetic factors to promote cellular attachment, proliferation and/or 

differentiation thereby increasing tissue regeneration (17-19).  In situ tissue 

engineering devices have shown clinical promise in applications such as sutures 

(20-23), orthopedic devices (24-29), tissue sealants (30-32), and hernia repair 

devices (33).  Interestingly, most of the work performed involving in situ tissue 

regeneration focuses on the repair of focal defects in connective tissues (i.e., 

bone, cartilage, tendons and skin) (34).  Investigators focus on focal defects 

because, in situ, avascular scaffolds only allow cells to penetrate 100 µm due to 

oxygen diffusion limitations (35).  While some work has been attempted to 

simultaneously promote cell migration and angiogenesis within a scaffold, to 

date, the creation of micro-vasculature networks in situ remains suboptimal (34).  

Therefore, in the absence of a previously established vascular network or an 

angiogenic material, tissue engineering strategies that utilize acellular constructs 

focus on applications where oxygen diffusion is non-limiting.   

 The most commonly studied tissue engineering strategy utilizes cells 

seeded within a porous implant to create a cell-material hybrid (36).  In these 

constructs, cells are isolated from donors (autologous or allogeneic) and seeded 

onto biomaterial scaffolds in vitro.  The cells are cultured on the scaffolds within a 
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bioreactor until they assemble an organized tissue similar to that of the damaged 

tissue the device is intended to repair.  Once implanted, this artificially 

engineered organ functions as native tissue.  This approach interests 

researchers because it addresses many of the weaknesses of the other two.  

Unlike both the injectable and in situ regeneration paradigms, the cell-material 

hybrid strategy, in theory, allows for the construction of a whole living organ ex 

vivo.  Assembling the tissue ex vivo allows researchers to construct complex 

structures that mimic the natural biology of endogenous tissue.  For example, 

utilizing micro patterning and machining, vascular networks (37, 38) can be 

assembled and combined with the cell-material hybrid to provide adequate 

perfusion of the construct.  Additionally, as opposed to in situ differentiation, the 

ex vivo approach allows for the assembly of spatially controlled tissue analogs of 

multiple cell types (39) within scaffolds that are seeded uniformly with viable cells 

(40, 41).  Finally, the cell-material hybrid approach allows for the testing of the 

engineered tissue before implantation to ensure that it functions properly. 

 Regardless of the strategy, tissue engineering, in its current form, has not 

delivered as billed.  In 1995, US-based market analysts predicted that tissue 

engineering would generate $3 billion by 2002.  In reality, the total tissue 

engineering market in 2002 was less than $50 million (36, 42-44).  Recently, the 

tissue engineering sector underwent increased growth, with $1.3 billion in sales 

in mid-2007 (45).  However, even with this recent spurt, tissue engineering is still 

far from reaching its full potential. While many factors contribute to the current 

inability for tissue engineering to provide “off-the-shelf” tissues, perhaps the 
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greatest is the lack of fundamental understanding regarding cells, materials and 

how they interact.  Since the two main components of tissue engineered 

constructs are the cells and scaffolding material, these two factors and their 

interactions must be understood and optimized to maximize the efficacy of the 

approach (11).  A 2007 study performed by Johnson et al. surveyed 24 leaders of 

the tissue engineering field to determine the best paths to obtain clinically viable 

products (46).  Their findings indicated that one of the most needed areas is the 

understanding and control of stem cell behavior by measuring responses at the 

molecular level.  Using these structure-function responses of stem cells probed 

at the molecular level may enable the identification of biomarkers for guidance in 

the design of tissue engineered products.  To that end, a strategic assessment of 

the field from the MATES group of federal agencies provides a list of the critical 

priorities to identify these structure-function-relationships, some of which are 

listed here: “(1) understanding the cellular machinery; (2) identifying, validating 

biomarker and assays; (3) advancing imaging technologies; (4) defining 

cell/environment interactions; and (5) establishing computational modeling 

systems” (47).  The MATES assessment indicates that these 5 priorities, along 

with those not listed here, are essential to accomplishing what they consider the 

4 overarching goals of the field: (1) understanding and controlling the cellular 

response; (2) formulating biomaterial scaffolds and the tissue matrix 

environment; (3) developing enabling tools (i.e., high-throughput assays, 

instrumentation, imaging modalities, and computational modeling); (4) promoting 

scale-up, translation and commercialization” (46, 47).  This dissertation seeks to 
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address these goals and priorities via the development of a novel methodology to 

characterize stem cell response to biomaterials for their use in tissue engineering 

strategies.  This will be accomplished via high content, imaging-based profiling 

that: captures quantitative information of stem cell whole cell and cytoskeletal 

morphology; uses computational models to predict long-term differentiation 

behaviors of stem cells; and correlates stem cell interactions with the application 

of soluble factors and tailored biomaterials. 
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1.2 Mesenchymal Stem Cells for Tissue Engineering 

 Fully differentiated somatic cells and stem cells represent the two most 

commonly used cell sources for tissue engineering.  Somatic cells demonstrate 

the potential for tissue regeneration when seeded in artificial scaffolds.  

Examination of review articles within the literature shows that these cells have 

been applied in organs such as cartilage (48), the pancreas (49), bone (50), skin 

(51), and liver (52).  While these reviews highlight the potential terminally 

differentiated cells provide, these cells suffer from difficulty in balancing 

differentiation with proliferative ability (53).  Cell proliferation provides the cell 

numbers that are critical for tissue construction.  Ideally, a small amount of donor 

cells expand to homogenously populate the scaffold.  Unfortunately, as explained 

by Strehl and coauthors, terminally differentiated somatic cells often lose their 

ability of self-renewal.  While methods exist to reinitiate cell proliferation in these 

cells, this process may result in the down regulation of differentiation behaviors.  

In an attempt to find a cell source that maintains both proliferative and 

differentiation potentials, researchers have turned to stem cells.  Stem cells are 

pluripotent cells (i.e., have the ability to differentiate into a number of terminal cell 

types) that display self-renewal in their stem-like states.  These stem cells may 

be isolated from human embryonic tissues (54), or from niches within adult 

tissues such as but not limited to the bone marrow (55-57), liver (58, 59), the skin 

(60, 61), adipose tissue (62, 63) and the brain (64-66). This dissertation focuses 

on adult stem cells. 
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 Although adult stem cells can be derived from a number of tissues, the 

most extensively used in cell-therapies are those derived from the bone marrow, 

also know as human mesenchymal stem cells (8).  Human mesenchymal stem 

cells (hMSCs) have gained interest in the scientific community because of their 

pluripotency, specifically their ability to differentiate into a multitude of cell 

phenotypes including but not limited to: smooth muscle cells, chondrocytes, 

osteoblasts and adipocytes (56, 67-69).  Bone marrow aspirates from donors 

provide a readily available supply of these stem cells, with a number of isolation 

and propagation procedures to enrich this population (70).  hMSCs are a self-

renewing cell population allowing for their use in tissue engineering strategies 

that utilize the ex vivo expansion and seeding of cells onto scaffold materials 

intended for implantation.  However, the successful creation of constructs that 

integrate scaffold materials and hMSCs requires the expression of the 

appropriate differentiated cellular phenotypes post-seeding. 

 Perhaps one of the most investigated cell phenotypes of hMSCs is the 

osteoblastic.  The process of osteoblastic differentiation is believed to proceed 

largely via stimulation with soluble factors (Fig. 1.1).  In vitro, osteogenic 

induction of hMSCs is generally achieved via application of media containing 

dexamethasone, ascorbate and β-glyerophosphate (DAG).  This combination of 

soluble factors can achieve high levels of bone differentiation when applied to 

hMSC seeded at low seeding densities (68, 71).  It is believed that 

osteoblastogenesis proceeds via transcription and subsequent activation of the 

osteoblast specific core binding factor a1 (Cbfa1), also commonly referred to in 
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the literature as runt-related transcription factor 2 (RUNX2). (72, 73).  Cbfa1 is 

the earliest and most specific marker of osteoblastogenesis and induces cells to 

produce type I collagen and alkaline phosphatase, both early markers of 

osteoblastic differentiation signifying the preosteoblastic stage (74-76). The 

expression of alkaline phosphatase, type I collagen and the markers of a mature 

osteoblast (i.e., osteocalcin, mineral, and other non-collagenous proteins) are 

linked to the expression of distal-less 5 (Dlx-5), which acts as a transcription 

factor (77-79).  This transcription factor promotes the transcription of osterix 

(OSX) (80), which along with Cbfa1 are the main determinants of 

osteoblastogenesis (72, 81). Osteoblastogenesis has also been show to act via 

the Wnt/β-catenin pathway via differentiation of precursor cells to the early but 

not late osteoblastic phenotype (82-85).  While soluble factors play a dominant 

role in osteoblastogenesis, they are not the only signals involved.  Cell adhesion 

molecules such as integrins, selectins, cadherins, and the RGD binding 

sequence found in collagen, fibronectin, osteopontin, thrombospondin, bone 

sialoproteins, and vitronectin have all been shown to be required for 

differentiation (86-88).  Finally, material mechanics can influence stem cell 

differentiation towards the osteoblastic phenotype, with the greatest 

osteoblastogenesis occurring when hMSCs are cultured on stiffer materials (89, 

90).  Thus, the production of osteoblasts from a MSC is a complicated and robust 

process requiring a number of chemical and mechanical cues. 

 Another hMSC terminal cell phenotype commonly examined in the 

literature is the adipocytic lineage.  The interest in this lineage stems from its 
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relevance to disease models for obesity, diabetes, and other lipodystrophic 

disorders (91), as well as its relationship with the osteoblastic linage as a model 

of general stem cell behavior.  MSCs in both human and animal models 

demonstrate that molecular changes involved in adipogenesis inhibit 

osteoblastogenesis (92-95) and that the converse is true as well (96-99).  For 

example, activation of the Wnt signaling pathway in MSCs in vitro stimulates 

osteogenic differentiation while inhibiting adipogenic differentiation (99). It 

remains possible that this antagonistic relationship is not only relevant in bone 

versus fat differentiation of MSCs, but central to differentiation behaviors of stem 

cells in general.  Interestingly the maintenance of the multipotency of MSCs 

requires a careful balance of pro-adipogenic versus pro-osteogenic factors.  

Factors of one lineage repress factors of the other, thereby maintaining the 

undifferentiated state (100). 

 The process of adipogenesis is generally considered to occur in two 

phases: the determination phase and the terminal differentiation phase (Fig. 1.2) 

(100).  As described by Rosen and MacDougald, the determination phase is 

temporally the first phase and describes the process of adipocytic lineage 

commitment of a pluripotent MSC.  While this phase is not identifiable 

morphologically, the cell at this point is considered a pre-adipoctye and has lost 

some of its pluripotent abilities.  In the terminal differentiation phase the cell 

acquires the molecular machinery to transport and synthesize fat.  It is in this 

phase that the cell can be distinguished morphologically by its characteristic 

accumulation of intracellular lipids.  Unlike in bone where there are many factors 
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that drive osteoblastogenesis, in adipogenesis, peroxisome proliferating activated 

receptor-γ (PPARγ) constitutes the key regulator.  PPARγ is both necessary (101, 

102) and sufficient (100, 103) for adipogenesis. PPARγ is a ligand-regulated 

transcription factor (104) that regulates the expression of numerous genes of 

proteins involved in adipogenesis and lipid metabolism including: fatty acid-

binding protein aP2 (FABP aP2) (105, 106), phosphoenolpyruvate carboxykinase 

(PEPCK) (107), acyl-CoA synthase (108) and lipoprotein lipase (LPL) (109). In 

MSC adipogenesis coincides with increased expression of PPARγ (110).  

Another key player in adipogenesis is the C/EBP family of transcription factors.  

In hMSCs, C/EBP induction occurs in both the early and late stages of 

adipogenesis indicating a role for these proteins in both lineage commitment and 

terminal differentiation (110, 111).  Members of the C/EBP family directly activate 

several adipogenic genes, including the master regulator, PPARγ.  Interestingly, 

once activated, PPARγ and C/EBPs act synergistically increasing each other’s 

expression through commitment to terminal differentiation (110, 111).  While 

C/EBPs are able to promote adipogenic differentiation when they are up-

regulated in non-adipose cells (112), in the absence of functional PPARγ 

adipogenesis is not observed (113).  
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Figure 1.1: Human mesenchymal stem cell osteoblastic differentiation 

MSC, in vitro, differentiate to osteoblasts via application of dexamethasone, 

ascorbate and β-glycerophosphate (DAG).  DAG activates a cascade resulting in 

the up regulation of the earliest osteoblastic marker, Cbfa1.  Osteoblastogenesis 

has also been shown to act via the Wnt pathway, in which Wnt3a, an active form 

of β-catenin, forms a complex with LRP5, which also results in up regulation of 

Cbfa1.  Up regulation of Cbfa1 induces the expression of Dlx-5, which coincides 

with differentiation to the preosteoblastic stage signified by production of alkaline 

phosphatase and Type I collagen.  Terminal differentiation to the osteoblastic 
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phenotype is characterized by production of late osteoblastic markers including: 

mineral, osteocalcin, osteopontin and other non-collagenous proteins.   
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 Adipogenic induction of MSCs represents a complicated process that 

depends on many factors.  Perhaps the greatest determinant of adipogenesis in 

vitro is the soluble cocktail applied.  Most commonly, adipocytic induction occurs 

via application of an adipogenic induction media to hMSCs seeded at high 

seeding densities.  This media contains dexamethasone, isobutylmethylxanthine 

(IBMX), insulin and indomethacin as its active ingredients (68).  Serum has also 

been shown to modulate adipogenesis.  Janderova et al. demonstrated that 

changing the cell culture media supplementation from 5% fetal bovine serum to 

15% rabbit serum results in enhancement of adipocytic differentiation in hMSC 

(114).  While soluble factors dominate the literature in terms of modulators of 

adipogenesis, non-soluble cues also play a role.  Cell shape (87) and the extra-

cellular matrix environment (115) can have strong effects on hMSC 

differentiation.  Interestingly in these studies, the extra-cellular matrix and cell 

shape parameters that promote adipogenesis are generally the exact opposite of 

those that promote osteoblastogenesis.  Therefore, like osteoblastic 

differentiation, adipogenesis represents a complex integration of soluble, matrix 

and mechanical cues, where often the cues act at in opposition to either promote 

adipogenesis or osteoblastogenesis.   
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Figure 1.2: Human mesenchymal stem cell adipocytic differentiation 

MSC differentiation toward adipocytic lineages occurs in two distinct phases: (1) 

the determination or lineage commitment phase, and (2) the terminal 

differentiation phase.  Growth factors including but not limited to, dexamethasone 

(DEX), insulin isobutylmethylxanthine (IBMX), and indomethacin activate a 

number of intracellular pathways that promote increases in PPARγ expression.  

The transcription factor PPARγ is both necessary and sufficient to induce 

adipogenesis.  In combination with C/EBPα, PPARγ results in the transcription of 

genes for proteins characteristic of early adipocytes such as: lipoprotein lipase 

(LPL), fatty acid binding protein aP2 (FABP aP2), acyl-coA synthase and 
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phosphoenolpyruvate carboxykinase (PEPCK).  Increased lineage progression 

results in the terminally differentiated adipocyte, which is characterized by its 

intracellular lipid accumulation.  Note in the figure solid black lines indicate direct 

interactions, dashed lines correspond to signaling cascades and solid red lines 

indicate protein production. 
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1.3 A Need for Rationally Designed Novel Polymers 

 The most commonly attempted strategies in tissue engineering utilize 

biomaterials as tissue scaffolds.  A degradable and resorbable material is desired 

so that once the defect is repaired, only native/implanted tissue remains (116, 

117).  Optimally, the degradation and resorption rate of such a scaffold should be 

tuned so that the falloff in scaffold strength is compensated with an increase in 

tissue growth (118). Furthermore, polymeric scaffolds are promising candidates 

for engineering new tissues because they offer a wide array of materials with: 

three-dimensionality, tunable surface chemistry and degradation rates, an 

assortment of physical parameters, incorporation of bioactive substances (i.e., 

growth factors, cytokines, adhesive proteins) and various scaffold architectures 

(119). 

 Polymeric biomaterials utilized for clinical needs today, like the poly(α-

hydroxy ester)s, were not created explicitly for tissue engineering, but were 

adapted from pre-existing materials (120, 121).  Unfortunately, the 

implementation of biomaterials that were not designed a priori to meet biologic 

applications often results in materials that have nonspecific or unidentified 

reactions with tissues, decreasing the efficacy of the implant (121).  The ability to 

tailor materials to promote cellular functions such as motility, proliferation, and 

MSC differentiation provides the prospect of composing complex multicellular 

tissues in vitro, and represents one of the first steps in the realization of 

engineered whole organ regeneration (122).  Unfortunately, the rate-limiting step 
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in the discovery of new biomaterials is not in the synthesis of new material 

chemistries, but in the characterization of the biological response elicited by 

these materials (36, 123). 
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1.4 The Need for High-Throughput and High-Content Screening of Cell-

Biomaterial Interactions 

 

 In an attempt to facilitate the progress of tissue engineering and 

regenerative medicine, scientists have focused their efforts on developing new 

methods to characterize and understand stem cell responses (47).  Essential to 

this task is the elucidation of the role material scaffolds and soluble factors play 

in stem cell behavior.  To that end, high-throughput and high-content approaches 

have attracted some of the greatest interest because of their ability to rapidly 

screen a number of experimental conditions and/or increase the information gain 

per unit experiment.  By increasing the quantity and quality of information gained, 

these approaches may facilitate the creation of structure-function relationships to 

guide tissue engineers. 

 Current trends in high-throughput approaches for the discovery of novel 

polymeric biomaterials are centered on either the creation of large 

combinatorially derived libraries that can be systematically analyzed for relevant 

biological properties or on the creation of single substrates with spatially resolved 

chemistries, roughness and microstructures (124-137). Once these biologically 

relevant properties are obtained, computational modeling methods may be 

employed to determine polymer structure/biological function relationships that 

can provide predictive insight into novel polymer sets of potential interest (138-

148). Recent advances in instrumentation for the synthesis of polymers in 
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parallel fashions allow for the rapid creation of large polymer libraries, while 

current methods for the assay of biological properties lack these efficient, high-

throughput capabilities (123, 149).  Technologies including extracellular matrix 

microarrays (150), protein chips (151), fluorescence based polymer-screening 

methods (152), and microfluidics (153) have all been proposed as possible 

solutions. While these techniques have greatly enhanced the ability for high-

throughput biological screening, limitations with regard to the polymer 

chemistries amenable to the techniques and restrictions on the number of 

different chemistries able to be screened at once have limited their usefulness in 

biomaterials discovery.  Additionally, while these high-throughput methodologies 

increase the number of samples that may be assayed, most provide only a single 

piece of information per unit assay.  Therefore, a technique that may be coupled 

or performed in parallel with these approaches to provide high-throughput 

screening with detailed molecular biological insight is desired.   

 High-content morphometric analysis may provide a new approach to 

increase the quantity and quality of information gained.  Currently, morphometric 

analysis of cellular response in tissue engineering constructs has been a key 

aspect of the biological characterization.  To date, these methods lack 

reproducible, quantifiable results and largely remain in the domain of qualitative 

observations (134, 154-159).  High-content cell-based screening approaches 

have been developed for the screening of potential pharmaceuticals and 

biologically active small molecules (160-164). These assays focus on utilizing 

quantitative descriptors to screen biological compounds of potential interest in a 
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high-throughput manner through multivariate statistical analyses.  Recent 

advances in confocal laser scanning microscopy (CLSM), multi-photon 

microscopy (MPM) and image processing have likewise provided the tools to 

adapt this “high-content” imaging to cells cultured on biomaterials (165-169) for 

tissue engineering applications.  Perhaps the greatest challenge in adapting 

these high-content imaging methods to screening stem cell behaviors in tissue 

engineering approaches results from the difficulty in defining the intracellular 

molecules and behaviors to target.  The ideal molecules will provide early 

assessment of essential cell behaviors (e.g., stem cell differentiation) that 

demonstrate long-term predictive value. 
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1.5 The Cytoskeleton as a Regulator of Cell Behavior  

 

 One group of candidate molecules is the proteins that constitute the 

cytoskeleton.  Cells have been described as structures supported by cytoskeletal 

elements in tension rather than supported by hydrostatic compressional 

continuity (170-173).  In these models, the cytoskeleton of the cell couples the 

nucleus to integrins providing a path for the propagation of mechanical cues from 

the extra-cellular matrix (ECM) to the control centers of the cell (174).  While a 

number of cytoskeletal elements are involved in the integrin mechanical coupling, 

actin filaments remain one of the most studied and integrative elements (175-

177). Actin filaments have been implicated in the localization of enzymes, ion 

mediated signaling, signal propagation to the nucleus and cellular function 

regulation as reviewed by Janmey (178). 

 Current studies suggest that the actin-mediated cell shape and the 

generation of cytoskeletal tension are key regulators of cell function and signaling 

(Fig. 1.3). Cell adhesion to biomaterial substrates induces focal adhesion (FA) 

assembly. Additionally, changes in cytoskeletal arrangement that promote 

increased tension result in local FA assembly with the structure of FA’s linked to 

actin filament distribution patterns (179).  This bidirectional relationship of FA’s 

and actin is critical as clustering of integrins is mediated by actin, while actin 

dynamics are modulated by integrin activated Rho GTPases (180).  Cell studies 

by Chen et al., Huang et al. and Mammoto et al. have highlighted mechanisms 
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by which the actin-based cytoskeleton regulates cell cycle progression and 

apoptosis (181-183).  The proposed mechanism by Mammoto et al. centers on 

the actin-cell shape based activation of RhoA and its downstream effectors Rho-

associated kinase (ROCK) and mDia.  ROCK and mDia are antagonistic cell 

cycle mediators of the Skp2 F-box protein, with increased mDia to ROCK ratio 

resulting in increased Skp2 protein and mRNA levels.  Skp2 protein up regulation 

promotes the ubiquitination and subsequent degradation of the cell cycle 

arresting cyclin dependent kinase (CDK) inhibitor p27, therefore promoting cell-

cycle progression.  Studies that utilized micropatterned selectively adhesive 

substrates to control cell morphology highlighted cell shape as the dominant 

factor dictating cell cycle progression when soluble growth factors and insoluble 

ECM proteins are optimally primed (184, 185).  The role of cell shape, actin 

cytoskeletal tension, Rho, and ROCK in cellular processes is not limited to cell 

cycle progression.  Previously, studies have shown that cell shape affected the 

differentiation of partially committed precursor adipocytes, osteoblasts, and 

chondrocytes (186-188).  Sordella et al. showed that Rho modulates the insulin 

growth factor 1 (IGF-1) induced cell fate decision of partially committed 

adipocytes and myocyte precursors (189).  While the above studies highlighted 

the importance of cell shape in cell differentiation, Mcbeath et al. proposed a 

detailed mechanism for how the actin based cell shape, Rho, ROCK and 

cytoskeletal tension influence hMSC differentiation (87).  These studies 

demonstrated that the up regulation of RhoA and ROCK in spread cells resulted 

in preferential commitment of hMSCs to osteoblastic rather than adipocytic 
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lineages.  However, since RhoA activity only modulated differentiation in the 

presence of ideal shape configuration (spread for osteoblastic differentiation and 

round for adipocytic differentiation), it was determined that both cell shape and 

RhoA activity are needed to steer commitment.  In contrast, constitutively active 

ROCK activity was enough to ensure osteoblastic differentiation regardless of 

cell shape, thus indicating ROCK as a regulatory unit downstream of both RhoA 

and cell shape in the commitment process.  Thus, the actin cytoskeleton plays an 

influential role in the governing of cellular processes as it is intimately linked to 

Rho, ROCK, mDia and their downstream effectors, which in turn function as 

signaling modulators to differentiation and the cell cycle. 

 While actin mediates Rho, mDia and ROCK activity within the cell, 

conversely Rho, mDia and ROCK regulate the generation of the actin 

cytoskeleton (180, 190).  Activation of Rho and its downstream effectors result in 

the generation of contractile actin-myosin stress fibers and FA assembly (191-

194).  RhoA activation triggers ROCK activity and phosphorylation of myosin light 

chain kinase resulting in generation of the cytoskeletal contractility necessary for 

the formation of thick actin stress fibers and focal adhesions (195-197). 

Generation of actin contractility has also been shown to be affected by p120 

catenin, which when activated through cadherins decreases the activity of RhoA 

(198). ROCK promotes actin filament assembly via the 

phosphorylation/inactivation of cofilin, a protein that promotes actin 

depolymerization (199-201).  Concurrent to ROCK’s formation of thick actin fibers 

via increased force generation, mDia1 promotes the assembly of thin actin 
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filaments (202).  mDia1 promotes thin actin filament assembly via nucleation of 

profilin bound actin monomers that bind to the Formin Homolgy 1 (FH1) domain 

of mDia1 orienting actin monomers for efficient nucleation (203).  Thus, since 

ROCK and mDia1 promote thick and thin actin fiber formation respectively, 

different ratios of their activities or spatiotemporal regulation allow for the 

configuration of a diverse range of actin structures, and subsequently cell shapes 

(202).  

 The integration of the actin cytoskeleton into a number of cellular 

processes demonstrates its utility as a reporter of cell function.  Actin filament 

assembly represents one of the first responses to cell-substrate interactions, 

occurring even before FAK phosphorylation (204).  The actin based cell shape 

acts as an initial stimulator of Rho, ROCK and mDia, with different cellular 

morphologies resulting in differential activation of these molecules (87, 205).  

Additionally, while actin represents one of the initial events in activation of Rho, 

mDia and ROCK, the morphogenesis of individual actin filaments is a 

downstream function of the relative expression level of these molecules.  Given 

the importance of Rho, mDia, CDC42 and ROCK in governing stem cell 

differentiation, apoptosis, and cell cycle progression, actin represents an 

interesting single molecule that integrates and possibly reports on numerous 

cellular processes. 
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 Figure 1.3: Key interactions of the actin cytoskeleton with signaling 

molecules that govern cell behaviors. 

Cell contact with a biomaterial surface is mediated via a protein layer.  

Attachment of the cell to the adsorbed protein layer initiates signaling cascades, 

which mediated through actin, result in cell cycle progression and differentiation.  

Additionally, activation of these signaling molecules feeds back to alter actin 

filament morphology and tension generation via myosin light chain kinase 

(MLCK). 
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1.6 Hypothesis and Aims of the Dissertation 

 This dissertation was motivated by the need to accelerate the pace of 

design and screening of regenerative materials using quantitatively rigorous yet 

biologically grounded methods.  This study proposes the development of a high-

content imaging approach to characterize and predict cellular responses to 

soluble factors and biomaterials.  If successful, these efforts will ultimately 

address the top three priorities of the tissue engineering field as described by the 

MATES group of federal agencies: (1) to understand and control the cellular 

response; (2) to formulate biomaterial scaffolds and tissue matrix environments; 

and (3) to develop enabling tools (i.e., high-throughput assays, instrumentation, 

imaging modalities, and computational modeling) (47).  This high-content 

methodology will characterize cellular response to tailored biomaterials and 

soluble factors that are involved in the modulation of cell behavior.  The 

developed profiling platform described in this dissertation captures quantitative 

descriptors of whole cell and cytoskeletal morphology and identifies correlations 

between these morphologies and cellular responses to soluble factors and 

synthetic biomaterials.  The central premise of the study is that quantitative 

measures of cytoskeletal morphology can be used to forecast long-term 

differentiation behaviors of stem cells that occur days to weeks later than the 

early times at which the morphometric analysis is conducted. The proposed 

study could serve as a platform to evaluate cells/biomaterials within a complex 

milieu as it provides: predictive measures of long-term cell behaviors at early 

time points, real time measures of stem cell fates, cell-by-cell based analysis that 
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is capable of capturing the heterogeneity of sample populations, and the ability to 

parse out lineage commitment in stem cells resulting from multiple stimuli.  

 The cytoskeleton serves as a regulator for the “outside-in” cellular 

signaling that underlies a wide range of cell behaviors.  The hypothesis is that the 

actin cytoskeletal organization embodies a cellular “fingerprint” that when 

quantified provides one of the earliest markers and/or predictors of cell behavior.  

The behaviors of interest in this study will ultimately focus on human 

mesenchymal stem cell (hMSC) lineage commitment and differentiation. This 

dissertation will develop the descriptors necessary to define this fundamental 

cytoskeletal based profiling approach and ascertain their utility via four aims: 

1. The establishment of a "high content" imaging platform for extracting 

quantitative cell morphologic descriptors.  

2. The application of the platform developed in aim 1 to identify cell 

descriptors that are responsive to chemistry and roughness of a gradient-

based polymer substrate. 

3. The extension of the “high-content” imaging platform to a systematically 

varied library of polymer materials to identify material responsive 

descriptors and predict long-term cell behaviors based on early 

morphologic descriptors. 

4. The determination how early substrate induced morphological descriptors 

may encode the decision making of stem cells cultured in response to 

varying soluble factors, protein ligands of the extracellular matrix and 

surface properties of polymeric substrates. 
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2 Development of a “High-content” Imaging Platform for Studying Cell-

Material Interactions 

Note: This chapter is reproduced from the following publication: 

Treiser, M.D., E. Liu, R.A. Dubin, H.J. Sung, J. Kohn, and P.V. Moghe. 2007. 

“Profiling cell-biomaterial interactions via cell-based fluororeporter imaging.” 

Biotechniques 43:361-366, 368. © 2008 BioTechniques.  Used with permission. 

2.1 Introduction 

 Cell-based therapies, combined with tissue engineering, have the potential 

to bring regenerative medicine to the clinic.  A major challenge is the 

development of selective substrates that are permissive and instructive for the 

growth of complex functional tissue in vitro.  The requirements for selective cell 

attachment, survival, migration, growth, and differentiation will require an 

integrative understanding and application of cellular and molecular responses to 

the chemical, mechanical, and topological properties of substrates.  

 A wide range of natural and synthetically designed materials have been 

employed to culture and expand mammalian cells within tissue culture 

substrates, bioreactors, and implantable scaffolds.  Despite their reduced 

bioactivity, synthetic biomaterials offer advantages over natural substrates, 

including reduced risk of immunological response and disease transmission, and 

controlled properties.   For example, the ability to manipulate structure through 

chemistry and fabrication provides opportunities to engineer specific properties, 

including biodegradation, fouling, drug elution and biofunctionalization, which are 

desirable for introducing tissue-specific targeting, and tissue regeneration and 
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remodeling.  The characterization of newer generation cell-interactive materials 

requires complex considerations, and is further hampered by the lack of 

integrated data on extracellular matrix and protein conditioning, cell adhesion, 

motility, apoptosis, and differentiation processes, as well as the mechanisms of 

outside-in signaling on biomaterials.  While rapid methods for quantifying protein 

adsorption have been developed (152, 153, 206, 207), the characterization of 

cell–biomaterial interactions at the cellular and subcellular level remains time 

consuming and expensive (138).  A need exists for qualitative and quantitative 

tools that can rapidly assess cellular response to biomaterial substrates.   

 The green fluorescence protein (GFP) technology has revolutionized the 

detection and analysis of dynamic structural and biochemical changes in living 

cells (208, 209).  We have developed genetically engineered cell lines 

expressing a series of GFP fusion genes that visually report on a variety of 

physiological properties in living cells.  The present study describes a new way to 

utilize these GFP fusion genes as visual live reporters for quantitative 

characterization of cell-biomaterials interaction.  Using quantitative image 

analysis, the reporter information can be further dissected to yield molecular level 

metrology of the cell-material interactions. 
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2.2 Materials and Methods 

2.2.1 Polymer Synthesis and Fabrication   

Biomaterials used in this study were from the family of tyrosine-derived 

polycarbonates synthesized utilizing previous published procedures (210-214).  

Polymers derived from desaminotyrosyl tyrosine alkyl ester monomers were 

named poly(DTR carbonate)s with R = ethyl (E) or octyl (O).  Copolymers of x 

mole% desaminotyrosyl tyrosine alkyl ester with y mole% desaminotyrosyl 

tyrosine with a free acid (DT) and z% Poly(ethylene glycol) (PEG) blocks of 1000 

units were identified as poly(x%DTE-co-y%DT-co-z%-PEG1000 carbonate).  

Finally, copolymers of x mole% iodinated desaminotyrosyl tyrosine alkyl ester 

with y mole% iodinated desaminotyrosyl tyrosine (DT) and z% PEG blocks of 

1000 units were simplified as poly(x%I2DTE-co-y%I2DT-co-z%-PEG1000 

carbonate) (Fig. 2.1).  This library of polymers was used to evaluate the 

sensitivity of cell reporters to changes in substrate hydrophobicity (hydrophobicity 

is increased with length of alkyl chain; thus, DTO is more hydrophobic than DTE) 

(215, 216); stiffness (increased with iodination; decreased with PEG 

incorporation) (213, 214) , charge (incorporation of DT adds negative charge at 

physiologic pH) (210, 217, 218), and protein-repulsive character (increased PEG 

levels lower protein adsorption) (219, 220).  Two-dimensional polymer films were 

spin-coated (Photo-Resist Spinner; Headway Research, Inc., Garland, TX) onto 

15 mm glass coverslips with 100 µL of a 0.2µm pore PTFE-filtered, 1% polymer 
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solution in 98.5% methylene chloride / 1.5% methanol (v/v). All polymer surfaces 

were sterilized by exposure to UV. 
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Figure 2.1: Chemical Structure and nomenclature scheme for Tyrosine 

Derived Polycarbonates. 

Changes in biological and material responses to the polymer from alterations of 

the chemical formula are shown.   
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2.2.2 Cell Culture and Transfection 

GFP-based plasmids were obtained from academic laboratories (221, 222) and 

commercial sources (Clontech, Mountain View, CA).  Plasmids were targeted to 

specific organelles through the addition of a short localization signal (such as 

GFP-f for farnesylation) and to specific cytoskeletal proteins (such as GFP-actin) 

(Table 2.1).  Several model cell lines were employed, including CHO-K1 (ATCC; 

Manassas, VA) and Saos-2 (a gift from David Denhardt; Rutgers University).  

The cells were propagated in F12H (Invitrogen; Carlsbad, CA) supplemented 

with glutamine, penicillin-streptomycin, and 10% fetal bovine serum (Sigma; St. 

Louis, MO).  Cells were transfected with Lipofectamine supplemented with PLUS 

reagent (Invitrogen) and stable lines were selected using 0.5 mg/ml (Saos-2) or 1 

mg/ml (CHO-K1) G-418 (Sigma).  Utilizing G-418 selection, cell populations with 

as high as 80% of total cells expressing the fluorescent reporters were achieved.  

Where indicated, cells were fixed via treatment with a 4% paraformaldehyde 

solution for 15 minutes at room temperature.   
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Table 2.1: GFP-based plasmid reporters used for profiling cell-biomaterial 

interactions 

Plasmid Cellular Targeting Sites Sources 

pEGFP-Farnesylation Plasma Membrane Clontech 

pEGFP-actin Microfilaments ((β-actin) Clontech 

pEGFP-tubulin Microtubules (α-tubulin) Clontech 

pEGFP-α-actinin Focal Adhesion (α-

actinin) 

Edlund et al. (2001) (221) 

pEGFP-paxillin Focal Adhesion (paxillin) Laukaitis et al. (2001) (222) 

pGAPDH-GFP cytoplasmnucleus Shashidharan et al. (1999) 

(223) 
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2.2.3 Imaging 

For lower resolution imaging, cells were seeded at a density of 3,000 to 7,400 

cells per cm2 and imaged with a Nikon Eclipse TE 2000-S inverted fluorescence 

microscope with digital photomicrographs obtained using Image Pro-Plus 

software (Media Cybernetics, Silver Spring, MD).   High content confocal imaging 

was performed using the same above cell seeding densities with a TCS SP2 

laser-scanning spectral confocal microscope (Leica Microsystems; Exton, PA).  

 

2.2.4 Morphometric Analysis 

Morphometric descriptors were quantified using high-resolution, single cell, 

confocal images obtained from cells expressing GFP-fusion proteins through 

Image Pro Plus (Media Cybernetics, Silver Spring, MD) (Table 2.2). Individual 

cell images were processed with commercially available software. Raw images 

were exported to Image Pro Plus Version 5.1 for windows (Media Cybernetics). 

Images first underwent image enhancement optimization (image contrast, 

brightness and gamma value adjusting) to equalize image intensity histograms. 

Contrast enhanced images were then filtered utilizing a ten pass Gaussian filter 

and then a series of Flatten filters. A pseudo-automated adaptive thresholding 

process was then employed allowing the whole cell and individual cytoskeletal 

proteins to be separately segmented based on the image intensity histogram.  

Once either the whole cell or individual cytoskeletal elements were segmented, 

shape and higher order moment descriptors were calculated utilizing the count 
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object menu in Image Pro Plus on the segmented objects.  Multiple cells 

examined for each polymer substrate were used to calculate a population 

distribution for each descriptor.  Descriptors included 1) cellular morphologic 

parameters: area, perimeter, length of major and minor axes of the ellipse with 

the same geometric area of the cell, mean radius, mean diameter, roundness, 

protrusions, and protrusion length, mean feret length, maximum feret length and 

minimum feret length; 2) cytoskeletal parameters; fractal dimension, margination, 

heterogeneity, clumpiness, and average fiber length/width; 3) focal adhesion 

parameters; integrated optical density, heterogeneity, margination, clumpiness, 

focal adhesions per cell, strength of focal adhesion region, and total area of 

actinin/paxillin rich structure per cell; 4) texture metrics; and 5) higher order 

moments; skewness and kurtosis (Table 2.2). 
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Table 2.2: Definitions of morphometric descriptors that can be quantified 

from the digitized images of fluororeporter cells on biomaterials. 

The descriptor definitions were adapted from those available in Image Pro Plus 

(Media Cybernetics, MD). 

 

Descriptor Descriptor Definitions  
Area Contiguous area of each object minus any holes 

Area/Box Ratio between area of object and area of its bounding box 
Aspect Ratio between the major and minor axis of object-

equivalent ellipse (i.e., an ellipse with the same area and 
first and second degree moments) 

Axis (major, minor) Length of the major/minor axis of object-equivalent ellipse  
Box X/Y Ratio between the width and height of object’s bounding 

box 
Clumpiness Fraction of heterogeneous pixels remaining after erosion 

Diameter (max, min 
and mean) 

Length of the longest/shortest/mean line passing through 
the centroid joining two outline points  

Feret (min, max and 
mean) 

Longest/shortest/average caliper length 

Fractal dimension Dimension of the object’s outline calculated as 1 minus 
the slope of the regression line obtained when plotting the 
log of the perimeter against the log of the stride length 

Heterogeneity Fraction of pixels that vary more than 10% from the 
average intensity of the object 

Integrated Optical 
Density 

Average intensity/density of each object 

Margination Distribution of intensity between center of object and its 
edge 

Perimeter Length of the outline of object using a polygonal outline 
Radius (max, min) Length of the longest/shortest line between the object 

centroid and its perimeter 
Radius Ratio Ratio between the maximum and minimum radius 

Roundness Square of object perimeter divided by 4π times object 
area 
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2.2.5 Apoptosis Studies 

Two approaches were used to quantitatively track apoptosis in Saos-2 cells 

cultured on selected biomaterials.  Cells were labeled either with a mitochondrial 

transmembrane potential-sensitive cationic dye (Mitocapture Mitochondrial 

Apoptosis Detection Kit, Biovision, Mountain View, CA), or transfected with Saos-

2 /GFP-GAPDH, and imaged after 3 days in culture.  The mean pixel intensity of 

apoptotic green fluorescence minus background was determined in mitocapture 

labeled cells using ImageJ software (NIH) (224), and normalized to the number 

of nuclei counter-stained with Hoechst (Sigma) in each image field.  For GFP-

GAPDH expressing cells, the total pixel intensity of nuclear regions was 

determined separately from the total intensity of cytoplasm after subtracting 

background using ImageJ (NIH).  The ratio of the nuclear-associated intensity 

compared to that within the cytoplasm was quantified from eight single cell-

images obtained through four independent experiments (n=8, where n is the total 

number of cells examined) (224, 225).  

2.2.6 Statistical analysis 

Statistical analysis was performed on morphometric parameters using SPSS 

software (SPSS inc. Chicago, IL), and included ANOVA with Tukey’s HSD post 

hoc method, principal component analysis, and other multivariate statistical tools. 

All the other comparisons were performed using Student’s t-test. A p-value <0.05 

was considered significant. Results are mean ± SEM.  
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2.3 Results  

2.3.1 Biomaterials-Responsive Cell GFP Reporters 

 Immortal cell lines engineered to express GFP fusion proteins (Table 2.1) 

were used as probes to identify differential cellular and molecular morphologies 

induced by variations in composition and processing of biodegradable, polymer 

substrates.   

 First, we sought to demonstrate the utility of the live reporter imaging for 

detecting changes in material hydrophobicity.  As shown in Fig. 2.2, live cell 

imaging of GFP-f transfected Saos-2 cells allowed the discrimination of several 

cellular morphologic differences in response to two different biomaterials; 

poly(DTE carbonate) and the more hydrophobic poly(DTO carbonate) (Water 

contact angles of 73o and 90o respectively as by goniometry (215)).  The extent 

of cell spreading was quantified following digital image analysis using cells 

expressing GFP-f, a farnesylated variant that confers fluorescent demarcation 

and resolution of the plasma membrane.  Morphometric descriptors of average 

cell area, perimeter, length of major and minor axes, and diameter of Saos-

2/GFP-F cells demonstrated reduced cell spreading on poly(DTO carbonate) 

relative to poly(DTE carbonate).  These differences correlated with organizational 

differences in the cytoskeleton and focal adhesions.  Morphometrics of focal 

adhesions, quantified by analyses of Saos-2/GFP-actinin and Saos-2/GFP-

paxillin cells, showed different margination, clumpiness, the number of focal 

adhesions per cell, integrated optical density, and total area of actinin/paxillin rich 

regions between the two polymers.  These results demonstrated that 
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hydrophobicity of poly(DTO carbonate) might reduce the number and strength of 

paxillin-rich structures, and restrict their localization to the cell periphery.  Visual 

observation also confirmed that Saos-2 exhibited fewer and shorter stress fibers, 

and significantly fewer, less well organized focal adhesions, on poly(DTO 

carbonate) in comparison to the cells on poly(DTE carbonate).  
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Figure 2.2: Confocal micrographs of GFP-engineered SaOS2 cells on two 

polymeric substrates with different backbone compositions leading to 

differing hydrophobicities. 

While qualitative differences in cell spreading are apparent, fluorescent reporter 

variations are clearly discerned through morphometric analysis.  Significant 

differences were observed in just three, simple morphometric parameters 

estimated for each reporter.  This highlights the ability of higher resolution 

imaging of GFP-reporter cells and image processing to probe cell 

responsiveness to minute variations in polymer substrates. 
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2.3.2 "Heat Map" Representation of Cell Descriptors for Combinatorial 

Biomaterials 

 Morphometric image analysis can be a powerful tool in identifying cellular 

responses to biomaterials that may seem qualitatively difficult to distinguish.  As 

indicated in Fig. 2.3, Saos-2/GFP-actin cells grown on poly(DTE carbonate), 

poly(DTE-co-4%PEG carbonate), poly(DTE-co-10%DT carbonate), and 

poly(DTE-co-4%PEG-co-10%DT carbonate) were nearly indistinguishable 

through visual observation.  However, through quantitative morphometry it was 

possible to expose polymer-dependent differences in cell shape based 

descriptors.  Selected descriptors of cellular morphology showed statistical 

variations on the different substrates.  Certain material discriminating descriptors 

(MDD’s) are sensitive to the addition of PEG (Perimeter), charge (Radius and 

Radius Ratio), or both PEG and charge to the polymer backbone.  While the 

addition of PEG or charge alone to the polymer backbone did not result in 

significant changes in cellular shape, the combination of both charge and PEG 

had a profound effect.  From the color-coded "heat map", descriptors can be 

identified that are responsive to single elements of chemical change within a 

combinatorial library.  For example, the radius ratio of a cell is statistically 

different with the addition of charge to the polymer backbone, regardless of the 

presence of PEG.  Because radius ratio appears sensitive to the addition of 

charge to the substrate, it therefore functions as one cellular morphological 

reporter of the presence of charge to the polymer. 
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Figure 2.3: Cell responses to a combinatorial variation in substrate 

properties can be discerned using high content imaging of cell GFP-

reporters and a "heat map" representation of variations in morphometric 

descriptors. 

This figure illustrates the representative cell images (top) and the corresponding 

heat map for the morphometric analysis (bottom) of Saos-2 / GFP-actin cells on 

poly(DTE carbonate) polymer substrates with additions of charge, PEG or both 

PEG and charge.  It is challenging to resolve the qualitative differences between 

cells on the multiple substrates.  However, the heat map representation of the 

quantitative descriptors allows such differences to be determined.  A strong 
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statistical difference in descriptor value (Student’s T-test P value  0) is 

represented by blue, a moderate difference by turquoise, a minor difference by 

orange and no statistical difference (P value  1) by red.  Note that the colors do 

not indicate whether the descriptor value is higher or lower than the descriptor 

value for cells cultured on Poly(DTE carbonate). 
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2.3.3 Morphometric Descriptors of Cell Functional Fates on Biomaterials 

 In addition to morphological features, GFP-based signaling reporters were 

used to characterize functional differences in cellular response to constitutive 

difference in the substrates.  For example, it has been demonstrated that GFP-

GAPDH translocates from the cytoplasm to the nucleus during early stages of 

apoptosis (223) in a wide variety of cell types. A significant increase in apoptosis 

(measured via Mitocapture assay) was seen in Saos-2/GFP-GAPDH cells grown 

on poly (I2DTE carbonate) compared to growth on poly(DTE-co-10%DT 

carbonate) (p<0.05).   We quantified the inverse "margination" descriptor of 

Saos-2 / GFP-GAPDH distribution within cells grown on poly(DTE carbonate), 

poly(DTE co-10% DT carbonate), and poly(I2DTE carbonate), which is indicative 

of the cytoplasmic to nuclear distribution of GFP-GAPDH.  This descriptor 

correlated well with independent measures of cell apoptosis (Fig. 2.4). 
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Figure 2.4: Morphometric descriptors quantified for cell fluorescent 

reporters can be used to profile cell functional fate on biomaterials, for 

example, cell apoptosis.  

GFP-GAPDH transfected Saos-22 cells were cultured for 72 hours on control 

films of poly(DTE carbonate) and poly(DTE carbonate) incorporating charge 

(DT), and both charge and a heteroatom, iodine. The inverse margination 

(nuclear to cytoplasmic ratio) of Saos-2/GFP-GAPDH (white) was correlated with 

fluorescence intensity from Mitocapture assay (gray) and Saos-2 cells (gray) 

*p<0.05 vs. others among white bar groups.. † p<0.05 between the lined gray bar 

groups (figure supplied by Dr. Hak Joon Sung). 

 . 



50 

 

 

2.4 Discussion:  

 Cell interactions with biomaterials have been traditionally examined in 

terms of cellular functions, which are then correlated to biomaterial properties.  

However, many cell functions do not respond systematically to variations in 

biomaterial chemistry or physical features, confounding the elucidation of the 

underlying structure-function relations.  This challenge gets compounded for the 

next-generation biomaterials that are combinatorially designed and synthesized.  

Such polymeric materials present a wide range of chemical, structural and 

physical properties, which can interact in multiple ways with biological systems 

including extracellular matrix components and cells.   The present report offers a 

simple approach to quantitatively "profile" biomaterials in terms of intracellular 

descriptors of the morphometric organization of GFP-engineered cells.   

 The current development of GFP-based expression markers has 

proceeded largely following the emphasis on detecting on and off molecular 

expression and interaction involved in intracellular events.  Examples include 

GFP-based protein-protein interactions, histone methylation, and tyrosine kinase 

activity (226-228).  The present study highlights methodologies to utilize these 

GFP fusion genes as visual live reporters for quantitative characterization of cell-

biomaterials interactions.  Using polymer members of a recently established 

library of biomaterials, we have demonstrated that the integrated use of GFP 

reporter cells, live (confocal) imaging, and simple morphometric analysis, can be 

used as a basis to (a) elucidate quantitative changes in cell responses to minute 
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variations in biomaterial substrates; (b) help codify cell descriptors that report on 

specific variations in biomaterial properties; and (c) relate cell morphometrics to 

cell functions.   

 The major advantage of using GFP-based live reporters to profile 

biomaterials is the ability to easily obtain dynamic imaging over time compared 

with the need for multiple, fixed preparations inherent to immunocytochemical 

methods, and the introduction of artifacts related to the use of vital stains (229-

231).   In addition, by eschewing fixation of tissue or cell specimens, artifacts 

related to possible differential cell adhesion to chemically and structurally diverse 

biomaterial surfaces can be avoided.  For instance, we have observed that cell 

morphologic descriptors in fixed cells are altered in relation to those of unfixed, 

reporter cells (Fig. 2.5).  While heterogeneous cell morphologies were observed 

on substrates both with and without fixation, population distributions of live cells 

imaged on particular substrates were highly reproducible.  When cells underwent 

fixation, not only were calculated morphometrics incongruent with those attained 

in live cell imaging, but the relative trends of the descriptors based on polymer 

chemistry were skewed.  For example, the calculated average cell area for live 

cells cultured on poly(DTE-co-10% DT carbonate) was indistinguishable from 

those cultures on poly(DTE carbonate).  However, when cells were fixed, the 

average cell area on the charge (DT) containing polymers doubled relative to 

those on DT-deficient poly(DTE carbonate) (Fig. 2.5).  Cell fixation and 

subsequent processing (washes) allows only the most adherent cells to be 

imaged and evaluated, skewing the complete range of morphogenetic response 
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of cells to the substrate.  The practical limitation posed by the GFP-reporter 

approach is the challenge of generating specific GFP fusion genes and their 

introduction into a variety of different cell types. This problem is magnified by the 

low frequency of transfection often associated with primary cells, which are 

coincidentally just the cells whose responses to polymer substrates are of most 

interest to biomaterials scientists and bioengineers.  For this reason the cell 

types employed in this study for method development were the CHO-K1 and 

Saos-2.  Their immortalized nature facilitated the development of reporter cells 

because they demonstrated high transfection efficiencies with the ability to 

undergo numerous stable line selection passages without perturbation of cellular 

behavior.  However, the method presented may be adapted to primary cell lines 

of interest given that the desired fusion genes can be incorporated into the 

primary cell lines, albeit with low efficiency.  The morphological screening method 

presented is amenable to low transfection efficiencies because not every cell 

need be imaged, just enough cells to provide a representative population 

distribution.  Thus, while this study utilizes immortalized cell lines for method 

development, the method is robust in that it can be adapted for the 

characterization of primary cells cultured on biomaterial substrates.   

 Our studies using cell fluorescent reporters demonstrated differences in 

cellular response associated with polymer constitutive and surface properties.  

For example, increased substrate hydrophobicity generated by side chain 

extension or the inclusion of iodine into poly(DTE carbonate) reduced cell 

spreading descriptors and altered the organization of structural components of 
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the cytoskeleton and focal adhesions.  Using the distribution descriptors for GFP-

GAPDH, we confirmed that polymers-incorporating iodine stimulated apoptosis in 

Saos-2 cells.  Although mechanisms of apoptosis on our substrates are not clear, 

these results are consistent with previous studies that have shown that molecular 

iodine (232) and excess iodide in the form of KI (233) can stimulate apoptosis in 

vitro in breast and thyroid cells, respectively, and that hydrophobic substrates 

elicited increased apoptosis in the human osteosarcoma cell line, MG63 (234).  

 The "heat map" representation of the calculated descriptors represents a 

powerful tool for the efficient analysis of cell-biomaterial interactions.  

Combinatorial-based libraries with large numbers of polymers are particularly 

well suited to this method of analysis.  The heat map representation may 

facilitate the rapid identification of polymer substrates of interest because 

polymers that elicit statistically different cell population morphologies are readily 

identifiable.  Through our “heat map” analysis, we identified poly(DTE-co-

4%PEG-co-10%DT carbonate) as a polymer that induces large morphological 

changes in cellular functions.  Previously, Weber et al. identified polycarbonates 

containing PEG and DT as those that invoked desired cellular and protein 

adsorption responses for use in blood contacting polymer stents (235).   This 

finding was ascertained via the systematic and time-consuming study of 

copolymer systems, but might have benefited from a more “high-throughput” 

cellular based “heat-map” approach that could have isolated cell profiles for 

polymer compositions of interest. 
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Figure 2.5: Living cell reporters offer clear advantages over fixed cells 

toward effective computation of cell descriptors on biomaterials 

Morphometric descriptors were compared for 17 cell shape descriptors of cells 

cultured on poly(DTE-co-10%DT carbonate).   Descriptors were calculated for 

individual cells, with statistics shown representative of the sampled population of 

cells. Trials were performed where cells were fixed to determine if fixation alters 

computed descriptors. The descriptors for fixed cells were skewed toward 

descriptors of the more adherent cell subpopulation.  Multiple trials were 

performed to ascertain the consistency of the living cell descriptors on the 

different polymers and are represented by the two experimental “Live Cell” data 

sets within the figure.  These two “Live Cell” groups represent two independent 
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experiments of morphometric analysis of populations of engineered living cells 

cultured on the aforementioned polymer substrate.  Living cell morphometric 

descriptors were found to be highly reproducible. 
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2.5 Conclusion: 

 In conclusion, we present an imaging and image analysis based approach 

to decode the simplest morphologic cell responses to biomaterials.  These 

approaches can be easily extended to other two-dimensional substrates as well 

as three-dimensional materials.  The descriptors defined in this study are 

morphometric in nature, but can, in theory, be extended to other aspects of the 

cytoskeletal organization, as well as to its dynamics.  More rigorous modeling 

approaches will be necessary to relate the cell descriptors to biochemical "signal 

inputs" from the substrate, on the one hand, and to the "downstream" cell 

functions, on the other.  Taken together, these experimental approaches coupled 

with computational approaches for mining and modeling the data may have the 

potential to advance the field of biomaterial informatics (123) and to piece 

together the biological data necessary to put together "material biointeractomes". 
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3 High-content profiling of cell responsiveness to graded substrates 

based on combinatorially variant polymers. 

Note: This chapter is reproduced from the following publication: 

Liu, E., M.D. Treiser, H. Patel, H.J. Sung, K.E. Roskov, J. Kohn, M.L. Becker, 

and P.V. Moghe. 2009. “High-content profiling of cell responsiveness to graded 

substrates based on combinatorially variant polymers”. Combinatorial Chemistry 

and High-throughput Screening - Special Issue on Combinatorial and High-

Throughput Screening of Cell Response to Biomaterials 12(6). © 2009 Chemistry 

and High-throughput Screening.  Permission pending. 

3.1 Introduction 

 Polymer substrates differing in chemical properties, post-processing 

physical properties, and geometries have been shown to cause variable changes 

in cellular processes by way of alterations in protein adsorption, cell adhesion 

and spreading, and extracellular matrix production (236, 237). Parameters such 

as hydrophobicity, physicomechanics, architecture, and differential ligand 

conditioning represent strong determinants of both cell function and phenotypic 

expression (155, 219, 238, 239). Most of the studies to date depend on 

traditional characterization assays and a limited number of material conditions.  

This limitation on potential physical parameter space represents a significant 

shortcoming as interesting behaviors elicited in response to incremental but 

unselected experimental conditions may be overlooked.  

 Current trends in polymeric biomaterials discovery have expanded from 

the synthesis of a few potential materials to the design of relatively large libraries 
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of combinatorially derived materials (123, 124, 126). These libraries permit the 

exploration of a large physico-chemical "property" space while simultaneously 

promoting the development of detailed relationships that relate cellular actions to 

material parameters (129, 138, 240).  Advances in instrumentation for the 

synthesis and assembly of large polymer libraries have expanded the size and 

complexity of available material arrays (127).  The advantage of such sizeable 

material test sets lies in the more thorough examination of cell-material behaviors 

that would have otherwise gone unnoticed when investigating smaller libraries. 

However, the full impact of combinatorial polymer libraries will be realized only 

with the development of methods that are able to evaluate material performance 

on the scale of the synthesis (123). Unfortunately, traditional approaches to the 

characterization and the biological screening of materials are not amenable to 

the rapid evaluation of large member material sets and therefore, necessitate the 

development of novel screening approaches.   

 One technique that has garnered significant interest involves the creation 

of single substrates with spatially resolved chemistries, roughness, and/or 

microstructures (128, 134, 241-243). Single substrate approaches allow for the 

assay of cellular response to materials of differing properties with equivalent 

processing conditions and faster data acquisition, thereby providing lower 

experimental error (131, 132). Additionally, studies that vary both chemistry and 

temperature and utilize gradient-based technology permit the simultaneous study 

of continuous ranges of chemical and topographical properties (128, 129, 243, 

244). These methods represent great potential as they map the near complete 
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compositional and processing experimental space of binary blends.  This matrix 

of chemistries and surface physical properties further facilitates the identification 

of potentially new structure-function relationships that may help biomaterial 

scientists to rationally design materials to meet specific applications. 

 To establish cell-material relationships, it is necessary to isolate individual 

material parameters and their effects on specific responses.  Zapata et al. 

employed continuous temperature gradients to assess osteoblast response to 

demixed polymer blends (243). Previously, Bailey et al. utilized discrete binary 

blends of two tyrosine-derived polycarbonates, poly(DTE carbonate) and  

poly(DTO carbonate) (abbreviated as pDTEc and pDTOc, respectively, 

throughout this manuscript) and used phase separation-induced topography to 

determine how changes in material surface energetics and roughness affect cells 

grown on these surfaces (242). These studies demonstrated that surface 

microstructure and topography strongly influenced cell attachment, spreading, 

and proliferation.  One limitation highlighted by the authors in this study was that 

because the topographical features of the surface were dependent on both 

composition and temperature, universal structure-function correlations regarding 

roughness, surface chemistry, and cell responses could not be readily 

ascertained.  

 Recently, Treiser et al. published a technique whereby high-content 

imaging of cell morphology yielded a large number of quantifiable descriptors that 

can be used to potentially discern combinatorial variations in substrate 

composition (245). Using a similar high content imaging approach, this study 
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derives morphometric descriptors from cells cultured on discrete binary blends of 

pDTEc and pDTOc that have been annealed on a gradient heat stage, which 

yields a temperature-induced roughness profile. Cell descriptors that are 

sensitive to roughness and/or surface chemistry are identified, and were utilized 

to decouple the effects of roughness and surface chemistry on cell attachment 

and adhesion strength.  This study demonstrates a fast-screening, high-content 

imaging method to discern how surface topography and surface energy of 

structurally similar but compositionally varying, immiscible blends affect biological 

response on two dimensional gradient substrates. 
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3.2 Materials and Methods 

3.2.1 Polymer synthesis and gradient fabrication  

Tyrosine-derived polycarbonates were synthesized as described previously 

(215). Poly(desaminotyrosyl-tyrosine alkyl ester carbonate)s are referred to as 

poly(DTR carbonate)s, where R represents the alkyl ester pendent chain. In this 

study R is either ethyl (DTE) or octyl (DTO).  The mass-average molecular mass 

and molecular mass distribution Mw/Mn (PDI) for each of the polymers are listed.  

Poly(DTE carbonate) (abbreviated pDTEc): Mw = 131,000, PDI = 3.0; poly(DTO 

carbonate) (abbreviated pDTOc): Mw = 61,500, PDI = 2.7.    

3.2.2 Annealing Gradient Preparation   

Discrete composition thin film strips of pDTEc and pDTOc tyrosine-derived 

polycarbonate homopolymers and blends (70/30,50/50,30/70 ratio 

pDTEc/pDTOc, by mass) were fabricated on a single 42 mm round glass 

coverslip (VWR, No 1½) by flow coating (Fig. 3.1) (246).  Briefly, 3 % (mass 

fraction) solutions of each mixture were dissolved in methylene chloride and 25 

mL drops were placed under the blade.  The coating conditions were stage 

acceleration of 25 mm/s2, stage velocity of 15 mm/s and a spread distance of 40 

mm resulting in films approximately 0.2 mm thick.  The substrates were then 

subjected to a variable temperature heating stage exhibiting a well-defined linear 

temperature range to induce phase-separation (128).  The range and slope of the 

temperature gradient are tailored through the respective block temperatures and 

their distance apart.  All gradients and control films were annealed for 48 h in air. 
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The final substrates consisted of five discrete polymer strips (two homopolymer and 

three blends) on a single coverslip which were subjected to a linear annealing 

temperature profile orthogonal to the respective compositions.  This format yielded 

"two-dimensional gradients substrates” (“two-dimensional gradients substrates will 

be used to refer to these substrates with a continuous temperature gradient in one 

dimension and a discrete compositional gradient in the other).  The films were 

sterilized using ethylene oxide and degassed for 48 h prior to use.   

3.2.3 Atomic Force Microscopy (AFM)   

Tapping-mode atomic force microscopy measurements were conducted in air 

with a Nanoscope IV system (Digital Instruments) operated under ambient 

conditions with standard silicon tips (Nanodevices; L, 125 µm; normal spring 

constant, 40 N/m; resonance frequency, (300 to 360) kHz).  Images were 

collected using automated data acquisition every 2.5 mm.  Root mean square 

(RMS) roughness measurements were determined using standard Digital 

Instruments software; averages and standard deviations were determined from 

two measurements at each distance from each of two different polymer thin film 

coated coverslips (n=4).  Normalized mean gradients of steepness were 

calculated for 5 positions at 5 mm intervals for each of the compositional strips. 

Normalized gradient steepness was calculated with the following formula:  

 

Normalized gradient steepness = 
! RMS Roughness

Physical Distance( ) Mean RMS roughness( )
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Figure 3.1: Fabrication of 2D orthogonal composition/roughness gradient 

platform. 

a) Schematic of roughness gradient polymer substrate fabrication using the 

annealing temperature gradient platform.  b) Overview of the design of the 

roughness gradient substrates based on polymer blends. Along the horizontal 

axis is a continuous temperature annealing gradient; along the vertical axis is the 
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compositional variation of pDTEc/pDTOc blends. (Figure Courtesy of Dr. 

Matthew Becker). 
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Cell culture and Transfection.  

Human Saos-2 cells (a gift from Dr. David Denhardt; Rutgers University) 

transfected with a Green Fluorescent Protein (GFP)-tagged farnesylation (GFP-f) 

gene were used as a model cell line to probe the morphology and organization of 

cells cultured on topological gradients of poly(DTE carbonate) and poly(DTO 

carbonate) blends.  The gene that encodes the farnesylation protein is fused with 

the EGFP gene in the vector (Clontech, Mountain View, CA). 3 SV40 viral 

promoter is used for the expression of GFP-farnesylation protein in mammalian 

cells. The farnesylation gene codes for a 20 amino acid sequence, which 

translates to the farnesylation protein that targets and binds to Ha-Ras, creating 

the farnesylated Ras protein complex. This binding process is mediated by a 

farnesyl transferase enzyme, which accompanies targeting of the protein 

complex to the inner face of the cellular plasma membrane. Because pEGFP is 

tagged to the farnesylation gene within the same vector, EGFP and farnesylation 

proteins are co-expressed, and EGFP can therefore be utilized as a visual 

indicator of activation of the Ras-farnesylation process, as well as an intracellular 

tracer to track the farnesylated Ras protein complex as it localizes to the plasma 

membrane. Therefore, using the pEGFP-farnesylation reporter gene provides 

two simultaneous advantages: 1) a membrane marker, which allows for 

fluorescent demarcation and resolution of the plasma membrane and is used for 

morphometric cellular analysis, and 2) an indicator of cell signaling activation 

related to oncogenic Ras-mediated cell proliferation, which is presented as GFP-f 
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intensity descriptors, such as standard deviation, mean, maximum, and minimum 

values of the density (GFP-f fluorescence intensity normalized to cell area). The 

transfection process was performed as previously described (245). Briefly, Saos-

2 cells were propagated in HAM’s F12 (F12H) culture medium (Invitrogen, 

Carlsbad, CA, USA) supplemented with L-glutamine, penicillin-streptomycin, and 

10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, USA).  Cells were 

transfected with Lipofectamine™ supplemented with PLUS™ reagent 

(Invitrogen), and stable lines were selected using 0.5 mg/mL G418 (Sigma-

Aldrich).  Saos-2 GFP-f cells were cultured in flasks (75 cm2 surface area) at 37 

oC in a fully humidified atmosphere with 5 % CO2 in F12H (Invitrogen, Carlsbad, 

CA) supplemented with L-glutamine, penicillin-streptomycin, and 10 % fetal 

bovine serum (Sigma; St. Louis, MO).  Medium was changed twice weekly and 

cultures were passaged with 0.25 % Trypsin EDTA (Lonza Inc., Walkersville).  

3.2.4 Confocal Microscopy and Imaging  

Saos-2 GFP-f cells were cultured on the roughness gradient substrates and 

incubated for 24 h at 37 °C.  Live cell, real-time imaging was performed within a 

temperature controlled POC chamber retrofitted on the motorized stage of a 

Leica TCS SP2 confocal laser scanning microscope (CLSM) (Leica 

Microsystems Inc. Exton, PA).  Green fluorescent images of cells were acquired 

using a 488 nm excitation with a 500 to 535 nm emission bandpass filter. All 

image frames underwent two line and frame averaging.   For higher throughput 

cell attachment and adhesion imaging, tile-scanned CLSM images were obtained 

at low (10X objective, numerical aperture (NA) =0.7) magnification over a 2.5 mm 
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x 30 mm region (n = 6).  For high-content imaging, single cells were viewed 

under high magnification (63x oil immersion objective NA=1.3) for the 

quantification of morphologically based cell descriptors (Image Pro Plus, Silver 

Spring, MD) and functional data (e.g. cell attachment and spreading). For the 

high-content imaging 15-30 cells per position (5 positions per composition) were 

examined for two independent substrates (n = 2).   

3.2.5 Degree of Cell Attachment  

Cells were seeded (6000 cells/ cm2) on polymer gradient substrates and 

incubated for 24 h (n = 2). The culture medium was removed and the disks were 

washed carefully with PBS to remove any unattached cells. The roughness 

gradients underwent tile scanning as described previously.  The total number of 

cells within a region was determined. 

3.2.6 Degree of Cell Adhesion Strength 

The cell adhesion strength was quantified by determining the centrifugal force 

required to detach a critical fraction of adherent cells from the respective position 

on the gradient substrates.  Cells were seeded (6000 cells/ cm2) on the gradient 

substrates and allowed to adhere for 1 h. Samples were then inverted and plates 

were filled with 1x DPBS solution (Lonza Inc.).  The substrates were subjected to 

stepwise increases in centrifugal force ((200 to 800) rpm, corresponding to (9 to 

146 x g) in a Beckman centrifuge for 5 min at room temperature. The number of 

adherent cells remaining on each surface was determined microscopically in six 

random positions on two independent samples (n = 2).  The mean detachment 
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force required to remove a critical fraction of adherent cells was calculated from 

the following relationship: )( mccVRCFf !! "#= ,  where RCF  is the centrifugal 

force applied to the samples, 
c
V is the volume of a cell, and 

c
!  and 

m
! are the 

densities of a cell and the medium respectively (247). 

3.2.7 GFP-Farnesylation Based Morphometric Descriptors of Single Cells  

Individual cell images of GFP-fusion protein expressing cells acquired through 

confocal microscopy were exported to Image Pro Plus (Version 5.1 for windows, 

Media Cybernetics, Inc., MD, USA) for morphometric descriptor generation.  

Image processing algorithms included contrast enhancement, low 

pass/sobel/flatten filtering, intensity-based thresholding, morphological 

operations, and parameter measurements. 15-30 cells examined from each 

position were used to calculate a population distribution for each descriptor.  

 The GFP-f descriptors were analyzed in two ways. The first utilized the 

ability of GFP-tagged farnesylation protein to fluorescently demarcate the plasma 

membrane. This analysis was not affected by variations in GFP-f fluorescence 

intensity, but was valid as long as the plasma membrane demarcation could be 

identified through image processing algorithms. It was possible to measure the 

cell boundary through membrane demarcation at even minimal fluorescence 

signaling around the plasma membrane. This analysis provided various cellular 

morphologic parameters: area; perimeter; lengths of major and minor axes of the 

ellipse circumscribing the same geometric area of the cell; mean radius; mean 

diameter; roundness; protrusions; protrusion length; mean feret length; maximum 

feret length; and minimum feret length. The second mode of analysis scrutinized 
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the variation in GFP-f fluorescence intensity within a single cell area. This 

analysis relates to the level of intracellular expression of the farnesylation protein 

and to Ras-mediated cell signaling activity, as described above. It provided us 

with another class of descriptor parameters: mean, sum, and standard deviation 

of density (GFP-f fluorescence intensity normalized to cell area); margination; 

heterogeneity; and clumpiness.   

 All descriptors listed were calculated utilizing standard object descriptors 

provided with Image Pro Plus software.  SPSS statistical software (SPSS; 

Chicago, IL, USA) was then used to determine which high-content descriptors 

correlated best with surface roughness and cell attachment on the gradient 

surfaces.  Bivariate correlation coefficients were computed relating each of the 

descriptors with surface roughness and cell attachment.  Correlation coefficients 

that were found to be statistically significant (p<0.05 unless otherwise noted) 

were extracted for further analysis. 

3.2.8 Statistical Analysis 

Statistical analysis was performed on morphometric parameters using SPSS 

software and included analysis of variance (ANOVA) with Tukey’s HSD post hoc 

method and other multivariate statistical tools. The differences were considered 

significant for p < 0.05 unless otherwise noted.  Error bars indicate the standard 

uncertainty around the mean. 
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3.3 Results and discussion 

3.3.1 Two-dimensional gradient fabrication 

 Significant efforts have been expended to develop a versatile platform 

capable of varying one or more material properties with well-defined spatial 

constraints for biomaterials applications. However, unexpected physical and 

chemical variations which occur during the material processing remain a 

persistent challenge (128). These variations impede a correlation-based 

interpretation of biological events.  The combinatorial platform presented in this 

study was designed to vary two material properties (i.e., surface topography and 

chemical composition) in a two-dimensional gradient platform (Fig. 3.1b). This 

platform affords the simultaneous evaluation of the topographical changes that 

present themselves during the phase separation process within a series of 

discrete blend compositions.  Unlike current microarray-based methods (137) for 

the concurrent assessment of hundreds of potential biomaterials, the orthogonal 

gradient approach in this study focuses on the detailed examination of the effects 

of two material properties; surface topography associated with phase separation 

and composition, on cellular responses within a single substrate. 

 The phase-separation technique has been utilized to produce a variety of 

surface features in polymer blends (128, 129, 134, 241-243). Unlike other 

technologies, including laser ablation (248, 249), helium irradiation (250), and 

imprint lithography (238), which produce discrete topographical features on 

polymer surfaces, this temperature gradient method produces a wider variation in 
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surface properties. The demixing process was induced by annealing the blends 

of pDTEc/pDTOc on a hot stage possessing a linear temperature gradient.  This 

resulted in a composition-dependent change in the surface roughness and 

surface-available phase fraction, which were determined by AFM measurements 

(Fig. 3.2).  The slope of the roughness variation was determined mainly from the 

pDTEc content in the blend.  Phase separation is a kinetically controlled process 

and as the temperature of the thermal stage approached the glass transition 

temperature (Tg) of the pDTEc (99.2 ± 0.7 and 52.6 ± 1.6 oC for pDTEc and 

pDTOc respectively) (242) the demixing process slows appreciably.  The phase-

separated surface of 50/50 pDTEc/pDTOc blends exhibited RMS roughness 

values ranging from 68 nm to 5 nm. Similar pseudo-linear curves with varying 

slopes in the surface roughness were observed on 70/30 and 30/70 

pDTEc/pDTOc blends with RMS roughness values ranging from 35 nm-5 nm and 

50 nm-5 nm, respectively (Fig. 3.2). The reproducibility and the pseudo-linear 

increase in the surface roughness that were demonstrated in this study indicate 

that the temperature gradient technologies can be utilized as a reliable property-

controlled gradient platform.   Complicating the trend elucidation is the fact that 

the respective components of the phase-separated surfaces exhibit markedly 

different behavior.  The variable annealing temperature procedure yields a profile 

that possesses various amounts of each phase at the surface.  As the individual 

components each have different protein adsorption behavior, the variable profile 

has rich physico-chemical phase space.  Composition control in the form of 

discrete blends simplifies further the potential chemical variability.   
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Figure 3.2: Surface roughness characterization of gradient substrate with 

AFM tapping mode 

a) AFM phase images were taken along 30/70 pDTEc/pDTOc roughness 

gradients at an interval of 2.5 mm.  The five positions selected are represented 

by p1 through p5.  b) Comparison of different RMS roughness (computed from 

AFM height images; n=4) along annealing temperature gradients of the 

respective pDTEc/pDTOc blend compositions.  The RMS roughness of the 
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respective polymer blends decreases monotonically with composition as the 

temperature approaches the glass transition temperature of p(DTE)c.  The RMS 

roughness of homopolymers (pDTEc or pDTOc) stays constant at 1~5 nm along 

annealing temperature gradient. The dotted vertical line indicates the extremity of 

the range of roughness conditions shown in Panel (a). (Figure provided by Dr. 

Matthew Becker). 
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3.3.2 Cellular attachment and adhesion evaluation 

 Rapid screening of cell population-level adhesive responses was 

conducted through tile-scanning of images of Saos-2 GFP-f adherent cells to 

different regions of the polymer roughness gradients.  Cells were found to attach 

in greater numbers to the pDTEc than to the pDTOc (Fig. 3.3 and 3.4).  As both 

homopolymer surfaces were relatively smooth, these variations in cell attachment 

are likely due to differences in polymer hydrophobicity (242) and protein 

adsorption. The homopolymer pDTOc has a longer hydrocarbon pendant chain 

and is more hydrophobic than pDTEc.  This result is consistent with previously 

reported in vitro and in vivo studies (215, 216, 242) demonstrating an inverse 

correlation between cell adhesion, spreading, and growth, and polymer 

hydrophobicity.  With regards to surface features, Washburn et al. (133) reported 

that cells on the 12 nm rough surface exhibited increased spreading, more 

readily entered into the proliferative S-phase, and showed more profuse F-actin 

organization compared to those on the 1 nm rough surface. This study suggests 

that cell proliferation and cytoskeletal organization are controlled by the 

nanometer scale topography.  The present study showed that for a given blend 

composition, the cell attachment increased monotonically with the degree of 

surface roughness until the RMS value reached 30 to 40 nm in the 50/50 

pDTEc/pDTOc blends. However, cell attachment to the surfaces with RMS 

roughness values greater than 40 nm was diminished. While, a similar pattern 
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was observed for cell attachment on 70/30 and 30/70 pDTEc/pDTOc blends, the 

greatest overall cell attachment was observed on the 50/50 blends.   

Further, we observed that the locations in the pDTEc/pDTOc blends with the 

most significant changes in topographical slope, about (5 to 10) mm along the 

roughness gradient, exhibited RMS roughness values of (30 to 40) nm and 

maximum cell attachment.  Whether the roughness gradient steepness is a 

significant determinant of cell attachment and spreading remains to be 

confirmed.  Our substrates presented both varying roughness and roughness 

gradient steepnesses on different blend compositions, so the roles of roughness 

and the gradients need to be decoupled.  We examined whether cell adhesion 

profiles are governed by a specific gradient steepness of roughness, an index 

defined as steepness of roughness gradient divided by average degree of local 

roughness (Fig. 3.4).  This index allows comparison of roughness gradients over 

regions of varying average roughness.  Three trends appear to emerge.  In 

general, regions with greater specific gradient steepness of roughness correlated 

with increased cell adhesion, suggesting that (apart from degree of roughness), 

the degree of gradient of roughness is a likely determinant of cell response.  

Second, the slope of the linear best fits to Fig. 3.4 (see equations in caption for 

Fig. 3.4) was greatest for the 30/70 pDTEc/pDTOc blend composition, 

suggesting that the gradient steepness has the most pronounced effect on cell 

adhesion on the pDTO-rich blends, consistent with the notion that the 

homopolymer pDTOc elicits lower levels of cell adhesion.  Finally, the 50/50 

pDTEc/pDTOc blends showed variable cell adhesion for similar values of specific 
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gradient steepness, suggesting that the roughness gradient steepness is a 

weaker determinant than the average degree of roughness and blend chemistry 

for this blend composition. The 50/50 blends had the greatest overall cell 

adhesion (Fig. 3.3 and 3.4) at comparable roughness and lower roughness 

gradient steepness than the other blends and greater adhesion than either of the 

homopolymer substrates.  This seems to support the dominance of blend 

chemistry in cell adhesion behavior in the 50/50 composition.  

The degree of cell adhesion strength was measured indirectly by counting 

the number of cells that still remained on the substrate after differential 

centrifugal fields (Fig. 3.5a-b).  The detachment curves demonstrated that the 

cells adhered more strongly to the rough surfaces than the smooth surfaces for a 

given composition; this was indicated by the decreased absolute value of the 

slope of the detachment curve, as compared to the slope of graphs obtained 

from the smoother surfaces in Fig. 3.5.  Notably, cells adhered more strongly to 

the 50/50 pDTEc/pDTOc blends than to pDTEc, indicating that polymer 

composition and roughness can cooperatively sensitize cell adhesion and 

cytoskeletal organization.  Our rapid screening studies also revealed that cell 

adhesion force increased monotonically with the surface roughness of the 

substrate on all the blends (Fig. 3.3). In contrast, we found biphasic patterns in 

both cell attachment and spreading, as evidenced by the fact that both cell 

attachment and spreading increased significantly at the position with intermediate 

roughness (RMS value: ~ 40 nm) as compared to other positions with higher or 

lower levels of roughness. 
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Figure 3.3: Degree of cell adhesion (24 h) was plotted versus RMS roughness on 

the substrates with roughness gradients. 

Cell adhesion was analyzed at 5 different locations spaced 5 mm apart for each 

compositional strip. The number of cells attached along the roughness gradient 

displayed a biphasic correlation with the RMS roughness of the substrate 

surface. 

  



78 

 

 

Figure 3.4: Cell adhesion (24 h) was plotted versus the specific gradient 

steepness of roughness, an index that corrects for varying degrees of 

roughness in different regions of the gradient steepness. 

The number of cells attached to different positions on the substrates and different 

blend compositions are correlated with the “normalized” gradient steepness of 

the substrate surface.  The best fit equations for the three compositions are: 

70DTE/30DTO: y=62.3+182.45x  R2=0.69; 50DTE/50DTO: y=70.87+181.54x  

R2=0.89; 30DTE/70DTO: y=58.65+283.25x  R2=0.80 
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Figure 3.5: Saos-2 GFP-f cell adhesion force measurement using high 

throughput imaging. 

(a-c) Saos-2 GFP-f cells were seeded on roughness gradients, incubated for 1h 

and centrifuged at 200~800rpm (9~137xg).   Tile-scans were constructed for 

each of the substrate gradients with the 10x objective of a Leica TCS SP2 

CLSM/MPM microscope. Cell number of GFP fluorescencent cells was 
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determined by counting the number of fluorescent cells remaining.  The 5 

positions noted (p1-p5) refer to 5 positions (see Fig. 3.2) along each composition 

spaced 5 mm apart.  Position 1 corresponds to the roughest portion of the 

gradient, while position 5 corresponds to the smoothest. A montage of the 

gradients of each pDTEc/pDTOc composition after centrifugation was 

reconstructed based on the tile-scanned images (1.5 x1.5 mm) in ImageJ.  A 

single example of one of these montages before centrifugation is shown for the 

70/30, 50/50 and 30/70 pDTEc/pDTOc blends (a-c respectively). The tile scan 

images were then used to determine the number of cells remaining after 

centrifugation under differential forces for the respective blends. The cell 

adhesion force monotonically increased with RMS roughness of the surface 

within individual compositions.  (d) The number of cells remaining after 

application of 40 xg detachment force was compared across polymers. The 

50/50 blend demonstrated the greatest adhesion force at 40 xg 
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The mechanistic factors underlying the role of roughness on cell adhesion 

and spreading are not entirely clear.  However, one key link may be through the 

regulation of adsorbed extracellular matrix proteins from the culture environment, 

which in turn may be altered on microphase-separated substrates with varying 

chemistry and hydrophobicity.  A number of published reports as reviewed by 

Wilson et al. indicate that the nano-scale surface roughness regulates the cell 

attachment and adhesion force through protein adsorption onto the substrate 

surface: the geometry and chemistry that are changed by the roughness 

formation can influence the concentration, conformation, and activity of the 

adsorbed proteins (251).  

  

3.3.3 High-content Single Cell Imaging on Substrates with Roughness 

Gradients 

Cell population level differences on substrates with incremental variations in 

surface physiochemical proprties can be too subtle to be captured by high 

throughput or rapid screening.  For such applications, information-rich high-

content imaging is called for.   Recently, Treiser et al. published a technique 

whereby quantitative descriptors of cell morphology are used to parse cell 

response to combinatorial polymer materials with differing chemistry (245). This 

study employed a similar technique to identify descriptors of cellular 

morphometry, which were responsive to changes in the substrate roughness. 
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Figure 3.6: Normalized cell area versus roughness. 

Cell area was utilized to characterize the spreading behavior of Saos-2 GFP-f 

cells cultured on the two dimensional gradients for 24 hours.  Similar to 24 h cell 

attachment, Saos-2 GFP-f cell spreading displayed a biphasic correlation to 

surface roughness across compositions with intermediate roughness promoting 

the largest cell areas. (n =15 to 30 cells per condition). 
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 The high-resolution imaging of the single cells and quantitative image 

analysis were used to screen the multiple cellular responses to the roughness 

gradient surfaces.  The cell morphology and spreading changed continuously 

along both the roughness gradient axes (Fig. 3.6).  At the smooth end of pDTEc-

rich compositional regions, the cells spread more relative to the hydrophobic 

pDTOc-rich surfaces. This finding is consistent with reports from a previous study 

(215). The fact that pDTEc increases cell-substrate adhesion more than cell-cell 

cohesion as proposed by Ryan et al.(252) might account for the different cell 

behaviors elicited by the two polymers. The maximum cell spreading was 

observed at the intermediate position at RMS roughness of (30 to 40) nm in the 

50/50 pDTEc/pDTOc blends.   

 The Saos-2 cells were cultured on pDTEc/pDTOc blends with roughness 

gradients, and the cell areas were computed (Fig. 3.6).   The surface roughness 

behaved in a threshold-like manner; regions containing RMS roughness values 

greater than 5 nm resulted in larger cell areas for the textured pDTEc/pDTOc 

blends as compared to the non-textured homopolymers. The RMS roughness 

exceeding 5 nm led to no significant difference in cell area.  In fact, while the 

surface features ranged from 4.3 nm to 64.2 nm in RMS height (positions located 

(0 to 15) mm), the cell area remained relatively constant except in a few positions 

on the 50/50 roughness gradient.  One of the key findings of our high-content 

imaging is that, whereas the cell area is responsive to the "presence" of surface 
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topography (243), it lacks sensitivity to differences in nanometer scale surface 

features (134).  

 Because the cell area correlated poorly with changes in the surface 

roughness, high-content image processing and statistical analysis were 

particularly valuable to potentially identify other cell morphometric parameters 

that were sensitive to the changes in roughness within individual chemistries.  

We found two such parameters: "perimeter length" of GFP-f on the 70/30 and 

30/70 pDTEc/pDTOc blends, and the "standard deviation of the intracellular 

intensity" of GFP-f on 50/50 pDTEc/pDTOc blends, which correlated well with the 

changes in the surface roughness (Fig. 3.7).  While the perimeter is often used in 

combination with cell area to measure cell spreading, we report that only the cell 

perimeter length was responsive to the surface roughness.  Since surface 

roughness can modulate cell response by affording increased anchor sites for 

cellular membrane processes, (253, 254) the changes in the membrane function 

of the Saos-2 cells might be guided by the roughness gradient and then 

coordinate changes in global cell shape.  The protein farnesylation has been 

implicated in alteration of both the cytoskeleton organization and cell functions 

via the activity changes of the Rho and Ras protein family (255, 256). An 

activation of this protein family and their downstream effectors is an important 

event in the actin-myosin operation and focal adhesion assembly, both of which 

play a significant role in actin cytoskeleton organization and cell adhesion (191-

194).  The standard deviation of farnesylation intensity, the second high-content 

parameter that our analysis yielded, may reflect some aspect of cellular 
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farnesylation activity and thus implicate a direct or an indirect role for protein 

farnesylation in the signaling events downstream of cell adhesion to our gradient 

substrates.  It should be noted that this parameter was correlated with the 

variations in the surface roughness of the 50/50 blends, but it was not as well 

correlated on the other compositional blends.  Interestingly, the 50/50 blends 

were the substrates that elicited the greatest increase in cell response to the 

increase in surface roughness.  Of note, while the statistically significant 

(p<0.05) correlation coefficients for surface roughness were found for all of the 

blends, the value of the coefficients was low (< 0.90) for the 70/30 and 50/50 

pDTEc/pDTOc blends (Figure 3.7).  The pDTEc represents a polymer surface 

composition that promotes favorable spreading and attachment of cells in 

comparison to pDTOc (215).  The low values of the correlation coefficients for the 

blends with ≥ 50 % pDTEc content may indicate that the increased presence of 

pDTEc lowers the ability to resolve cell morphologic changes that result from 

roughness alone.  This would imply that the chemistry effect of the pDTEc 

dominates over the changes in the surface roughness.  However, in polymer 

conditions composed largely of pDTOc (30/70 blends), the surface roughness 

effects on cell morphology may be resolved.  

 A major challenge in biomaterials characterization remains how to relate 

qualitative and quantitative changes in cell morphology to biological functions of 

interest. While the cell area provides a qualitative measure of cell behavior, 

quantitative correlations and the possibility that other cell morphometry-based 

descriptors will correlate with greater sensitivity and accuracy must be explored.  
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By utilizing high-content imaging, descriptors that correlated best with 1 h cellular 

attachment were identified (Fig. 3.7).  Briefly, a bivariate correlation coefficient 

was calculated (Pearson correlation coefficient) utilizing SPSS software.  

Correlation coefficients that were found to be statistically significant (p<0.05) 

were flagged and identified.  The heat map compares the descriptors on all of the 

surfaces against those on single smooth control surfaces, but it does not make 

comparisons among the different degrees of roughness.   Therefore, while the 

descriptor can be statistically different on all values of roughness versus the 

smooth surface, they could all have the same value on the different values of 

roughness and therefore have a poor correlation coefficient.  Since the heatmap 

does not represent the value of the descriptor, it alone is not able to identify 

which descriptors best correlate linearly with roughness, hence necessitating the 

use of statistical analysis.  Overall, the cell area was found to be a reliable 

predictor of cell attachment on the 50/50 blends but was not well correlated with 

attachment on the 70/30 and 30/70 pDTEc/pDTOc blends.  However, the cell 

roundness and the length of the major axis of cells correlated with the 1 h cell 

attachment on the 70/30 and 30/70 pDTEc/pDTOc blends, respectively. The 

identification of descriptors that describe cell behavioral polarity as those that 

correlate best with early cell attachment implicates global cytoskeletal 

organization as a dominant mediator or effector of early cell attachment to 

textured substrates. 
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Figure 3.7: Quantitative characterization of cell shape descriptors and 

morphologic expression of GFP-farnesylation using cell morphometric 

descriptors. 

a*) A ‘heatmap’ demonstrates the difference along roughness gradients of 

different pDTEc/pDTOc compositions.  Cell population descriptors were 

determined for cells  (15-30 cells per position) cultured at different locations 

along individual roughness gradient positions (0, 5, 10 and 15 mm) within 

compositional blends.  An ANOVA with post-hoc Tukey’s HSD was utilized to 

determine differences in mean values of cell population descriptors as compared 

to the mean values of population descriptors on smooth surfaces of the same 

composition.  The “heat map” representation identifies the statistical differences 

(P-value) between descriptor values comparing positions of increasing 

roughness and smooth positions utilizing a color-based keying system.  A strong 

statistical difference in descriptor value (ANOVA p value approaching 0) is 

represented by blue, while no statistical difference (p value approaching 1) by 

red, an intermediate color between dark blue and red indicates moderate 

statistical difference (p value between 0 and 1)  The heat map does not compare 

the mean values of descriptors between different levels of roughness within the 

same compositions, nor do the color bars correlate to the direction of the 

difference.;  b*) Identified descriptors that are sensitive to changes in surface 

roughness within polymer chemistries. Cell perimeter2 (another method of 

calculating perimeter of a cell), density (GFP-F fluorescent intensity normalized 

to cell area) standard deviation and perimeter were identified as descriptors that 
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were sensitive to surface roughness of 70/30, 50/50 and 30/70 pDTEc/pDTOc 

respectively.  c*) Identified descriptors that are well correlated to short term cell 

attachment. The 1h cell attachment was intercorrelated to cell area, axis major 

and roundness of 70/30, 50/50 and 30/70 pDTEc/pDTOc respectively.   *1) 

represents polymer blends with 70/30 pDTEc/pDTOc;  *2) represents polymer 

blends with 50/50 pDTEc/pDTOc;  *3) represents polymer blends with 30/70 

pDTEc/pDTOc. 
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 Perhaps most striking about the presented findings is the identification of 

individual measures of cell shape that are sensitive to and correlate with surface 

topography and cellular behaviors.  Typical qualitative analysis may identify 

elongation as a hallmark of surface roughness, but this relationship lacks 

reproducibility and is insensitive to small changes in material properties.  The 

high-content imaging of cells cultured on the dual-gradient substrates permitted 

the identification of cell shape descriptors that are sensitive to either roughness 

or surface wettability (Fig. 3.7).  The polygonal area of the cell was found to 

correlate with the surface energy of the material, while the perimeter length of the 

cell and the standard deviation of the intensity of GFP-f were all found to 

correlate statistically with the surface roughness. Current studies suggest that 

cell morphology and the generation of cytoskeletal tension are key regulators of 

cell function and signaling. Cell studies have highlighted the mechanisms by 

which the cell shape regulates cell cycle progression, apoptosis, and 

differentiation (87, 181-183).  If cell shape is an essential regulator of cell 

response to materials, then detailed quantitative analysis of cell morphology, as 

presented in this study, may provide new insights to determine how material 

chemistry and roughness interact to produce observable differences in the cell 

behaviors. 
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3.4 Conclusion 

 In this study, we employed both rapid screening and high-content imaging, 

two complementary approaches, to examine cellular adhesion and 

morphogenesis on compositionally differing substrate blends of two members of 

tyrosine-derived polycarbonates that possess a gradient in phase-separation that 

induces` several surface variations including hydrophobicity, individual polymer 

component and surface roughness.  The adhesion of Saos-2 cells was rapidly 

screened via tile-scanning and was found to be maximized at intermediate 

regions, characterized by intermediate levels of roughness and the steepest 

roughness gradient.  Through high-content imaging, we identified different 

morphometric parameters of the organization and intensity of GFP-f that 

correlate best with the most adhesive substrate compositions (chemistry) or with 

the degree of surface roughness.  We examined the correlations between the 

defined parameters and the cell functions (e.g. early cell adhesion) obtained by 

rapid screening.  Thus, by using a combination of high-throughput and high-

content analysis, we demonstrated that quantitative descriptors of cell 

fluororeporters can be effectively identified to parse the biologically responsive 

properties of a library of polymer substrates. 
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4  High-Content Imaging of Saos-2 Response to Tyrosine-Derived 

Polycarbonates 

4.1  Introduction 

 Substrates differing in chemical composition promote changes in cellular 

behavior.  This substrate dependent behavior is a result of the outside-in cellular 

signaling that conveys the extracellular environment to the internal machinery of 

the cell.  Of central interest to biomaterial design remains the elucidation of how 

the chemical, physical and biological properties of a material elicit cellular 

responses (257).  Studies have demonstrated that the mechanical properties (89, 

90), chemical properties (240, 258) and biological properties (219) of materials 

influence the cellular response.  Currently, biomaterial performance is assessed 

in a laborious and time-consuming manner where each material is tested with a 

model cell line.  In fact, it is the biological characterization that represents the 

rate-limiting step in the discovery of novel materials and even in the discovery of 

new uses for existing ones (123).   

 Traditionally, two separate methodologies have been proposed to 

increase the throughput of biological characterization.  The first expands the 

number of materials sampled within a given assay, therefore increasing the total 

size of the material space explored.  This has been completed a number of ways, 

but perhaps most popular is the synthesis of combinatorial libraries of materials 

that may then be resolved spatially on a single substrate (128, 134, 136, 241).  

Another approach rests on the ability to increase the quantity of information 

extracted per experiment.  For example, instead of assaying a cell for a single 
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behavior (e.g., proliferation, differentiation, or migration), a single assay may be 

performed that provides information relating to many of these behaviors. 

Recently, “high content” cell morphological based screening approaches have 

been developed for the screening of potential pharmaceuticals and biologically 

active small molecules (160-164).  Utilizing these approaches, scientists have 

been able to increase the information yield of a single assay to 108 individual 

cellular measurements (160). These assays focus on utilizing quantitative 

descriptors to screen biological compounds of potential interest in a high-

throughput manner through multivariate statistical analyses.  

 High-content screening may also play a role in the study of cell-biomaterial 

interactions.  Perhaps one of the clearest cellular processes influenced by the 

biomaterials is the spatial and morphological distribution of the cytoskeleton in 

contact with the substrate.  Studies have highlighted the importance of the 

geometry and distribution of actin filament bundles that transmit the traction 

forces which cells express during spreading against their substrates (259).   The 

actual spatial and morphological distribution of the cytoskeleton may hold 

important clues regarding the dynamics of cell spreading, cytoskeletal stiffening, 

and the nature and efficiency of outside-in signaling. This is because the 

cytoskeleton mediates contacts both on the outside, through the integrin 

complexes with extracellular substrates, as well as on the inside through 

cytosolic signaling cascades involved with second messengers and transcription 

factors. When cells contact the surface of biomaterials, the cell uses integrins to 

initiate binding to biomaterials-based matrix ligands, which mediate increases in 
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cytoskeletal tension, flattening, extension and spreading of the cells (260). The 

generation of force at integrin binding sites leads to local focal adhesion 

assembly and activation of signaling cascades and gene transcription events 

(176, 261-264), as well as to changes to the actin cytoskeleton (180, 221, 265).  

Therefore, the actin cytoskeleton may represent a “window” through which to 

characterize a number of biomaterial mediated cellular processes. 

 Currently, morphometric analysis of the cytoskeleton to culture on 

biomaterial substrates differing in chemistry has been a key aspect of the 

biological characterization of materials, but has lacked reproducible, quantifiable 

results and largely remains in the domain of qualitative observations (134, 154-

159).  However, recent advances in confocal laser scanning microscopy (CLSM), 

multi-photon microscopy (MPM) and image processing have provided the tools to 

adapt this “high content” imaging to cells cultured on biomaterials (165-169). In 

conjunction with genetic engineering, CLSM and MPM can be used to 

characterize the morphologic responses of living cells cultured on polymer 

substrates (159, 266, 267).  Simply, genetically engineered cells are cultured on 

polymer substrates and imaged at high-magnification and -resolution.  After 

imaging, quantitative metrics of the cytoskeletal organization are measured on a 

cell-by-cell basis.  Once these descriptors are obtained, as in the small molecule 

high-content paradigm, computational methods are needed to extract the 

meaningful descriptors that best report on cellular behavior. 

 Utilizing a previously described high-content imaging platform (268), this 

study focuses on defining strictly quantitative metrics of the actin cytoskeletal 
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morphology to probe the cellular responses of a model cell line (Saos-2 cells) to 

a combinatorial library of polymers. Thus, to improve the understanding of 

substrate induced changes in actin morphology, an imaging based methodology 

was developed to quantify cytoskeletal changes resulting from culture on 

polymers of differing chemistry.  Quantitative morphological descriptors based on 

the shape and distribution of cytoskeletal proteins were utilized to highlight how 

the addition of poly(ethylene glycol) (PEG), charge, and/or iodine alters cellular 

shape.  Finally, computational modeling featuring decision tree (DTs) and 

artificial neural network (ANN) analyses were employed to determine if Saos-2 

behavior might be captured within the actin cytoskeletal organization. 
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4.2  Materials and Methods 

4.2.1 Polymer Nomenclature 

Nomenclature for the polycarbonates follows previous published conventions 

(210-213).  Polymers derived from Deasminotyrosyl-Tyrosine Ethyl ester 

monomers were entitled poly(DTE carbonate)s.  Copolymers of x mole% 

Desaminotyrosyl-Tyrosine Ethyl ester with y mole% Desaminotyrosyl-Tyrosine 

(DT) and z% PEG1000 were simplified as poly(x%DTE-co-y%DT-co-z%-PEG1000 

carbonate). Finally, iodinated copolymers of x mole% Iodinated Desaminotyrosyl-

Tyrosine Ethyl ester with y mole% Iodinated Desaminotyrosyl-Tyrosine and z% 

PEG1000 were simplified as poly(x%I2DTE-co-y%I2DT-co-z%-PEG1000 carbonate). 

4.2.2 Design of Combinatorial Polymer Library 

Tyrosine-derived poly(DTE carbonate) and poly(I2DTE carbonate) and 

copolymers with PEG and DT were synthesized according to published 

procedures (210, 213, 269, 270). The molar fraction of PEG1000 blocks in the 

copolymer was varied as 0, 4, 8 and 15 mole%.  Acid containing monomers of 

Deasminotyrosyl-Tyrsoine (DT) were alternated between 0 and 10 mole%.  

Polymers containing DT, PEG and iodine were chosen because of the 

documented alteration of cellular responses elicited by these chemistries (211, 

214, 235).  Thus, it was hypothesized that large changes in cell morphology 

would be promoted by these chemistries therefore providing a suitable polymer 

test set for the development of the descriptor methodology.  Poly(D,L-lactic-co-
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glycolic acid) (Resomer 506) and poly(L-lactic acid) (Resomer L-206) were 

purchased from Boehringer Ingelheim (Ridgefield, CT, USA) (Table 4.1). 



98 

 

 

Table 4.1: List of Polymers For Saos-2 High Content Study 

List of Polymers 

1. Poly(DTE carbonate) 

2. Poly(92%DTE-co-8%PEG1000 carbonate) 

3. Poly(85%DTE-co-15%PEG1000 carbonate) 

4. Poly(96%DTE-co-4%PEG1000 carbonate) 

5. Poly(I2DTE carbonate) 

6. Poly(96%I2DTE-co-4%PEG1000 carbonate) 

7. Poly(92%I2DTE-co-8%PEG1000 carbonate) 

8. Poly(85%I2DTE-co-15%PEG1000 carbonate) 

9. Poly(90%DTE-co-10%DT carbonate) 

10. Poly(86%DTE-co-10%DT-co-4%PEG1000 carbonate) 

11. Poly(82%DTE-co-10%DT-co-8%PEG1000 carbonate) 

12. Poly(90%I2DTE-co-10%I2DT carbonate) 

13. Poly(86%I2DTE-co-10%I2DT-co-4%PEG1000 carbonate) 

14. Poly(82%I2DTE-co-10%I2DT-co-8%PEG1000 carbonate) 

15. Poly(D,L-Lactic-co-Glycolic Acid)  

16. Poly(L-Lactic Acid)  
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4.2.3 Preparation of Spin-coated Polymer Films 

Polymers were dissolved into a 1.5% (v/v) methanol in methylene chloride 

solution yielding a 1% (wt/v) polymer solution.  Solutions were filtered through 0.2 

µm pore poly(tetrafluoroethylene) filter to remove particulates.  Polymer solutions 

were then spin coated onto 35mm MatTek chambers (MatTek Corp.; Ashland, 

MA) with a central 15mm tissue culture treated coverslip bottom or onto 15mm 

glass coverslips (Fisher Scientific).  Spin coating was conducted at 2000 RPM for 

20 seconds. 

4.2.4 Culture of Saos-2 cells on Polymer Coated Glass Substrates   

7,400 GFP-actin engineered cells per cm2 were seeded into sixteen individual 

polymer coated MatTek chambers in 190 µL of HAMS F12 (Gibco) supplemented 

with 1mM HEPES (Gibco), 10% FBS (Gibco), Penicillin (250 units)/Streptomycin 

(250 µg) (Gibco), and 2mM L-glutamine (Gibco) applied to the center cover 

glass.  Cells were allowed to attach in a humidity-controlled incubator at 37oC 

and 5% CO2 for approximately 6 hours.  After the 6 hour attachment period, the 

individual MatTek chamber setups were supplemented with 3 mL of HAMS F12 

supplemented with 1mM HEPES, 10% FBS, Penicillin (250 units)/Streptomycin 

(250 µg), and 2mM L-glutamine and cultured for an additional 18 hours in a 

humidity-controlled incubator at 37oC and 5% CO2. 
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4.2.5 Determination of Saos-2 Cell Proliferation 

The percentage of cells proliferating at 24 hours after culture on different 

polymeric substrates was determined utilizing a commercially available BrdU kit 

(Catalog # 11299964001, Roche; Indianapolis, IN).  Briefly, Saos-2 cells were 

cultured on polymer coated glass coverslips (described above) for 23 hours in a 

humidity-controlled incubator at 5% CO2 and 37 oC.  At the 23rd hour, BrdU 

reagent was added to the media for an additional hour of incubation.  After a total 

of 24 hours of incubation (1 hour with BrdU), cells were fixed and labeled with 

mouse anti-BrdU antibody.  A fluorescein conjugated goat anti-mouse secondary 

was then used to label the BrdU positive cells.  The percentage of cells 

proliferating was determined via counting the number of BrdU positive cell nuclei 

versus the total number of nuclei as determined by DAPI counterstaining.  

4.2.6 Determination of Saos-2 Cell Mineralization on the Polycarbonates. 

 Polymer mediated Saos-2 mineralization at 3 weeks was determined utilizing an 

alizarin red based assay.  Saos-2 cells were cultured on polymer coated glass 

coverslips (described above) that were glued into the wells of a 24 well standard 

tissue culture polystyrene (TCPS) plate for 3 weeks in a humidity-controlled 

incubator at 5% CO2 and 37 oC.  To promote mineralization, cells were cultured 

in complete HAMS F12 media described above supplemented with 50 µg per mL 

ascorbate, 10 mM β-glyerophosphate, and 10 nM dexamethasone.  Media was 

changed every 3-4 days.  After a 3-week culture period, setups were removed 

and fixed with 4% paraformaldehyde.  Mineral was then stained with a 1% 

Alizarin Red (catalog # A5533; Sigma) in water solution at pH = 4.14.  Stained 
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mineral was solubilized utilizing 10% cetylpyridinium chloride in 10 mM sodium 

phosphate at pH = 7.0 in water.  Solubilized mineral was transferred to a new 96-

well TCPS plate and absorbance was read at 570 nm.  Background values of 

polymer only conditions were subtracted for each polymer.  

4.2.7 Engineering of Green Fluorescent Protein (GFP) Saos-2 Cell   

eGFP-actin plasmids were obtained from commercial sources (Clontech, 

Mountain View, CA).  Saos2 human osteosarcoma cells (a gift from David 

Denhardt; Rutgers University) were propagated in HAMS F12 (Invitrogen; 

Carlsbad, CA) supplemented with 2 mM glutamine, penicillin-streptomycin and 

10% fetal bovine serum (Gibco; Carlsbad, CA).  Cells were transfected with 

Lipofectamine supplemented with PLUS reagent (Invitrogen) and stable lines 

were selected using 0.5 mg/mL G-418 (Sigma; St. Louis, MO).  Saos-2 cells 

were chosen for method development because they represented an osteoblastic-

like cell type and were easily transfected with the eGFP-actin vector.   

4.2.8 Imaging of Engineered Cells on Polymer Films 

  Confocal Laser Scanning Microscopy (CLSM) imaging was performed on a 

Leica TCS SP2 system (Leica  Microsystems Inc.; Exton, PA).   Cell seeded 

coverglass bottom MatTek chambers were excited at 488 nm and a 500-550 nm 

band-pass filter channel was used to detect GFP emission.  A type HCX Plan 

APO CS 63x/1.3 glycerol immersion lens was used to obtain high-resolution 

images of individual cells and their associated cytoskeleton. All image frames 
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underwent two line and four frame averages.  Approximately 20 cells per 

substrate were imaged. 

4.2.9 Image Processing   

Individual cell images were processed with commercially available software. Raw 

images were exported to Image Pro Plus Version 5.1 for windows (Media 

Cybernetics, Inc.; MD) Images first underwent image enhancement optimization 

(image contrast, brightness and gamma value adjusting) to equalize image 

intensity histograms. Contrast enhanced images were then filtered utilizing a ten 

pass Gaussian filter and then a series of Flatten filters. A pseudo-automated 

adaptive thresholding process was employed allowing the whole cell and 

individual actin filaments to be separately segmented based on the image 

intensity histogram (Fig. 4.1).  Once either the whole cell or individual actin 

filaments was segmented, shape and higher order moment parameters were 

calculated utilizing the count object menu in Image Pro Plus on the segmented 

objects.  In all 60 morphometric descriptors were calculated for each cell.   
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Figure 4.1: Segmentation procedure to compute morphometric descriptors 

of Saos-2 cells. 

Cells first underwent a series of contrast enhancement and filtering protocols.  

Whole cell and individual actin filament areas of interest were selected utilizing 

an intensity-based thresholding procedure.  Shape and higher order moment 

descriptors were calculated with ImagePro©. 
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4.2.10  Decision Tree for Identification of Material Responsive Descriptors.   

Decision Trees (DTs) are commonly used computational modeling tools for the 

description, classification and generalization of data (271, 272). While the use of 

DTs to structure data occurs in a multidisciplinary domain, since the early 90’s 

DTs have become a valuable tool to biologists and biomedical engineers (273, 

274). Decision trees represent a powerful tool for biomaterial science because: 

(1) they are robust in that they can be applied to discrete, continuous or mixed 

data; (2) can provide accurate predictions to non-linear data (of which biological 

data often is);  (3) the rules governing predictions are often straightforward; (4) 

decision trees can be used for description, a process by which the volume of 

data is transformed into a compacted form that preserves the data 

characteristics; (5) outliers do not confound the tree predictions (271-275). 

 Biomaterial scientists have recently utilized DTs to analyze the effects of 

polymer structure and calculated parameters on the biological response elicited 

by different substrates.  Theses studies analyzed the description capability of 

decision trees to reduce large sets (>700) of descriptors to the most meaningful 

for future modeling approaches (144).  The DTs that are involved in descriptor 

analysis classify data points by starting at the top of the tree (root node) and 

moving down the tree by creating a hierarchy of descriptor values on an “if-then-

else” basis at each branch point until the terminal (leaf) node is reached. In these 

top-down or greedy constructions the data are recursively divided into subsets 

based upon the best classifying descriptors at each level. The decision tree 

algorithm that was utilized in this study was the classification and regression tree 
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(CART).  CART is a DTs based methodology that recursively divides the data 

into subsets based on the best classifying descriptor at each level.  CART utilizes 

the Ginni impurity as the optimization criteria (271).  CART based DTs were 

utilized to identify those descriptors that are sensitive to distinct alterations of the 

polymer backbone chemistry.  Polymer chemistries were assigned as the output 

factor with the average morphometric descriptors for each polymer chemistry as 

the functional input that the CART information gain algorithms utilized to predict 

descriptor values based on polymer chemistry.   All chemistries underwent this 

type of analysis to identify those descriptors that are most sensitive to certain 

chemical backbone assemblies. 

4.2.11 Artificial Neural Network (ANN) to Predict Polymer Influenced Saos-2 

Cellular Behaviors from Early Morphology.   

McCulloch and Pitts first proposed ANN’s as a computational modeling approach 

in 1943 (276, 277).  Briefly, an ANN utilizes its basic units, analogous to neurons, 

to associate a response with a specific input pattern (278).  This association is 

developed by the basic units via parallel integration of the input information to 

determine the activity of each individual neuron (278). This parallel learning 

process allows non-linear statistical data modeling to correlate inputs with 

outputs (279).  Computational modeling methods, and more recently ANN 

methods, have been utilized in the field of biomaterials to predict cellular and 

protein responses as functions of calculated and experimentally determined 

material properties (141-143, 280-282).  This study employed ANN modeling 

methods to predict polymer influenced Saos-2 cellular behaviors based on early 
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cell and actin filament morphology.  The DTs modeling methods described 

previously reduced the data set to the most relevant descriptors correlating with 

cellular behaviors of interest, and then the ANN determined a non-linear 

statistical relationship between these descriptors and the functional outputs (144) 

(Fig. 4.2).  ANN modeling of cellular behaviors was performed utilizing the 

multilayer perceptron of the freeware WEKA software, developed at the 

University of Waikato, New Zealand (283). 
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Figure 4.2: Computational approach to high-content morphometric 

descriptor prediction of Saos-2 cellular behaviors. 

eGFP-actin engineered Saos-2 cells were cultured on polycarbonates with 

differing chemistries.  Image based morphometric descriptors of cell and actin 

filament shape were computed to identify descriptors responsive to the chemical 

changes.  Decision tree modeling is then used to determine the top 

morphological descriptors that correlate with cellular functions such as 

mineralization.  The top three descriptors from the DTs were then used to train 

an ANN that could predict Saos-2 polymer-dependent mineralization based on 

early cytoskeletal morphology. 
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4.3  Results 

4.3.1 Proliferative Response of Saos-2 Cells to Polymer Films 

Saos-2 cells cultured on combinatorially derived polycarbonates and poly(α-

hydroxy ester)s demonstrate material dependent entry into S-phase at 24 hours 

of culture (Fig. 4.3).  If the combinatorial library is broken down by the main 

alterations of the polymer backbone some interesting correlations are observed.  

The addition of poly(ethylene glycol) (PEG) to the polymer backbone from 0% to 

15% resulted in stepwise decreases in the percentage of cells proliferating at 24 

hours.  The addition of iodine to the polymer backbone appears to blunt this 

response.  That is, iodination mitigates the resultant stepwise decreases in cell 

proliferation due to copolymerization with up to 15% by mole PEG1000 seen in 

their non-iodinated counterparts.  Interestingly, while the addition of 10% DT, a 

charged species at physiologic pH, appears to decrease the percentage of cells 

proliferating, the combined effect of copolymers containing PEG and DT 

demonstrate an effect that increases cell proliferation.  This seems to imply that 

while DT or PEG alone decrease Saos-2 cell entry into S-phase, the combination 

of the two results in an opposite and synergistic proliferative response.  When 

iodine is included with PEG and charge, this opposite synergistic behavior is only 

seen for the intermediate (4%) PEG levels.  Finally, the greatest level of cell 

proliferation was observed on polymers containing 4%-8% PEG in the presence 

of DT.  This level of proliferation was higher than those recorded on poly(DTE 

carbonate), PLGA and PLLA. 
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Figure 4.3: Saos-2 proliferative response to tyrosine-derived 

polycarbonates and poly(α-hydroxy ester)s. 

Human Saos-2 cells were cultured for 24 hours on 16 different polymer 

substrates.  The percentage of cells proliferating on each of the materials was 

assessed by BrdU staining.  Error bars represent the standard error of the mean. 
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4.3.2 Material-Mediated Mineralization of Saos-2 Cells 

Human Saos-2 cells are an osteosarcoma cell line that have gained interest in 

the cell culture community as a cell line that models osteoblastic behaviors.  

These cells have been shown to exhibit alkaline phosphatase activity, respond to 

osteogenic hormones, and to produce mineralized tissue (284).  Therefore, of 

interest in the present study was to assess polymer dependent cellular 

responses in terms of mineralization of these osteoblast-like cells.  After 3 weeks 

of culture on polymer substrates, diverse mineralization responses were 

observed as assessed by alizarin red S staining (Fig. 4.4).  Poly(DTE carbonate) 

and PLLA demonstrated the greatest degrees of Saos-2 mineralization.  The 

incorporation of PEG into the polymer backbone decreased the total amount of 

mineral when compared to their non-pegylated counterpart.  The addition of 

iodine to the polymer backbone resulted in decreased total mineral production 

regardless of the PEG content.  Similarly, addition of DT to the polymer 

backbone decreased total mineral production.  However, like the proliferative 

response described above, the addition of PEG to the polymer backbone in 

conjunction with DT resulted in stepwise increases in total mineral production 

when compared to the non-pegylated DT containing polymer.  Unlike the 

proliferative response, this synergistic effect does not result in total mineralization 

levels that are higher than the base polymer lacking charge and PEG. 
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Figure 4.4: Saos-2 3 week mineralization response to tyrosine-derived 

polycarbonates and poly(α-hydroxy ester)s. 

Human Saos-2 cells were cultured for 3 weeks on 16 different polymer 

substrates.  The total amount of mineral present was assessed via Alizarin Red S 

staining.  Absorbance values were background subtracted to account for polymer 

mineral deposit in the absence of cells.  Error bars represent the standard error 

of the mean. 
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4.3.3 High-Content Imaging and “Heat Map” Representation of Saos-2 
Cells Cultured on a Combinatorially-Derived Family of Polymers  

  

 When considering the proliferative and mineralization responses observed 

on the polycarbonates, it is clear that a complex interplay between backbone 

components occurs to steer Saos-2 behavior.  Unfortunately, deriving 

correlations between individual monomers and the elicited responses remains 

difficult giving the high-levels of non-linear trends observed within the data.  In an 

effort to extract more meaningful information regarding cell responses to 

biomaterials, a high-content morphometric approach was applied.  High-content 

morphometric studies demonstrate that eGFP-actin engineered Saos-2 cells are 

viable when cultured on polymer coated MatTek chambers and coverslips for 24 

hours.  The cell seeding density of 7,400 cells per cm2 provides adequate cells to 

attach to all 16 polymers while also maintaining a sparse deployment so as to 

allow single cell imaging by limiting intercellular contact (Fig. 4.5).  It should be 

noted that for some samples the segmentation process requires the user to 

manually determine the segmentation intensity threshold so as to separate highly 

overlapping filaments or to segment actin structures that adopted amorphous 

shapes.  Once segmented, morphology-based cell descriptors are calculated 

utilizing the automatic counting and sizing algorithms available within the Image-

Pro software package.  Morphologically based cell descriptors are shape 

parameters/calculations that utilize first and higher order moment intensity 
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calculations to quantitatively describe features of segmented objects.  These 

descriptors can represent features of the segmented objects (i.e., whole cells and 

individual actin filaments) ranging from their shape to their spatial distributions 

throughout cells. 
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Figure 4.5: Representative confocal laser scanning microscope images of 

eGFP-actin engineered cells on tyrosine-derived polycarbonates and 

poly(α-hydroxy ester)s. 

These images represent a random cell selected form a heterogeneous 

population of cells on a given substrate. Top row (left to right): Cells imaged on 

polymers 1-4.  Second row (left to right):  Cells imaged on polymers 5-8.  Third 

row (left to right):  Cells imaged on polymers 9-12.  Last row (left to right): 

Cells imaged on polymer 13-16.  Polymer numbers refer to aforementioned-

keyed system in Table 4.1.  
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 Initial mean descriptors values are computed for the 16 polymer 

substrates. Mean values of a population reflect the heterogeneous population of 

cell shapes observed on individual polymer films.  For each polymer condition at 

least 20 cells are utilized as the sample population so as to effectively capture 

the shape-based population distribution of cells cultured on the different polymer 

films.   Since 16 polymer conditions were considered with approximately 60 

descriptors per polymer condition, a 60X16 data matrix is recovered where each 

data point represents the mean value for the cell descriptor of the population of 

cells cultured on a given polymeric substrate.  The implementation of a “heat 

map” illustration allows the quick statistical comparison of individual descriptor 

means (Fig. 4.6).   The “heat map” representation identifies the statistical 

differences (P-value of an ANOVA with post-hoc LSD comparison) between 

descriptor values among the differing polymer compositions utilizing a color-

based keying system.  In Fig. 4.6, all descriptor values for a given polymer 

composition are compared statistically to the same descriptor obtained for 

poly(DTE carbonate).  Poly(DTE carbonate) was chosen as the comparison 

polymer because 14 of the 16 polymers within the test set represent 

perturbations of the polycarbonate via modification of the backbone by addition of 

increased percentages of PEG, charge and/or iodination.  Therefore, the 

utilization of poly(DTE carbonate) as the comparison polymer allows for the 

identification of the effect that individual additions to the polymer backbone have 

on cell shape and actin cytoskeletal organization.   
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 The “heat map” possesses the ability to both identify polymer chemistries 

that result in gross morphological changes as well as to identify descriptors that 

are sensitive to individual changes in polymer chemistries.  For example, the 

columns shown in Fig. 4.6 represent different polymer chemistries with each row 

within the column indicating the P-value of an ANOVA with post-hoc LSD 

between the descriptor values of a population of cells cultured on the indicated 

polymer and poly(DTE carbonate).  A column represented with a majority of 

descriptors in blue identifies a polymer condition where the values of numerous 

descriptors for cells cultured on the indicated polymer differ from those cultured 

on poly(DTE carbonate).  The observation that a majority of the descriptors 

appear statistically different likely highlights this polymer chemistry as one that 

promotes gross changes in cell shape and possibly strong differences in cell 

response.   

 Analysis of the heat-map representation allows for a number of interesting 

conclusions (Fig. 4.6).  Like the proliferative and mineralization responses, the 

heat map demonstrates that the largest statistical differences in global cell shape 

and cytoskeletal organization occur with the addition of PEG.  This is evident 

within the heat map as columns 1-3 and 7-8 demonstrate near step wise 

changes in cell shape comparable with some of the Saos-2 cell behaviors 

observed in response to culture on the same polymers.  Interestingly, the 

addition of iodine to the polymer backbone reduced the effect that PEG had on 

cell shape, again reflecting the behavioral response of cells to these materials.  

Therefore, because the cell shape seems in some respects to mirror Saos-2 
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response, it follows that cell shape parameters may accurately capture or encode 

complex cell behaviors on biomaterials.  One advantage of the high-content 

approach remains the fact that while global cell shape follows many of the 

physiologic cellular behavior trends, individual descriptors may be identified that 

are responsive to individual chemical components of the materials.  Through 

examination of the rows throughout the “heat map” it is possible to identify 

descriptors that respond to individual alterations of the polymer chemistry or 

changes that result from multiple alterations to the polymer backbone.  The 

morphometric descriptors may therefore function as sensitive indicators of 

polymer chemistry.  However, to parse this data requires computational methods 

that have the ability to dissect the heat-map data into the most influential 

reporters of Saos-2 response. 
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Figure 4.6: “Heat-map” representation of the statistical difference of in 

morphological descriptor value as a result of culture on polymers of 

different chemistry. 

The heat-map displays the P-value of an analysis of variance (ANOVA) with 

post-hoc LSD test when comparing the individual morphometric descriptors 

(rows) on poly(DTE carbonate) to the polymers indicated in the columns. 
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4.3.4 Decision Tree Modeling to Parse Chemistry Responsive 

Morphometric Descriptors 

CART based DTs allowed more accurate determination of descriptors that are 

sensitive to distinct changes of polymer chemistry.   The chemical alterations 

considered in this study included the additions of iodine, PEG and charge.  DTs 

analysis determines the morphometric descriptors that are most responsive to 

the aforementioned chemistry alterations.  The DTs results can be seen in Fig. 

4.7.  In Fig. 4.7 three separate trees were derived for the presence of charge, 

iodine and PEG in the polymer substrate.  The descriptors that best correlate 

with changes in polymer chemistry are present in the higher nodes within the 

trees.  Thus, eGFP-actin defined clumpiness is most responsive to pegylation.  

Hole area and the standard deviation of actin filament staining intensity are most 

responsive to charge. Curl (convex) is the most responsive to the presence of 

iodine, followed by the ratio of the length to the width of the box bounding the cell 

(Box X/Y) and then cell roundness. 

4.3.5 Computational Modeling Efforts to Predict 3 Week Polymer-Mediated 

Mineralization Based on 24 hour High Content Morphometrics  

Computational modeling efforts are employed to determine if the high-content 

imaging approach may provide new insights into the complex behavioral 

responses exhibited by Saos-2 cells on the polycarbonates.  To test the validity 

of the premise, mineralization was chosen as a target behavior for high content 

screening.  Mineralization was chosen over proliferation because mineralization 
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is a process that takes weeks of assay time in order to assess.  Therefore, a 

high-content approach that can quickly predict mineralization response weeks 

ahead of time would represent a significant advancement to the characterization 

of biomaterials for possible orthopedic applications.   

 Following the approach outlined by Smith et al. (144), a DTs model allows 

for feature selection. To take into account the uncertainty of cellular response 

measurements, the conventional CART routine is augmented by a Monte Carlo 

(MC) procedure. A series of computer-based pseudo-experiments are generated 

where the measured values of mineralization and the mean descriptor values on 

the different polymer films are randomly perturbed within a normal distribution 

defined by the experimental mean and standard deviation. A single most relevant 

descriptor (i.e., the descriptor with the highest information gain) is obtained from 

each pseudo-experiment, representing the first node of the decision tree for that 

pseudo-experiment. Descriptor results from all MC iterations are summarized into 

a histogram and the top descriptors with the highest counts in this histogram 

undergo further analysis.   To determine the relevance of the descriptors to 

cellular functions, a descriptor based on a randomly generated series of numbers 

is added to the data set (a 61st descriptor).  The relative relevance (RR) (Table 

4.2) of each descriptor was calculated as the ratio between the count of the 

descriptor of interest and the count of the randomly generated descriptor entitled 

“Random”.  The three descriptors that were found to have the highest RR in 

100,000 MC iterations were: “Aspect ratio” (RR = 463), “heterogeneity” (RR = 

174), and “margination” (RR = 135) (Table 4.2).  These three descriptors are 
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then used to generate and test an ANN model to predict Saos-2 mineralization 

studies.  Utilizing a 10-fold cross validation analysis, a model was built using just 

Saos-2 heterogeneity, aspect ratio and margination to predict 3 week 

mineralization responses on the 16 polymer set.  The ANN results can be seen in 

Table 4.3.  Unfortunately, the ANN performs moderately at predicting 3 week 

mineralization on biomaterial substrates based solely on early actin-based cell 

morphology.  The ten-fold cross validation yielded a correlation coefficient of 

0.5713 for the 16 instances. 
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Figure 4.7: Polymer chemistry responsive descriptors determined by 

decision tree analysis. 

The decision trees here identify descriptors most responsive to individual 

alterations of substrate chemistry.  The tree decision process is read as follows: 

the decision nodes (in blue) represent descriptors with a decision rule (in red) 

based on the descriptor value.  The tree identifies the presence of lack of a 

certain polymer chemistry based on a sequential binary process of path selection 

following the decision rules.  Tree (a), (b), and (c) represent trees for PEG, 

iodine, and charge respectively.  (d) represents the average value of clumpiness 

for polymer with and without PEG (difference significant at p < 0.05 by Student’s 

T-Test). 
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Table 4.2: Decision tree results of top 3 Saos-2 24 hour morphometric 

descriptors relating to 3 week mineralization. 

 

Descriptor Relative Relevance 

Aspect Ratio 463 

Heterogeneity 174 

Margination 135 
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Table 4.3: Summary of 10-fold cross validation artificial neural network 

used to predict Saos-2 3 week mineralization on polymers based on solely 

24-hour actin morphometrics. 

 

Summary Statistic Value 

Correlation Coefficient 0.5713 

Mean Absolute Error 0.0908 

Root Mean Squared Error 0.1143 

Total Number of Instances 16 
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4.4  Discussion 

 

 Saos-2 cells represent an osteosarcoma cell line that demonstrate utility 

as a model for human osteoblasts (284).  Current research has utilized these 

cells to model osteoblastic response to a number of biomaterials including: 

titanium (285), biomimetic substrates such as hydroxyapatite (285-287), and 

synthetic biomaterials (288-290).  Within the current study, they are used as a 

model to determine if complex cell-material interactions may be encoded within 

the early actin-based cytoskeletal organization.   

 Saos-2 cells were engineered with an eGFP-actin vector to allow the 

identification of the cytoskeleton within living cells cultured on synthetic, 

degradable, combinatorially synthesized tyrosine-derived polycarbonates.  This 

library was selected because it possesses enormous tunability of the material’s 

physical and biological properties.  With regards to human osteoblast-like cells, 

Webb et al. demonstrated that osteoblasts respond to changes in surface 

chemistry, with changes in chemical functional groups having larger 

consequences on cell behavior than substrate wettability (291). Thus, 

copolymerization with other monomers represents another method to access 

novel polymers that may have significant effects on cellular phenotypes.  

 Saos-2 proliferative and mineralization responses are often utilized as an 

initial assessment of cell-biomaterial response (292, 293).  When cultured on the 

library of 14 polycarbonates and 2 poly(α-hydroxy ester)s, diverse and complex 

proliferative and mineralization behaviors are observed.  Perhaps the most 
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consistent response is the decrease in both mineralization and proliferation with 

the inclusion of PEG.  Copolymerization with PEG provides a method to tune 

both physical and biological properties of the polymers (213). PEG 

copolymerization allows for the creation of degradable, biocompatible 

polycarbonates with increased hydrophilicity, decreased glass transition 

temperatures, decreased tensile moduli, decreased cell attachment and 

increased water uptake (213, 270).  The observed decrease in both the 

proliferation and mineralization of Saos-2 cells on the pegylated polymers may 

result from the anti-adhesive attributes of the PEG.  Previous studies by 

Okumura et al. demonstrate that the ability of Saos-2 cells to proliferate and 

produce mineral depends highly on the rate and degree of surface attachment 

(285).  Therefore, the observed decrease in proliferation and mineralization may 

simply have resulted from the “cell repellent” nature imparted via addition of PEG 

to the polymer backbone.  Additionally, PEG inclusion may affect cellular 

response via differential ligand conditioning.  PEG-variant biomaterials 

systematically regulate cell behaviors such as cell motility, cell adhesion, cell 

attachment strength, and thrombogenic activity via alterations in the conformation 

and total amounts of adhered proteins such as fibronectin (219, 220).  Previous 

reports indicate that small changes in polymer chemistry that alter fibronectin and 

type I collagen conformation and spatial distribution result in altered osteoblast-

specific gene expression in Saos-2 cells (294, 295).  Thus, the effect of PEG may 

result from anti-cell adhesive nature or due to induced conformational changes in 

adsorbed proteins.  
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 The copolymerization with iodinated monomers imparts radiopacity 

enabling the polymeric device to be visualized on X-ray fluoroscopy (269, 296). 

While X-ray visibility is the primary impetus for the addition of halogenated 

monomers to the tyrosine-derived polycarbonate backbone, the chemical change 

results in alterations to the physical and biological properties of the materials.  

Polymers containing iodine have differential effects on protein absorption profiles 

and cellular behaviors based on both individual polymer chemistry and cell type 

(211, 214, 235).  In this study, iodine mitigates the effect of PEG on Saos-2 

proliferation.  Recent studies indicate that iodine can rescue the effects of 

pegylation on human smooth muscle and endothelial cell adhesion, growth and 

migration via counteraction of the non-fouling properties imparted by PEG (211, 

297).  Therefore, the rescue of Saos-2 cell proliferation likely stems from similar 

reversal of the protein repellence (235).  The decreased mineralization detected 

simply in the presence of the iodinated polymer represents an interesting new 

finding.  Previous reports indicate that osteoblastic like cells preferentially pattern 

on material chemistries that presumably promote greater proteoglycan 

adsorption (298).  Therefore, the decreased mineralization may result from 

extreme fouling of the surface allowing for serum proteins to displace 

proteoglycans from the surface.  However, this hypothesis should be assessed in 

future studies. 

 DT generally exerts its change on polycarbonate behavior via increases in 

the rates of polymer degradation (210).  Interestingly, studies also demonstrate 

that the presence of the acid pendent group results in enhanced hydrophilicity 
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and adsorption of calcium ions suggesting usefulness of the material in mineral 

forming cells (217, 218).  This study reports that incorporation of DT monomers 

results in suppression of both Saos-2 proliferation and mineralization.  

Interestingly, previous work using gels indicated that anionic charge actually 

increased Saos-2 attachment and proliferation (299).  While thin films and gels 

are not directly comparable, the effect of imparting charge on polymer surfaces 

remains a phenomena requiring greater investigation.  Perhaps the most 

interesting observation of this study is the opposite and synergistic behavior 

displayed when DT is combined with PEG.  This effect was captured in both the 

proliferation and mineralization responses of Saos-2 cells.  This effect may be 

due to some balance in pro-oxidant and anti-oxidant produced by the PEG and 

DT segments respectively that promotes optimal growth conditions for Saos-2 

cells (300). 

 The presented studies demonstrate that via the use of combinations of 

iodinated monomers, charged monomers, and PEG it is feasible to elicit ranges 

of cellular behaviors in osteoblast-like cells.  The combinatorial nature of the 

library adds an additional layer of complexity that may confound effects seen 

within single chemical alterations.  Therefore, in an effort to capture the 

intricacies of these biomaterial-dependent behaviors, a high content profiling 

approach is employed.  High-content imaging of eGFP-engineered Saos-2 cells 

has been reported for limited members of the polycarbonate library (268).  

However, this study aimed to drastically increase the number and combinatorial 

nature of the assayed materials.  The heat map representation provides a global 
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view of which chemistries most affect actin organization.  Interestingly, when 

analyzing the heat-map it is evident that the conditions that promote the greatest 

changes in cell shape are the PEG containing conditions.  This corresponds well 

with the proliferation and mineralization studies that highlighted the PEG 

containing polymers as those that most alter Saos-2 response. 

 DTs modeling provides greater insights into the cell shape and 

cytoskeletal organizational changes elicited by different polymer chemistries (Fig. 

4.7).  Interestingly, all three of the trees highlight different groupings of 

descriptors that respond to different changes in the backbone chemistry.  

Whereas the DTs for iodine contains descriptors that are largely representative of 

changes in whole cell shape, the DTs for PEG and charge are representative of 

changes in actin filament distribution.  This would seem to indicate whereas 

iodine affects cellular behavior by influences largely related to whole cell shape, 

PEG and charge act via differences in actin filament spatial configurations and 

distributions.  With regards to the presence of PEG containing polymers, it can 

be seen in Fig. 4.7 that the average clumpiness for cells cultured on polymers 

containing PEG is lower than the value for those cultured on polymers without 

PEG.  Clumpiness is defined as the fraction of pixels deviating more than 10% 

from the average intensity of the object remaining after an erosion process.  It 

reflects the object’s texture.  With regards to the eGFP-actin engineered Saos-2 

cells employed in this study, clumpiness most likely correlates with the degree to 

which actin monomers within the cells have been organized into filamentous 

structures.  This is because monomeric actin, which is represented as small area 
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pixels, would not remain after an erosion procedure.  Therefore, the greater the 

percentage of pixels remaining after erosion the more likely the actin monomer is 

arranged in a spatially localized structure.  The presence of PEG most likely 

results in less organization of actin into grouped structures such as filaments.  

Utilizing high-content based morphological screening it is possible to identify cell 

populations cultured on substrates of different chemistries, and with DTs 

modeling the descriptors that best respond to these perturbations are highlighted. 

 While the ability to parse out cytoskeletal changes that evolve from culture 

on differing substrates, ultimately the usefulness of the high content imaging 

approach rests in its ability to predict cell behavioral responses.  In this study, 

high-content imaging was utilized in an attempt to predict Saos-2 substrate-

mediated mineralization.  As discussed previously, Saos-2 cells are generally 

utilized as a model cell line for osteoblastic cells.  The main function of the 

osteoblast is the production of mineralized bone (301).  Osteoblasts and Saos-2 

osteoblastic cells have been shown to have material-dependent mineralization 

responses (302-305).  However, traditional screening has relied on material 

synthesis, a 2-4 week cell culture period, and then mineralization assays to 

elucidate these responses.  In this study, live high-content images of eGFP-actin 

engineered individual cells is attempted as a novel methodology to predict or 

capture mineralization responses weeks before then can be experimentally 

recorded.  Utilizing a feature selection and modeling paradigm previously 

published by Smitih et al. (144) , three descriptors out of 60 were selected form a 

Monte Carlo series of pseudo-experiments via DTs modeling.  The selected 
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descriptors represented the top descriptor of the DTs of 100,000 pseudo-

experiments with high RR (Table 4.2).  The high RR of these descriptors 

indicates that when accounting for the experimental variability in both the 

functional mineralization assays and the high-content descriptor evaluation  

these descriptors are 463 to 174 times more important than a randomly 

generated series of numbers within a normal distribution.  Interestingly, the 

selected descriptors represent a combination of both general shape behaviors 

(aspect ratio), and cytoskeletal organizational descriptors.  Studies by Anselme 

et al. identify that human osteoblast adhesion, mineralization and cytoskeletal 

assembly are correlated with elongated osteoblasts (154).  Therefore, that aspect 

ratio was the most relevant descriptor in our DTs analyses is not surprising.  

Margination and heterogeneity both represent descriptors that pertain to the actin 

cytoskeletal organization throughout the cells.  Cells with higher levels of both 

margination and heterogeneity would represent cells with high degrees of 

monomeric actin organized into filamentous structures located toward the 

periphery of the cell.  The importance of the actin cytoskeleton and its 

arrangement into filamentous structures has been documented thoroughly within 

the literature.  Disruption of the actin cytoskeleton in human mesenchymal stem 

cells treated with osteogenic induction factors is sufficient to reduce or even 

completely inhibit osteoblastogenesis (87, 306).  Conversely, with regards to 

Saos-2 cells, Okumura et al. found that materials that promoted earlier 

osteogenesis were those that demonstrate poorly formed stress fibers and weak 

cell polarity (285).  Therefore, although the direct relationship regarding actin 
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filament organization and mineralization is poorly understood, its is clear that the 

orientation and filamentous structure of actin plays a role therefore justifying the 

DTs selected descriptors. 

 ANN modeling of 3 week Saos-2 mineralization in response to substrates 

for 16 polymers was performed utilizing average high-content descriptor values 

obtained at 24 hours on the same polymers.  A 10-fold cross validation 

experiment utilized 90% of the data to train and 10% of the data to test 10 

separate times.  Building the ANN model and validating in this manner produced 

a correlation coefficient of 0.5713.  While this does not represent an extremely 

high correlation, it does indicate a medium level positive correlation of our 

descriptors taken at 24 hours with the long-term mineralization behaviors.  The 

correlation may be less than optimal for a number of factors.  First and perhaps 

most importantly, the selection of the Saos-2 as the model cell line is less than 

ideal.  Reports indicate that care must be undertaken when utilizing Saos-2 cells 

as model cell lines as their proliferation rates, mineralization responses and gene 

expression profiles undergo phenotypic instability with increasing passage 

number (307).  Therefore, although surface chemistry may regulate osteoblast 

behavior via cytoskeletal-mediated signal transduction pathways (308), Saos-2 

cell mutation may unravel the intricate network linking these behaviors (309).  

Additionally, mineralization may represent a less than optimal choice for the 

cellular behavior of interest.  While the extreme length of time required for 

mineralization assays make them a prime candidate for 24-hour morphometric 

screening, mineralization as a process is not 100% dependent on cells.  Certain 
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biomaterials, particularly poly(DTE carbonate) in this study, have been shown to 

bind calcium phosphate crystals on the surface in the absence of cells (310).  

Therefore, the role of the physical material in the process of mineralization 

represents a likely confounder in the high-content morphometric-based 

predictions by the ANN. 
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4.5  Conclusion 

 This study examined how Saos-2 cells interact with combinatorially 

derived polymer libraries.  Proliferation and mineralization data indicated that the 

cellular response elicited by these materials represented a complex interplay of 

the individual components of the polymer backbone.  This interplay promoted 

cellular behaviors that cannot be characterized by simple compositional 

correlates.  In an effort to parse these intricate phenotypic responses, a high-

content morphometric approach that utilized eGFP engineered Saos-2 cells to 

obtain quantitative descriptors of actin cytoskeletal morphology was employed.  

Utilizing this platform, subtle variations in cellular response to the underlying 

substrate were highlighted using a “heat-map” visualization approach.  Decision 

tree modeling allowed for the identification of individual morphometric descriptors 

that were sensitive to the addition of PEG, charge and iodine to the polymer 

backbone.  Finally, utilizing the 24 hour morphometrics, a computational model 

was built to predict 3 week mineralization response at 24 hours.  The model 

demonstrated a medium strength positive correlation.  Given the general 

variability of biological data, the high-content morphometrics combined with 

aforementioned computational modeling approach possibly represents a 

powerful tool to parse cellular responses at early time intervals.  Future studies 

should focus on expanding this approach to model cell lines that have less 

passage variability and better-defined phenotypic outputs.  Additionally, an 

interesting pursuit remains a biochemical understanding of how these 

quantitative descriptors encode long-term behaviors at early time points. 
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5 Cytoskeleton-based Forecasting of Stem Cell Lineage Fates 

5.1 Introduction: 

 Stem cells are pluripotent cells that display self-renewal in their stem-like 

states. These stem cell may be extracted from human embryonic tissues (54) , 

obtained from reprogrammed somatic cells (311-313) or isolated from niches 

within adult tissues such as but not limited to the bone marrow (55-57), liver (58, 

59), skin (60, 61), adipose tissue (62, 63) and brain (64-66). Human 

mesenchymal stem cells (hMSCs) isolated from adult bone marrow have gained 

interest in the tissue engineering community because of their capability to 

differentiate into a multitude of terminal cell types (68). Currently, strategies in 

tissue engineering focus on the application of soluble cues and material 

substrata to direct the differentiation of stem cells toward desired cell fates (314). 

It has been shown that material chemistry (315), material mechanics (89), and/or 

applied growth factor mixtures (68, 316, 317) differentially promote MSC 

differentiation toward lineages such as: adipocytes, neurons, chondrocytes, 

myocytes and osteoblasts. Ultimately, the success of engineered constructs 

depends on the ability to isolate these stem cells and subsequently utilize the 

aforementioned tools to steer differentiation toward cell types of interest. 

At present, the guided differentiation of stem cells remains difficult 

because the mechanisms that govern the passage from uncommitted stem cells 

toward differentiated cells have yet to be completely identified (318). Hindering 

this identification further is the reliance on traditional endpoint assays to assess 

lineage, which often require weeks to months of culture and provide limited early 
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assessment of cell behavior. Methods such as gene microarrays allow for the 

classification of stem cell maturation into distinct stages (319), however such 

methods treat heterogeneous groupings as single populations and are unable to 

follow the kinetics of the mechanisms underlying lineage commitment. These 

issues slow the pace of screening and discovery of promising new material and 

soluble factor treatments for stem cell tissue regeneration.  

 One proposed approach has centered on the analysis of whole cell 

morphology and cytoskeletal organization for characterizing cell responses in 

tissue engineering constructs. As early as 1980, Olson et al. demonstrated that 

mammalian cells may be classified solely based on quantitative shape 

characteristics and pattern recognition analyses (320).  However, while cell 

shape and cytoskeletal organization remain traditional aspects of cell 

characterization in the tissue engineering and stem cell fields, the generally 

employed methods lack reproducible, quantifiable results and have steered from 

a quantitative approach to the domain of qualitative or semi-quantitative 

observations (134, 154-159). Recent work by Mangoubi and coworkers 

demonstrated that utilizing a quantitative, high-content textural analysis approach 

allows the identification and subsequent classification of undifferentiated and 

differentiated colonies of human embryonic stem cells (321). Additionally, a 

strictly quantitative morphometry-based approach was shown to provide “cellular 

fingerprints” of cell responses to substrata and soluble cues (268).  Therefore, 

quantitative morphometry may represent a viable avenue to characterize hMSC 

response to soluble and material cues. 
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 During the process of lineage commitment, cells undergo a number of 

morphological changes relating to differences in the spatial distribution and 

expression of key cytoskeletal proteins (322, 323). While differentiation is often 

accompanied by changes in cell shape, studies have demonstrated that cell 

shape in turn regulates cellular differentiation (115, 186, 188, 324). Cytoskeletal 

components, particularly actin and its downstream effectors, are strong 

mediators of hMSC differentiation toward the osteoblastic lineage, with early 

cytoskeletal organization having a large effect on longer-term functions (87, 306). 

This study presents a “high-content” imaging-based methodology where 

quantitative features of actin fluororeporter shapes, intensities, textures and 

spatial distributions (morphometric descriptors) are defined and utilized to assess 

cell behavior.  Of central interest to the present study was the question whether 

the spatial and structural organization of the cytoskeleton in general, and actin in 

particular, encodes the predilection of cultured stem cells to differentiate toward 

particular cell fates. If so, “high content” morphology-based analyses of stem cell 

lineage commitment could provide: predictive measures of long-term cell 

behaviors at early time points for the effective screening of biomaterials; real time 

measures of stem cell fates and identification of when lineage commitment is 

determined; cell-by-cell based analysis that is able to capture the heterogeneity 

of sample populations; and the ability to parse out lineage commitment in stem 

cells influenced by multiple stimuli. 

 



139 

 

5.2 Materials and Methods: 

5.2.1 Human Mesenchymal Stem Cell Culture 

Human mesenchymal stem cells (hMSCs) were obtained from commercial 

sources (Lonza; Walkersville, MD). Cells were cultured in a humidity-controlled 

environment under 5% CO2 and 370C and fed every 3-4 days with growth media 

(basal media) supplemented with commercial SingleQuot’s© (Catalog # PT-

3001, Lonza). Cells were received at passage 1 and used for up to 4 passages. 

Cells were subcultured upon reaching 90% confluence. Osteogenic induction 

(OS), adipogenic induction/maintenance (AD) media were reconstituted as per 

manufacturer (Catalog #’s PT-3002 and PT-3004 respectively, Lonza). 

Adipogenic media were cycled with 3 days induction followed by 1 day 

maintenance. Mixed media (MX) conditions consisted of 50:50 

osteogenic:adipogenic induction/maintenance media.  

5.2.2 hMSC Differentiation on Fibronectin-Coated Glass Substrates  

Fibronectin- (BD Biosciences; Franklin Lakes, NJ) coated glass substrates were 

created via the application of 400 µL of 25 µg/mL phosphate buffered saline 

(PBS) solution to each well of a glass bottom 24-well plate for 1 hour at room 

temperature. hMSCs (Lot# 7F3458 (36 year old male) and Lot# 7F3675 (22 year 

old female) were applied at 3,000 cells per cm2 and allowed to attach in basal 

medium for 6 hours. After the 6-hour attachment period, the basal medium was 

replaced with appropriate induction media. For differentiation assays, cells were 

cultured for 2 weeks and then stained for alkaline phosphatase activity and lipid 
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production as described previously (71, 87). To stain alkaline phosphatase, cells 

were fixed with 4% paraformaldehyde in PBS, permeabilized with 0.1% Triton-X 

100 in PBS, rinsed with PBS and stained with Fast Blue RR/napthol (Kit # 85, 

Sigma-Aldrich; St. Louis, MO). To stain lipids, cells were washed with 60% 

isopropanol and then stained with 30 mg/mL Oil Red O (Sigma). For total cell 

counts, cell nuclei were stained with 1 µg/mL DAPI (Sigma).  

5.2.3 Polymerase Chain Reaction (PCR) of hMSCs Under Induction Media 

For 6, and 24 hour time points, hMSCs (Lot#’s 7F3458 and 7F3675) were 

cultured on fibronectin-coated glass and treated with induction media as 

described previously.  For 3 week differentiation at optimal seeding densities, 

cells were seeded at 3,000 or 25,000 cells per cm2 and treated with the 

appropriate induction media for osteogenic and adipogenic differentiation 

respectively.  At appropriate time points, total mRNA was extracted (Catalog # 

74106, Qiagen; Valenica CA) and reverse transcribed to produce a cDNA library 

(Catalog # 4374966, Applied Biosystems; Foster City, CA).  Human primers for 

RUNX2 (PPH01897B), osterix (OSX) (PPH00705A), and PPARγ (PPH02291F) 

were purchased from SABiosciences (Frederick, MD).  All genes were compared 

to expression of ribosomal protein 18S (PPH05666E).  Any samples that failed to 

show crossing points below 45 cycles were assumed to have a crossing point of 

46 cycles. 
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5.2.4 High-Content Imaging of hMSC on Glass and Fibronectin-Coated 

Glass  

hMSCs (Lot#’: 7F3458 (Donor 1) and 7F3675 (Donor 2), Lonza, Inc., MD) were 

applied at 3,000 cells per cm2 for 24 hour morphology and 1,000 cells per cm2 for 

time course studies and allowed to adhere to treated and untreated glass 

surfaces for 6 hours in basal medium. After a 6-h attachment period, basal 

medium was replaced with appropriate induction media. After 18-90 (as 

indicated) additional hours cultured in differentiating media, cells were fixed and 

stained with AlexFluor 488 Phalloidin (Invitrogen). Cells were imaged under 63X 

objective (NA = 1.3) with a Leica TCS SP2 system (Leica Microsystems Inc.; 

Exton, PA) and excited at 488 nm with a 500-700 nm detection band-pass filter. 

All images represent a mosaic of 60 individual images (10X6 grid). Raw images 

of subconfluent cells were exported to Image Pro Plus Version 5.1 (Media 

Cybernetics; MD) and equalized for image intensity histograms, segmented to 

ensure that contiguous whole single cell regions of interest (ROI’s) were 

selected, and processed to yield shape, intensity and higher order moment 

parameters as output to a text file.  

 

5.2.5 Computational Methods to Parse Cytoskeleton-Encoded Stem Cell 
Fates  

Forty-three associated morphometric features were archived for each cell.   

These features represent quantifiable measures of the whole cell and actin 

filament morphology/organization for a single cell.  Features that were defined 
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include: shape features, intensity-based features that relate to the degree of actin 

filament formation, and textural and cytoskeletal organizational features that 

describe the spatial distribution of actin filaments and their location within a given 

cell.  A complete list of the 43 calculated features and their relevance to the actin 

cytoskeleton is shown in Table 5.1. Due to the large (43) numbers of descriptors 

for each cell, dimensionality reductions such as Multi-Dimensional Scaling (MDS) 

or Principal Components Analysis (PCA) are necessary to reduce the number of 

dimensions within the data. This study chose MDS for dimensionality reduction 

over PCA because it does not make the assumption that each data point is a 

linear combination of the basis set. Instead, MDS seeks to preserve the distance 

between the data points in an attempt to find a non-linear mapping for the data. 

Nonlinear scaling methods yield better mapping in lower dimensions than 

standard linear transformations such as PCA (325). MDS is normally formulated 

as an optimization problem such that the stress is minimized. The stress function, 

S is defined as the disagreement in the distances calculated from the original 

data and the distance calculated from the lower dimensional embedding. In Eqn. 

(1), S represents the stress, n is the number of samples within the data, δ 

represents the original distance, and d represents the calculated distance via 

multi-dimensional scaling. 
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d is calculated via Eqn. (2), where x is the coordinate of the point within the new 

embedding and a is the number of dimensions desired, which in this study is 3. 

These two equations are coupled in an optimization framework and solved via 

techniques such as steepest descent or other nonlinear optimization methods 

(326). Ultimately, the MDS algorithm reduces the dimensionality of the data set 

by the discovery of similar and dissimilar groupings of the 43 actin-defined 

features of each cell.  These groupings are defined via a non-linear combination 

of the descriptors that maximizes the observed similarities and dissimilarities 

between cells.  The individual cells are then plot in 3D with the inter-point 

distance representative of their descriptor-combination similarities; points nearer 

to each other in the 3D remapping are more similar that points further from each 

other (Fig. 5.1).  Multi-Dimensional Scaling (MDS) was implemented via Matlab’s 

(Mathworks; Natick, MA) statistical toolbox to re-graph cellular descriptor 

coordinates based on a reduced 3D representation where each point represents 

an individual cell. To ensure that reduced data sets were valid, a synthetic data 

set was generated based on the variance of each of the individual classifiers  

(Fig. 5.2) and compared to MDS results for sample conditions. Classification of 

MDS–based cell coordinates was performed utilizing a support vector machine 

(327). Classification accuracy, sensitivity and specificity were performed with a 

randomized two-fold cross validation run 50 times on individual data sets utilizing 

a radial distribution function. 
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5.2.6 Preparation of Spin-coated Polymeric Substrates 

Tyrosine-derived polycarbonates (270), polymethacrylates (146, 328), poly(D,L-

lactide-co-glycolide) (Resomer 506) and poly(L-lactic acid) (Resomer L-206) 

(Boehringer Ingelheim; Ridgefield, CT) were dissolved in a 1.5% (v/v) methanol 

in methylene chloride solution yielding a 1% (w/v) polymer solution. Polymer 

solutions were then spin-coated onto a 15 mm glass coverslip. Spin-coating was 

conducted at 4,000 RPM for 30 seconds. Collagen coated coverslips were made 

by incubating a glass coverslip in a 7 µg/mL collagen solution at 37oC overnight. 

5.2.7 hMSC Morphometrics and Differentiation on Polymeric Substrates  

Polymer-coated glass coverslips were placed in the bottom of a 24 well glass 

bottom tissue culture plate and secured with a silicon O-ring (Catolog # -111, 

Molding Solution; Lexington, KY). The setup was sterilized with a UV light applied 

at 5,500 to 6,500 µW per cm2 for 900 seconds. hMSCs (Lot#’s 6F4392 (18 year 

old male) and 7F3458) were applied at 21,000 cells per cm2 and allowed to 

attach in basal medium for 6 hours. After the 6-hour attachment period, the basal 

medium was replaced with appropriate induction media. After 24 h, cells were 

fixed, stained with phalloidin and imaged as described above. For differentiation 

assays, cells were stained for alkaline phosphatase activity and lipid production 

as described previously. Only substrates that elicited greater than 50% of the 

cells with alkaline phosphatase activity at 2 weeks were examined within this 

study. 
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Table 5.1: Table of 43 actin fluororeporter-defined morphometric features 

for individual hMSCs. 

This table lists the 43 actin-based features quantified for each cell.  The definition 

of the feature and its probable significance to actin filament organization are 

listed.  Shape features are highlighted in blue, intensity features are highlighted 

in green, and textural/organizational features are highlighted in red. 

Feature Definition 

Angle 
Reports the angle between the vertical axis and the major axis of the 
equivalent ellipse.  Within the context of this study it would capture 
randomly oriented versus aligned cell populations,  

Area Reports the total actin area of each cell. 
Polygonal Area Reports the area of the polygon that defines the object’s outline. 

Area/Box Reports the ratio between the area of each object and the area of the 
imaginary bounding box. 

Aspect Reports the ratio between the major and minor axes of the ellipse with the 
same area, first and second order moments of the cell. 

Axis (major) Reports the length of the major axis of the ellipse with the same area, first 
and second order moments of the cell. 

Axis (minor) Reports the length of the minor axis of the ellipse with the same area, first 
and second order moments of the cell. 

Box Height Reports the height of the smallest bounding box that completely 
encompasses the whole cell. 

Box Width Reports the width of the smallest bounding box that completely 
encompasses the whole cell. 

Box Ratio Reports the ratio between the Box Width and Box Height 

Dendrites 
Reports the number of 1-pixel thick open branches.  Within the context of 
the actin cytoskeleton it represents the number of processes stemming 
from the cell.  

Dendritic Length Reports the total length of all dendrites. 
Maximum 
Diameter 

Reports the length of the longest line joining two outline points and 
passing through the centroid of the cell. 

Mean Diameter Reports the average length of the diameters. 
Minimum 
Diameter 

Reports the length of the shortest line joining two outline points and 
passing through the centroid of the cell. 

End Points Reports the number of 1-pixel thick processes stemming from the cell. 
Maximum Feret 

Length 
Reports the longest caliper length. 

Mean Feret 
Length 

Reports the average caliper length. 

Minimum Feret 
Length 

Reports the shortest caliper length. 

Fractal 
Dimension 

Reports the fractal dimension of the cell’s outline. 
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Cell Area/Total 
Area 

Reports the ratio between the area of the cell to that of the entire field of 
view (10x6 tile scan image). 

Perimeter Reports the length of the outline of each cell using a polygonal outline. 
Perimeter2 Faster but less accurate measure of the perimeter. 
Perimeter3 Reports a corrected chain code length of the cell perimeter. 

Convex Perimeter Reports the perimeter of the convex outline of each cell. 
Elliptical 
Perimeter 

Reports the perimeter of the ellipse surrounding the outline of each cell. 

Perimeter Ratio Reports the ratio of the convex perimeter to the perimeter outline of each 
cell 

Maximum Radius Reports the maximum distance between each cell’s centroid pixel position 
and its perimeter. 

Minimum Radius Reports the minimum distance between each cell’s centroid pixel position 
and its perimeter. 

Radius Ratio Reports the ratio between Max Radius and Min Radius for each object, as 
determined by Max Radius / Min Radius. 

Roundness 
Reports the roundness of each object, as determined by the following 
formula:  (perimeter2) / (4 * π * area). Circular cells will have a roundness 
= 1; other shapes will have a roundness > 1. 

Size (Length) Reports the feret diameter (caliper length) along the major axis of the cell. 
Size (Width) Reports the feret diameter (caliper length) along the minor axis of the cell. 

Mean Density 
Reports the mean intensity of all pixels within a cell.  Correlates to the 
average amount of fluorescently tagged phalloidin present within a given 
cell. 

Standard 
Deviation of 

Density 

Reports the standard deviation of the intensity of pixels within a cell.  This 
represents the degree to which the phalloidin stained cytoskeleton is 
localized into distinct filaments of equal staining intensity. 

Sum of the 
Density 

Reports the sum of the total intensity values of all pixels within a cell.  
Corresponds to the total amount of positive phalloidin-staining within the 
cell. 

Integrated Optical 
Density 

Reports the average intensity of each object normalized by the area of the 
cell. 

Holes Reports the number of independent contiguous areas with no staining 
within a cell. 

Hole Area Reports the area of holes within an object. 

Hole Ratio Reports the ratio of the object area excluding holes, to the total area of 
the object, as determined by Area / (Area + Hole Area). 

Margination 
Reports the distribution of intensity between the center of the cell and the 
edge of the cell.  Describes the relative spatial distribution of actin 
filaments within the cell. 

Heterogeneity 
Reports the fraction of pixels that vary more than 10% from the average 
intensity of the cell.  Is a textural parameter that describes the degree to 
which the actin filaments are organized into homogenously stained 
structures. 

Clumpiness 
The fraction of heterogeneous pixels remaining in a cell after an erosion 
process. It reflects the object texture and the degree to which actin 
filaments are organized into filamentous structures. 
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Figure 5.1: Schematic of Multi-Dimensional Scaling (MDS) approach to 

segment cells based on actin cytoskeletal organization. 

A heterogeneous population of cells is cultured on a substrate, stained with 

fluorescently labeled phalloidin, which binds filamentous actin, and imaged at 

high-resolution.  43 morphometric features are calculated for each cell based on 

actin shape, intensity of staining, texture and spatial distribution.  MDS allows the 

43 features of individual cells to be grouped and remapped in 3D with their 

proximity to each other indicative of the similarities in their features.  More similar 

cells are graphed closer together than less similar cells.  The MDS algorithm 

discovers similar and dissimilar groupings of cells via a non-linear combination of 

the 43 descriptors that maximizes the spatial representation of the similarities 

and dissimilarities between individual cells.  
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Figure 5.2: Performing MDS upon a random negative control yields no clear 

identifiable structure. 

A negative control was run to confirm that the vertex based MDS structure seen 

in Fig. 5.3-5 are not an artifact of the multidimensional scaling process itself. The 

synthetic negative control consisted of randomly generated values with the same 

mean and standard deviation as the raw data. Performing the MDS on this 

synthetic data set results in a graphical representation of the data lacking defined 

structure while maintaining its Gaussian character. There is no clear reference 

point or vertex from which the rest of the data deviates. Therefore the MDS 

clustering seen in the experimental conditions clearly results from inherent 

attributes of the data and is not a random effect. 
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5.3 Results: 

5.3.1 hMSC adopt distinct differentiation outcomes that are not apparent 

from early cell shape/morphology 

 Human bone-marrow derived MSCs demonstrate differentiation behaviors 

that are dependent upon both cell seeding density and growth factors. 

Traditionally, adipogenic differentiation of hMSCs is observed when seeding cells 

at high density (25,000 cells per cm2) in media supplemented with 

dexamethasone, indomethacin, insulin and isobutylmethylxanthine; while 

osteogenic differentiation of hMSC is induced by seeding cells at low density 

(1,000-3,000 cells per cm2) with supplementation of dexamethasone, ascorbate 

and β-glyerophosphate (68).  By culturing cells at 3,000 cells per cm2 on 

fibronectin-treated glass, we observed distinct differentiation fates after two 

weeks in AD (Fig. 5.3A), basal (Fig. 5.3B), and OS induction media (Fig. 5.3C). 

At 3,000 cells per cm2 on fibronectin-coated glass in AD media (Fig. 5.3A), which 

is well below the optimal seeding density for adipogenic differentiation, hMSCs 

displayed evidence of both adipocytic and osteoblastic differentiation at 2 weeks 

as assessed by Oil Red O and Fast Blue Staining respectively (Fig. 5.3D). Under 

the same seeding density with OS media (Fig. 5.3D), hMSCs exhibited 

osteoblastic differentiation with greater than 75% of the cells displaying alkaline 

phosphatase activity and no detectable evidence of lipid accumulation. Finally, 

under basal control media (Fig. 5.3B), the vast majority of cells were identifiable 
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neither as osteoblastic nor adipocytic cells. Thus, under these conditions, hMSCs 

demonstrate robust differentiation behaviors in response to altered soluble cues. 

Screening for early changes in the “overall” cell morphology (24 h) fails to 

capture these differences between conditions (Fig. 5.3E-H). The identification of 

which cells are committed toward the osteoblastic versus adipocytic lineages is 

impossible between conditions. In fact, comparison of traditional shape 

parameters such as total cell area and cell aspect ratio (Fig. 5.3H) reveals no 

apparent difference between AD- and OS-treated samples. 

5.3.2 Early PCR of characteristic genes of differentiation fail to show 

differences in AD versus OS treated cell cultures. 

While stark differences in differentiation behavior are observed in hMSCs at 2 

weeks, an interesting question remains when is the earliest moment that lineage 

commitment may be defined for these cells.  Traditionally, the earliest indicators 

of commitment to the osteoblastic and adipocytic lineages are shown to be 

changes in gene expression profiles (319, 329).  Of particular importance in 

osteoblastic differentiation are RUNX2 (Cbfa1) (72), a transcription factor and 

major regulator of osteoblastogenesis, and its downstream effector OSX (81), a 

transcription factor necessary for progression to the osteoblastic phenotype.  The 

expression of the transcription factor PPARγ, being both necessary (101, 102) 

and sufficient (103) for adipocytic differentiation, represents an identifiable gene 

that is up-regulated in adipogenesis (110).  To identify the relative changes in 

gene expression that are characteristic of terminal cell phenotypes, hMSCs were 

cultured for 3 weeks under seeding densities and media conditions optimized for 
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adipogenesis and osteoblastogenesis as described previously.  PCR was 

performed on these samples (Fig. 5.4) with the gene expression for RUNX2, 

OSX and PPARγ relative to 18S normalized to the expression of the same genes 

of undifferentiated hMSC in basal media after a 6-hour attachment period.  

Adipocytic differentiated hMSCs up-regulate the mRNA expression of PPARγ 

over 10,000 fold compared to their osteoblastic counterparts, where expression 

increases only 3 fold when normalized to the undifferentiated hMSC condition.  

hMSCs of the osteoblastic phenotype demonstrate increases in RUNX2 and 

OSX transcription of 25 fold and 3.5 fold respectively.  Gene expression for 

adipocytic cells showed only an 18 fold increase for RUNX2 and actually showed 

a increase in OSX expression of 6 fold over basal cells.  These experiments 

confirm that for hMSCs differentiated to adipocytes we expect a large increase in 

PPARγ as a hallmark gene expression feature of the phenotype (114).  Likewise, 

for the osteoblastic fate, hMSCs should exhibit increased levels of mRNA 

expression for RUNX2 (72).  To determine whether these characteristic changes 

in gene expression could be used to identify early populations of cells as either 

osteoblastic or adipocytic, PCR for RUNX2, OSX and PPARγ was performed at 

6, and 24 hour (Fig. 5.4).  Interestingly, at 24 hours no features of the gene 

expression changes characteristic of the terminal phenotypes were observed.  All 

genes of interest remained either unchanged or were slightly down regulated 

compared to their undifferentiated predecessors (6 hour conditions under basal 

media).  Thus, gene expression analyses by PCR of key genes indicative of 

osteoblastogenesis and adipogenesis fail to identify lineage commitment events 
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occurring after culture under osteogenic and adipogenic induction media at 

seeding densities of 3,000 cells per cm2 on fibronectin-coated glass. 

5.3.3 High Content Cytoskeletal Imaging and Computational Modeling 

Yield Morphologically Distinguishable Stem Cells 

Our premise is that early cytoskeletal morphology of single cells (Fig. 5.5A) 

enabled through high-content imaging may hold clues to longer-term hMSC 

behavior. Tile scan images of phalloidin-stained hMSCs cultured under 

adipogenic, osteogenic, and basal media conditions demonstrate that cells 

rapidly organize their actin cytoskeleton within 24 hours (Fig. 5.3E-G). Individual 

cell cytoskeletal shape, texture, and spatial distribution descriptors were obtained 

via a series of image processing techniques (Fig. 5.5B) that capture quantitative 

differences in cell organization that are not apparent to the eye. High-content 

morphometric analysis provides 43 cytoskeletal shape-, intensity-, and texture-

based descriptors of whole cell and individual filament morphology for each cell 

(Fig. 5.5C). Using MDS key combinations of these 43 descriptors were reduced 

into 3 dimensions (Fig. 5.5D).  
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Figure 5.3: hMSCs display growth factor-dependent differentiation 

behaviors at 2 weeks that are not apparent at 24 hours. 

hMSCs were cultured on fibronectin-coated glass substrates at 3,000 cells per 

cm2 for 2 weeks in either (A) AD media, (B) BA or (C) OS induction media. 

Differentiation behaviors for osteoblastic and adipogenic phenotype were 

assessed by Fast Blue Staining (blue stain) for positive alkaline phosphatase 

activity or Oil Red O (red stain) staining for intracellular lipid accumulation 

respectively (collectively “FBOR”). Inlays represent corresponding images of 

fluorescently labeled nuclei. (D) Quantitative analysis of FBOR staining 

demonstrates 75% fast blue positive cells in OS media and significantly (p < 

0.05) less fast blue positive cells and almost no oil red O positive cells in AD and 

BA media.  Error bars represent the standard deviation of N=2 independent 

experiments. hMSCs were cultured for 18 hours in (E) AD media (F) BA media, 

and (G) OS media. Cells were fixed and then stained for actin at 24 hours of total 

culture time. (H) Quantitative assessment of cell shape parameters traditionally 

associated with cell fate (cell area and aspect ratio) demonstrated no significant 

differences between AD, BA and OS treated hMSCs at 24 hours.  Error bars 
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represent the standard deviation for N=350-437 cells.  Scale bar for A-C = 100 

µm.  
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Figure 5.4: hMSCs display growth factor dependent differentiation 

behaviors that are not detectable by gene transcription analyses within the 

first 24 hours of culture. 

Polymerase chain reaction (PCR) results of mRNA transcripts of RUNX2, OSX 

and PPARγ for cell cultures at 24 hours, and 3 weeks in either AD or OS 

induction media. For the 6 and 24 h samples cell seeding densities were 3,000 

cells per cm2.  The 3 week samples were seeded at 1,000 cells per cm2 for OS 

conditions and 25,000 cells per cm2 for AD conditions to promote optimal 

osteoblastogenesis and adipogenesis for comparisons.  PCR data shown 

resulted from N = 2 independent experiments with cells from 2 different donors. 

Error bars represent the standard deviation. 
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Figure 5.5: The development of descriptor-based computational modeling 

approaches to parse hMSCs at 24 hours in culture. 

(A) A quantitative approach was undertaken to parse cell fates. Tile scan images 

for single experiments were obtained and underwent image processing (B) to 

yield a list of 43 morphometric descriptors that described whole cell shape and 

cytoskeletal distribution (C). (D) Utilizing multi-dimensional scaling (MDS), the 43 

dimensional descriptor space was combined in a non-linear fashion to create a 

new 3 dimensional space to visualize the data. In the MDS, each point 

represents a single cell cultured under the defined media condition. 
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5.3.4 MDS Analysis of cytoskeletal descriptors discerns bone precursors 

within the first 24 hours  

 The high content imaging followed by MDS allows clear visualization of 

cell subpopulations grown in adipogenic versus osteogenic conditions (Fig. 5.6A-

C). Cells grown in OS media locate primarily within a single cluster (OS blue 

cluster) (Fig. 5.6A-C). Cells cultured under AD and basal media (BA) segmented 

almost entirely into overlapping clusters (red AD/black BA cluster) (Fig. 5.6D-F), 

with limited overlapping with the OS cluster. To determine whether these clusters 

are reasonably indicative of commitment to their respective lineages, these 

results were compared with the fast blue/Oil Red O (FBOR) studies of cells under 

the same conditions (Fig. 5.3A-D). FBOR staining correlates highly with 24 MDS 

predictions supporting that the identified clusters, and therefore cytoskeletal 

morphologies, are encoding commitment to specific cell phenotypes. Cells 

cultured at 3,000 cells per cm2 in OS media demonstrated a majority of cells with 

significant alkaline phosphatase activity indicating their commitment toward the 

osteoblastic phenotype. In contrast, cells cultured in AD or basal media displayed 

fewer cells with significant alkaline phosphatase activity, as well as sporadic oil 

red O positive cells in the adipogenic condition.  

Predicting stem cell lineage outcomes is challenged by inherent variability 

in the stem cell populations. For hMSCs, this variability may result from biological 

differences in the donor source of cells (330), age of the donor (95), and passage 

number within a given donor source (331). To examine whether the high-content 
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descriptor-based segmentation of cell populations visualized were donor or 

passage dependent, experiments were performed with 2 different donors (age 22 

and 36) and with 2 different passage numbers (Fig. 5.6). When comparing 

across different cell sources (compare Fig. 5.6A-C), clear segmentation of 

adipogenic and osteogenic treated cell populations is observed in all cases. 

Additionally, in all instances, the OS treated cells segmented from the AD/BA 

treated cells (Fig. 5.6E-F). Validation of the OS versus AD segmentation 

produced by the MDS for the different conditions was performed utilizing a 

support vector machine (SVM) to classify the different grouping (Fig 5.6A-C). 

Statistics from the SVM indicate that the MDS identifies and distinguishes OS 

treated cells with high accuracy, specificity, and sensitivity from AD treated cells.  

5.3.5 Cytoskeletal descriptors capture the substrate-governed time 

evolution of lineage commitment  

Unlike their fibronectin-coated counterparts, hMSCs cultured on glass substrates 

without fibronectin pre-treatment showed no definable clusters for either the OS 

or AD treated cells at 24 hours (Fig. 5.7A-B). Time sequence analysis (Fig. 

5.7C-F) of the MDS for cells cultured in OS or AD conditions indicate that on un-

treated glass, these characteristic morphometric features developed between 48 

and 72 hours. With increasing time (96 hours; Fig. 5.7F), the segmentation was 

more pronounced, indicating that within the time frame examined, the 

cytoskeletal based morphometrics of these two cell populations become 

progressively divergent. 
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Figure 5.6: Cytoskeleton-based descriptors segment and identify individual 

osteoblastic cells within hMSC cultures exposed to soluble factors. 

MDS results demonstrate that individual cells exposed to OS media (blue) cluster 

separately from cells in either AD (red) (A-C) or BA (black) (D-F) media. All cells 

were cultured on fibronectin pre-conditioned glass at 3,000 cells per cm2. This 

segmentation was observed in at least three different cultures consisting of two 

donors (Donor 1 = 36 year old male (A, D, B, E); Donor 2 = 22 year old female 

(C, F)) and two passages (2 (A, C, D, F) and 4 (B, E)). No segmentation was 

observed between the AD and BA media conditions (D-F). For (A-C) data are 

pooled from 4 different wells for each condition, in (D-F) data is pooled from 2 

wells for each condition. (A-C) Support vector machine (SVM) classification of 

clustering evident in the MDS graphs supports that when comparing OS versus 

AD treated cells classification can be achieved with high accuracy (ACC), 

sensitivity (Sens), and specificity (Spec). Error reported on SVM classification 
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represents the standard deviation for ACC, Sens, and Spec for N=50 two-fold 

cross validation pseudo-experiments of MDS data plotted in (A-C). 
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Figure 5.7: Cytoskeletal based morphometric segmentation kinetics occur 

in a ligand-dependent manner. 

hMSCs were cultured in either AD or OS media on glass substrates with (A) and 

without (B) fibronectin pre-treatment for 24 hours. At 24 hours the fibronectin-

pretreated substrates demonstrate a clear segmentation of the hMSCs treated 

with AD or OS induction whereas glass alone conditions do not. Over time with 

the non-conditioned glass, the cytoskeletal based segmentation process 

becomes progressively more pronounced with culture time (C-F). The MDS of 

cells taken at 24 hours (C), 48 hours (D), 72 hours (E), and 96 hours (F) are 

shown. No clear segmentation was seen on the glass substrate until 72 hours of 

culture. Data is shown from one representative time course experiment. 
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5.3.6 24 h Forecasting of hMSC osteoblastic lineage outcomes at two 

weeks via high content morphometric descriptors 

 We next examined whether the morphometric approach could be applied 

to predict osteoblastic differentiation of hMSCs on complex engineered synthetic 

substrates that promote variable degrees of osteoblastic differentiation 

behaviors. Nine polymers with diverse physicochemical properties (Table 5.2) 

are used in the test case based on their ability to support in excess of 50% of the 

cells toward the osteoblastic lineage at 2 weeks. High seeding density (21,000 

cells/cm2) and mixed induction media were employed to rank-order and parse out 

materials that potentiate osteogenic differentiation  (Fig. 5.8). Examination of the 

24-hour high-content images of hMSCs demonstrated no apparent differences in 

cell morphology elicited by the materials (Fig. 5.8C-D). However, FBOR analysis 

of hMSCs cultured on these materials demonstrated substrate-dependent 

staining in terms of the ratio of osteoblastic committed cells versus non-

osteoblastic committed cells (Fig. 5.8E). Utilizing the previous outlined approach 

(Fig. 5.5) the MDS results for individual polymer samples showed two distinct cell 

fates within a given sample (Fig. 5.9). This divergent cell segmentation is 

attributed to the same divergence seen in the OS versus AD control conditions 

seen in Fig. 5.5. Calculating the ratio of cells that cluster in the osteoblastic 

regime (identified by the larger of the two clusters) allowed for the prediction of 

the ratio of cells that will become osteoblasts versus those that will not (Fig. 

5.8F). This prediction was compared with the experimentally observed FBOR 

results obtained at 2 weeks for the same polymers (Fig. 5.8E). Polymer 
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chemistry appeared to have a large effect on hMSC differentiation with the ratio 

of cells that are fast blue positive to those that are not ranging from 

approximately 1.50 to almost 3.75 for the tested materials (Fig. 5.8E). The 24 

hour morphometric-based prediction was compared with the experimentally 

captured FBOR staining.  A high correlation (Pearson correlation coefficient = 

0.87) results between the MDS based 24 h predictions and the 2 week 

experimental values (Fig. 5.8F).  
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Table 5.2: The single cell morphometric methodology can be used to 

assess hMSC differentiation on a wide array of biomaterials. 

The 8 synthetic materials utilized to promote altered bone versus non-bone 

differentiation ratios are shown.  Chemical formula, chemical composition, 

molecular weight (Mn, Mw,), polydispersity (PDI), glass transition temperatures 

(Tg) and air-water contact angle is reported for all the materials. All values were 

measured except for the Tg for PLLA and PLGA, which were obtained from the 

literature. As can be seen, the morphometric approach can be applied on 

materials representing a varied material space. Three separate classes of 

synthetic materials were chosen including polycarbonates, polymethacrylates, 

and poly(α-hydroxy ester)s.  All values are ± the standard deviation.  Note: for 

poly(70%methacrylic acid-co-30%methyl methacrylate) no Tg was found (NF) 

before the polymer’s decomposition temperature. 
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Polymer 
Molecular 

Weight 
PDI 

Tg 
(
o
C) 

Air Water 
Contact Angle 

poly(82%DTE-co-10%DT-co-8%PEG1K carbonate )  

Mn = 120K 

Mw = 171K 
1.4 

46 

20 
 

72.5o
±2.6 

poly(71%tetrahydrofurfuryl-co-29%-isobornyl methacrylate) 

Mn = 249K 
Mw = 514K 

2.1 56 68.2o
±1.0 

poly(90%DTE-co-10%DT carbonate) 

Mn = 241K 

Mw = 316K 
1.3 101 72.7o

±1.4 

poly(50%D,L-lactic-co-50%glycolic acid) 

Mn = 50K 

Mw = 88K 
1.8 42 70.8o

±0.9 

poly(70%methacrylic acid-co-30%methyl methacrylate) 

Mn = 87K 

Mw = 107K 
1.2 NF 80.1o

±1.0 

poly(78%benzyl-co-22%hydroxypropyl methacrylate) 

Mn = 121K 
Mw = 308K 

2.5 72 63.5o
±4.4 

poly(30%cyclohexyl-co-70%hydroxypropyl methacrylate) 

Mn = 331K 

Mw = 742K 
2.2 92 89.9o

±2.3 

C O

O

H
C

CH3
 

poly(L-lactic acid) 

Mn = 109K 

Mw = 182K 
1.7 66 

73.7o
±0.8 
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Figure 5.8: Altered hMSC osteoblastic commitment resulting from 

substrate may be predicted based on MDS at 24 hours. 

(A-B) At constant seeding density (21,000 cells per cm2) and applied soluble 

cues (MX media) synthetic substrates alter the percentage of cells that 

differentiate toward the osteoblastic lineage at 2 weeks as assessed by FBOR 

staining.  FBOR images are shown for polymer 8 (A) and 1 (B). (C-D) While the 

FBOR staining in (A-B) shows differences in the ratio of osteoblastic versus non-

osteoblastic cells on different substrates, no obvious morphologic differences in 

cytoskeletal morphology are seen in the 24 h tile scan actin-stained images 

shown for the same polymers (8 (C) and 1 (D)). (E) Quantification of the ratio of 

fast blue positive cells to non-fast blue positive cells for each substrate shows 

ratios ranging from approximately 1.5 to 3.75.  Error bars represent the standard 

deviation of N=2-4 experiments per substrate. (F) Scatter plot with the X-axis 

representing the ratio of 2-week cells experimentally observed becoming 

osteoblasts to those not committed to becoming osteoblasts, versus the 24 hour 

morphometric/MDS prediction for the same ratio (Y-axis). A high degree of 

correlation between the prediction and observed percent of osteoblasts was seen 

(Pearson correlation coefficient = 0.87).  The X error bars represent the standard 

deviation for N=2-4 independent experiments. (G) Table listing full polymer 

names with corresponding keyed system shown in (F). 
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Figure 5.9: hMSCs cultured on synthetic/ECM substrates demonstrate two 

separate definable clusters within a single image. 

Running of the MDS upon the individual cell morphometrics for a single sample of cells 

cultured upon poly(30%cyclohexyl-co-70%hydroxypropyl methacrylate) demonstrates 

that the MDS-processed cells are scattered via 2 different trajectories. It is 

hypothesized that these trajectories correspond to osteoblastic-committed cells and 

non-osteoblastic-committed cells respectively.  Each point in the graph represents a 

single cell.  All cells were taken from a single tile scan image and were cultured within 

the same well under a similar milieu. Cells were cultured at 21,000 cells per cm2 in 

50:50 mixed AD:OS media.  These conditions were chosen to maximize the bi-

potential nature of the culture. 
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5.4 Discussion: 

  “High content” cell morphology-based screening approaches have been 

developed for the screening of potential pharmaceuticals and biologically active 

small molecules, but these strategies have yet to become widespread for stem 

cell and tissue engineering applications. We demonstrate here that classifications 

of individual cell fates accurately predict long-term cellular behaviors days to 

weeks before they are experimentally detected. We also suggest that these 

classifications can be modulated by variations in the stem cell environments 

(biomaterial substrates and soluble cues).  Previous work on hMSC 

differentiation reports links between global cell shape parameters and MSC 

differentiation behavior (87). However, this study finds that first moment shape 

descriptors alone fail to capture the heterogeneity and segregation of hMSCs at 

early time points (Fig. 5.3H). To capture these hallmark cytoskeletal “fingerprints” 

of osteoblastic committed precursors, we suggest that the high content 

methodology proposed in this study is valuable (Fig. 5.5). 

 The proposed methodology captures and quantifies the degree of 

heterogeneity within a given cell culture. Fig. 5.3A-C clearly demonstrate that 

hMSCs rarely behave as single cell phenotype in culture. Rather, heterogeneous 

pockets of cells that adopt similar fates appear. Unlike pooled analysis methods 

such as gene microarrays, PCR and well plate-based colormetric end point 

analyses (e.g., fluorescent alkaline phosphatase and lipid accumulation kits), the 

high content morphometric approach is able to capture the unique cytoskeletal 
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characteristics of each cell and correlate them with its own cellular behavior.  The 

ability to parse cells on a cell-by-cell basis represents a fundamental shift in the 

approach to stem cell characterization. By treating each cell as its own 

experimental data point, it is possible to increase both the informational yield and 

statistics of a given assay without increasing the number of samples or 

conditions analyzed (332).  

 The differentiation of hMSCs toward terminal phenotypes represents a 

biological process occurring over days to weeks. Gene expression analyses have 

demonstrated that transcription of genes traditionally indicative of commitment 

toward the osteoblastic (319) and adipocytic (114, 329) lineages (RUNX2 and 

PPARγ respectively) are largely observed after 3 or more days in differentiation 

cultures. While expression of these genes are traditionally considered the first 

definitive markers of hMSC lineage commitment, studies have demonstrated that 

events occurring much earlier are linked to end-stage phenotypic expression. 

Changes in initial cell seeding density, cell shape and early cytoskeletal 

mechanics display the ability to influence MSC terminal behavior (71, 87).  

 The cytoskeletal morphometrics, which underlie the classification 

proposed in our study, reinforce the notion that the actin cytoskeleton plays a 

dominant role in regulating hMSC differentiation.  This likely occurs via cell 

shape, Rho, ROCK, and cytoskeletal tension mechanisms, which promote 

osteoblastic induction (66, 87, 306). More specifically, the actin cytoskeleton 

plays a dominant role in regulating the differentiated phenotype. Cytochalasin D 

treatment to disrupt actin organization is sufficient to prevent expression of 
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markers of differentiation in hMSCs under osteoblastic induction (306). 

Furthermore, studies have proposed a detailed mechanism in which actin-based 

cell shape, Rho, ROCK and cytoskeletal tension influence hMSC differentiation. 

These studies demonstrated that the actin cytoskeleton induced up-regulation of 

RhoA (205), and subsequently ROCK, in spread cells results in preferential 

commitment of hMSCs to osteoblastic rather than adipocytic lineages (87). The 

total activity of ROCK, and therefore tendency to commit to one lineage versus 

another, may be captured in the morphology of individual actin fibers as different 

activities of ROCK result in altered actin fiber thickness and density (202). 

Additionally, transient expression of a glycerophosphodiester phosphodiesterase 

localized to the actin cytoskeleton results in both morphologic changes of the 

cytoskeleton and increases in alkaline phosphatase activity (333). Thus, within 

the context of the previously established framework linking the actin cytoskeleton 

to the osteoblastic phenotype in hMSCs, it follows that the cell decision-making 

process may be encoded within the cytoskeleton itself.   

 Actin filament organization throughout a cell has been associated with a 

number of intracellular signaling pathways and events including activation of the 

mitogen-activated protein kinases (MAPKs) (334), NF-κB signaling (335), 

phosphoinositol kinase signaling (336), calcium signaling (337) and regulation of 

transcriptional events (338). Quantitative morphologic changes captured by the 

cytoskeletal descriptors may provide a metric of the signaling state of cells, an 

area that warrants further investigation. Therefore, the morphometrics presented 
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within this study may be useful not only in predicting stem cell fate, but in more 

generalized cell behavioral and signaling analyses.  

The methodology of morphometric profiling of cell behaviors could be 

refined in the future to address discrimination of different lineage types (beyond 

osteogenic versus adipogenic, for example), and also temporal changes in 

differentiation within dynamic conditions. Currently, our predictions appear valid 

when the induction stimuli (i.e., substrata or soluble factors) remain unchanged 

for the entire period of culture, but could be examined when hMSCs 

transdifferentiate into other lineages (318). The questions to address in the future 

are which cytoskeletal descriptors if any are unique to specific lineages, and 

whether such descriptors can help parse multiple lineages. Our MDS-based 

segmentation correctly parses cells cultured under osteogenic conditions, but 

given its current one-reporter (actin)-based parsing process, it is unable to parse 

adipogenic cells from those under basal conditions (Fig. 5.6D-F).  This is 

possibly due to lack of true adipogenic differentiation under the sparse seeding 

conditions we employed or because our imaging did not extend to the formative 

time course of cytoskeletal rearrangement indicative of adipocytic lineage 

commitment. Further, in the current form, the actin-based profiling could not be 

extended to parse cells near confluence in adipogenic versus basal media, but 

newer methods could be developed based on nuclear morphology (339) where 

cell-cell segmentation is not necessary.  

 In this study, fibronectin pre-conditioning had a marked effect on 

accelerating the kinetics of hMSC lineage commitment.  Additionally, as small 
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changes in substrate chemistry can significantly affect matrix ligand conditioning 

(219, 258), we examined whether our high content stem cell profiling approach 

could help discriminate hMSC commitment to distinct lineages on nine different 

substrates. The physicochemical properties of such substrates themselves play a 

critical role in steering the percentage of cells that commit to specific fates (Fig. 

5.8E). It is hypothesized that when a stem cell is given all of the necessary 

soluble factors to differentiate into multiple terminal cell types, the conformation 

of the cell, as influenced by the substrate, specifies the probability of 

differentiating into certain fates. The differences in hMSC commitment between 

polymer samples likely results from the chemical modifications in the polymer 

backbones. Previous work with hMSCs on self-assembled monolayers (315) and 

poly(ethylene glycol)-variant materials (328) confirms that material chemistry can 

affect osteoblastic lineage commitment and differentiation.  For the nine polymers 

assessed in this study, a high degree of correlation between the 24-hour 

predictions and the experimentally observed 2-week FBOR was observed (0.87).  

Despite the seeming complexity of the large number of varied polymer surface 

properties that could influence stem cell differentiation, we believe cells integrate 

such signals into early intracellular morphological cues within 24 hours that 

predict the behavior out at two weeks.   Thus lineage fates may be driven by 

rapid deterministic differentiation events early on and not necessarily by different 

growth kinetic behaviors (87). 

 One of the implications of using this image-based approach is that it is not 

necessary to hypothesize the existence of significantly different fates of the cell 
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before identifying the fact that multiple cell fates may exist. Since the individual 

cells compared in this study segregate so readily into the different clusters, there 

may exist a method to first image a cell and associate it with a currently unknown 

fate. After a cell has been associated with an unknown fate, these cells can then 

be separated and cultured independently. This may allow researchers to obtain 

homogenous populations of cells even when the induction of cell formation is not 

perfect. The ability to do so allows one to explore the pathways that lead to 

differentiation in greater detail because it becomes possible to isolate the main 

decision points (i.e., the small perturbations within the system that force the cell 

down one specific fate). Secondly, it may increase the fidelity of results from 

experiments such as microarrays, in which it is necessary to obtain mRNA 

expression levels from a population of cells. Populations of different cells, each, 

would normally adversely affect such results exhibiting their own lineage-specific 

gene expressions, therefore making it difficult to identify the role of specific genes 

in different cell lines. 
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5.5 Conclusion: 

 We have shown that through “high-content” morphometric analyses it is 

possible to identify the differentiation behavior of stem cells early within culture 

periods. This methodology applies to the differential behavior of these cells 

resulting from altered soluble factors, ligand conditioning or synthetic/biomimetic 

substrates. These findings are significant because they first show that surface 

chemistry plays a critical role in the kinetics of cellular differentiation. Additionally, 

the ability to identify cellular fates early on may allow us to establish a time line 

for cellular differentiation and identify critical points in cellular evolution for further 

assaying. The ability to obtain reasonably accurate predictions of cellular 

functions early opens up new approaches for the: screening of different polymers 

for directed stem cell differentiation, separating heterogeneous populations of 

cells, and increasing the fidelity of cellular differentiation assays. Finally, the MDS 

based stem cell identification could be utilized as an approach to rapidly screen 

and identify lead biomaterials for use in regenerative medicine. 
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6 Research Summary and Future Directions 

6.1 Research Summary 

 This dissertation focused on addressing the needs of the tissue 

engineering community through the development of a novel “high-content” 

morphology-based imaging platform.  This methodology was developed to 

address the critical needs and priorities of the field as highlighted in the MATES 

report (47): “(1) understanding the cellular machinery; (2) identifying and 

validating biomarkers and assays; (3) advancing imaging technologies; (4) 

defining cell/environment interactions; and (5) establishing computational 

modeling systems”.  The hypothesis was posed that high-content morphometric-

based imaging in combination with computational modeling methods will provide 

early predictive measures of cell fate and function as well as capture cytoskeletal 

involvement in complex material-mediated cell behaviors.  To test the validity of 

the hypothesis four separate aims were undertaken.  First, we developed a 

methodology for obtaining high-content feature-based descriptors of cytoskeletal 

and cytoplasmic markers.  This methodology demonstrated that high-content 

imaging could characterize cell attachment, apoptotic behavior and cytoskeletal 

organization in response to culture on a limited sample of tyrosine-derived 

polycarbonates.  Second, the high-content methodology was combined with a 

gradient-based polymer coated substrate approach to simultaneously elucidate 

the response of cells to continuous changes in surface roughness and discrete 

changes in surface chemistry.  The high-throughput nature of the gradient setup 
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allowed for the rapid screening of global cell functions such as cell attachment.  

By coupling this analysis with the high-content approach, it was possible to 

propose unique aspects of global cell shape and signaling pathways that were 

altered/activated in response to surface roughness and specific chemistries.  

Therefore, the gradient and high-content approaches synergized to provide rapid 

assessment of cell response to material composition and topography while 

providing in depth single cell features that responded to these material factors.  

Third, the high-content approach was expanded to study cell response to a 

compositionally similar and systematically varied library of 14 tyrosine-derived 

polycarbonates.  In this study it was demonstrated that the actin-based 

cytoskeleton of human Saos-2 cells responded in material-dependent manners.  

This cytoskeletal organizational response was shown to occur in parallel with 

complex material-mediated changes in Saos-2 cell proliferation and 

mineralization.  In an attempt to link the early (24 hour) changes in material 

influenced cytoskeletal changes to the 3 week mineralization response on the 

same materials computational modeling methods were employed.  Utilizing the 

24 hour morphology, the computational model was able to predict the 3 week 

mineralization response with limited success.  The limitation of the prediction was 

attributed to the complexity of the functional assay chosen (i.e., mineralization) 

and to the cancer–like nature of the Saos-2 cells.  Therefore, in the fourth aim, 

human mesenchymal stem cells (hMSCs) were grown on synthetic and 

biomimetic surfaces.  Material and soluble cues were used to promote 

divergences in lineage commitment of the hMSCs. High-content morphometrics 
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based on actin cytoskeletal organization taken at 24 hours demonstrated 

segregation of cell populations based on certain unique feature combinations.  

The feature-based methodology not only correlated well with 2 week 

differentiation behaviors, but demonstrated that the time scale of the image 

feature-based cell population segregation may be hastened or slowed by the 

ligand conditioning status of the materials.  Finally, utilizing the 24 hour 

morphometric cell population segregation on synthetic materials, it was possible 

to forecast 2 week differentiation behaviors with a high degree of correlation.   

 Based on the findings discussed within the individual chapters of this 

dissertation, it was concluded that the hypothesis was valid.  High-content 

morphometric imaging of early cell response captures long-term, material and 

soluble factor dependent behaviors.  This work built on previous studies by Olson 

et al., which indicated that cell populations could be classified based solely on 

textural analyses used in conjunction with computational classification techniques 

(320).  Confocal and/or epifluorescent imaging remain mainstays of cell 

characterization.  However, traditional analysis of cell morphology has been 

limited to simple first order metrics of global cell shape including but not limited 

to: cell area, aspect ratio, and cell shape factor.  When the cytoskeletal 

organization is analyzed, it is generally done so in a qualitative manner.  At best, 

some studies have attempted semi-quantitative approaches to characterize the 

total amount of cytoskeletal proteins present.  However these findings generally 

fail to mirror the associated qualitative assessments (154).  A major finding of this 

work is that when analyzed in a strictly quantitative manner, the cytoskeleton, 
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particularly actin, acts as a sensitive probe of cell response.  Utilizing the 

morphometric-based analysis presented within this dissertation, it is possible to 

capture subtle changes in material influenced cytoskeletal organization and 

forecast drastic divergences in cell behaviors weeks before they occur.   

 In fact, this study found that changes in cytoskeletal shape may be the 

one of the earliest markers/indicators of cellular outcomes.  Therefore, while this 

study chose to focus on hMSC lineage commitment to either the adipocytic or 

osteoblastic lineages, this methodology may be applicable to other cell 

phenotypes or even other cell lines.  hMSCs maintain the ability to differentiate 

into a number of cell phenotypes.  Studies have investigated other lineages such 

as: chondrocytes (68), myofibroblasts (340), neurons (341), myoblasts (342, 343) 

and other cell types of all three germ layers (55).  The high-content platform 

highlighted within this dissertation may be used to probe the role of the 

cytoskeleton and possibly predict hMSC differentiation to any of these 

aforementioned cell lineages.  Additionally the applicability could be expanded to 

other stem cells.  Recently, Mangoubi and coworkers utilized an image-based 

approach to classify colonies of human embryonic stem cells (hESCs) as either 

undifferentiated or differentiated (321).  High-content cytoskeletal-based imaging 

may provide new methods to study hESC differentiation as well as examine the 

role that the cytoskeleton plays in early differentiation events.   In conclusion, this 

dissertation has presented a cell characterization approach that provides: 

predictive measures of long-term cell behaviors at early time points, the effective 

forecasting of stem cell lineage commitment on complex biomaterials; real time 
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measures of stem cell fates and identification of when lineage commitment is 

identifiable; cell-by-cell based analysis that is able to capture the heterogeneity of 

sample populations; and the ability to parse out cell response influenced by 

multiple stimuli (e.g., soluble and material cues). 

6.2 Future Directions 

 

6.2.1 Cytoskeletal Descriptor Pathway Elucidation 

 The high-content morphometric analysis discussed within this dissertation 

represents a novel method to characterize and forecast cell response to material 

and soluble cues.  However, the exact manner by which these descriptors 

capture key mechanistic events in cell behavior remains unclear. Previously, it 

has been shown that subsets of the molecules believed to be responsible for 

hMSC lineage commitment are those that also determine actin stress fiber shape 

and distribution (87, 202, 306, 344, 345).  Therefore, it is possible that the 

captured characteristic cytoskeletal feature combinations represent cytoskeletal 

changes that are upstream or downstream of these signaling cascades.  

Alternatively, as actin organization is involved in RNA transcription (338, 346), it 

is possible that the descriptors themselves represent changes at the 

transcriptome level.  Therefore, to probe the role of the descriptors within the 

context of the intracellular machinery and signal transduction pathways that lead 

to ultimate cell fate, two strategies may be employed. Utilizing systems biology 

approaches, the effect of Rho GTPases and their downstream effectors on actin 
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morphogenesis may be ascertained through the selective inhibition of each of 

these molecules. This will allow the determination of the resultant actin shape as 

a function of the activity of these molecules therefore directly linking intracellular 

signaling activities with their associated descriptor combinations.  Second, gene 

mircoarray analyses may be used to discern changes in the transcriptional 

activity of hMSCs (110, 319, 329).  By utilizing microarray assays at time points 

proximal to those of descriptor evolution it may be possible to highlight 

characteristic genes that are up regulated and therefore contributory and/or 

resultant of the cytoskeleton-based descriptors.  Ultimately, when combined, the 

two methods may provide a detailed mechanism by which the high-content actin-

based morphometric descriptors encode or dictate cell responses. 

6.2.2 Three Dimensional High-Content Descriptor Calculation 

 The ultimate success of tissue engineering depends on the ability to 

fabricate constructs that mimic the function and morphology of endogenous 

tissues.  While 2D systems provide convenient models of hMSC behavior, 

ultimately, implantable devices must be 3D in nature.  The culture, expansion 

and differentiation of hMSCs in 3D scaffolds has been applied to create tissue-

engineered products including skin substitutes (16, 340), bone (347-350), 

cartilage (350, 351) and fat (349).  Currently, the high-content morphometric 

approach has been demonstrated in strictly two-dimensional cultures.  However, 

the method may demonstrate utility in characterizing hMSC behavior in 3D 

environments.  While the organization of the cytoskeleton of hMSCs has been 

largely characterized on 2D matrices, studies have shown that cells do form 
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matrix adhesions in 3D, but the organization and type of focal adhesions formed 

in 3D environments are distinct from those formed in their 2D counterparts (as 

reviewed in (352, 353)).  Additionally, studies have demonstrated that when 

cultured in 3D versus 2D, fibroblasts adopt differences in cell morphology that 

occur in parallel with increases in cell behaviors such as proliferation, migration, 

and adhesion (354).  Similar perturbations have been reported when comparing 

2D and 3D cultures of hMSCs. Hishikawa and coworkers reported changes in 

gene expression profiles of osteoblastic genes with up-regulation of key 

osteogenic genes in 3D versus 2D cultures (355).  Given the changes in both cell 

morphology and cellular behaviors seen when transitioning from a 2D to 3D 

system, the high-content morphometric approach presented within this 

dissertation may represent and ideal tactic to characterize hMSCs seeded within 

3D scaffolds.  Adaptation of the morphometric approach will require significant 

method development.  First, the descriptor calculation approach highlighted 

within this dissertation works for two-dimensional projections of cellular 

ultrastructure.  While the current ImagePro© software package defines 2D cell 

area, aspect ratio, and actin filament spatial distribution, new three-dimensional 

descriptors defining the 3D cytoskeletal organization must be developed.  

Secondly, material platforms for the scaffolds must be tested to ensure that they 

maintain the pluripotency of the stem cells while allowing directed differentiation 

to certain phenotypes.  Studies have demonstrated that hMSCs remain 

pluripotent in 3D scaffolds while maintaining the ability to differentiate along 

multiple lineages (350, 356) utilizing similar soluble cocktails as those employed 
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in the 2D cultures within this dissertation.  Finally, computational modeling 

systems will need to be developed to classify and/or predict hMSC differentiation 

behaviors as compared to their early 3D morphology.  One interesting aspect to 

explore is whether the cytoskeletal features that are indicative of osteoblastic 

differentiation in 2D are similar or correlated to those in 3D.  If so, this may 

present a new approach to predict hMSC differentiation behaviors in 3D scaffolds 

based solely on their more easily obtained 2D descriptor values. 

6.2.3  Analysis of Other Intracellular Molecules for Descriptor Generation 

 The current study focused on high-content imaging of the actin cellular 

spatial arrangement and filament-defined cell shape.  Actin was chosen because 

of its well-documented involvement in cell-material interactions as well as its 

intimate association with signaling cascades that affect cell differentiation, 

attachment and proliferation.  While high-content descriptors of actin appear to 

provide useful metrics of cell responses, it remains possible that other 

intracellular elements may benefit from the presented morphometric approach.  

One such cytoskeletal element is the integrin. When cells contact surfaces, they 

use adhesion receptor molecules called integrins to initiate binding to matrix 

ligands adhering to the material surface.  Integrins represent the 

mechanosensory machinery of the cell.  The generation of force at integrin 

binding site leads to local focal adhesion assembly and activation of signaling 

cascades and gene transcription (176, 261-264). For example, integrins directly 

activate intracellular signaling processes with their adhesion and clustering 

resulting in activation of focal adhesion kinase (FAK), a non-receptor tyrosine 
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kinase recruited to focal adhesion areas of cells (357, 358).  FAK activates a 

number of intracellular proteins and signaling molecules including Src, 

phosphatidylinositol 3-kinase, Grb2, p130Cas and paxillin, which regulate cellular 

functions ranging from proliferation and apoptosis to migration (359-363). While 

the FAK mediated cascade was one of the first identified integrin mediated 

signals, independent activation of mitogen activated protein (MAP) kinase and 

the Ras GTPase superfamily by integrins has been shown (as reviewed in (364)).  

Activation of MAP kinase triggers the extracellular signal-regulated cascade (Erk) 

that regulates cell proliferation and differentiation; while the Ras GTPase 

superfamily including Rho, Rac, and CDC42 have been implicated in the cell 

cycle, cell morphogenesis and cell migration (94, 320, 365-367). Finally, integrin 

binding to substrates leads to changes in mRNA expression, translation and 

targeting (368-370). Overall, integrins maintain a crucial role in the mediation of 

the cellular response.  Therefore detailed analysis of the cytoskeletal distribution 

and morphometrics of these adhesion complexes may provide insight into the 

signaling state of a cell and possibly act as accurate early predictive measures of 

long-term cell behaviors. 

 Cells have been described as structures supported by cytoskeletal 

elements in tension rather than supported by hydrostatic compressional 

continuity (170-173).  In these models, the cytoskeleton of the cell couples the 

nucleus to integrins, therefore providing a path for the propagation of mechanical 

cues from the extracellular matrix to the control center of the cell, the nucleus 

(174).  Therefore, the nucleus represents another intracellular element that may 
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benefit from the approach presented within this dissertation.  Previous work on 

nuclear shape morphometrics has focused on the pathologic assessment of 

cancerous cells (371).  However, nuclear shape may be indicative of more than 

carcinogenic progression, but also may be indicative of complex cell behaviors.  

For example, nuclear shape has been shown to strongly influence the expression 

of osteogenic genes in osteoblastic cells (324).  Furthermore, studies by McBride 

et al. demonstrated that the nuclear shape of hMSCs was correlated with 

proliferation and expression of genes associated with differentiation (339).   

Therefore, a detailed morphometric analysis of nuclear shape or the distribution 

of key nuclear proteins may represent a viable method to define early metrics of 

cell behaviors.  Transitioning from cytoskeletal to nuclear morphometrics has the 

added benefit of expanding the sample population to confluent cell cultures.  

Currently, the greatest limitation of the cytoskeletal-defined high-content imaging 

platform is that single cells must be resolved.  Therefore, the analysis is not 

amenable to cell cultures where cells have become confluent.  This represents a 

major limitation particularly with regards to adipocytic differentiation of hMSCs, 

which occurs primarily within confluent cultures.  As cell nuclei may be resolved 

in confluent cultures, the adaptation of the high-content morphometric approach 

to cell nuclei may allow predictive measures of a wider and more robust range of 

cell fates and behaviors.  
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