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CHAPTER 1

Introduction

This initial chapter provides some context for this work (§1.1–§1.5) and an overview

of the topics considered in the remainder of the dissertation (§1.6).

1.1 Clinical perspectives

Left to their own devices, the parallel-fibered ligaments and tendons repair slowly

due to characteristically low blood flow and cell content [210]. Taking the case of

anterior cruciate ligament (anterior cruciate ligament (ACL)) rupture, even in con-

trast to medial collateral ligament (MCL) injury [162, 185, 207], no stable blood

clot can form to constitute the necessary scaffold for fibroblasts to bridge the torn

ends [69]. Together, ACL and MCL injuries constitute 90 % of sports-related liga-

ment injuries [121]. Indeed, the ACL is the most frequently injured knee ligament,

with some 200,000 ruptures [150] and 100,000 surgical reconstructions per year in

the United States [146], and a panel of associated sequelae, the most debilitating

of which is tibiofemoral osteoarthritis (OA). While recent studies suggest OA rates

in those with isolated ACL injury may be only be 0 %–13 % (lower than previously

thought) [134], OA may develop regardless of treatment strategy [109]. One study re-

ported infrequent OA among ACL rupture patients with an intact meniscus treated

with activity modification and physical therapy [130]. Not surprisingly, however,

patients actively engaged in sports prior to injury but who choose a conservative
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neuromuscular rehabilitation program in place of surgery are relatively dissatisfied

with quality of life outcomes at 15 years [93]. These morbidities are only partially

resolved by the use of surgical autologous tendon graft repair, be it donor-site mor-

bidity, inferior mechanical knee stability (compared to pre-injury), or insufficient

secretory potential of re-populating cartilage cells. Taken together, these issues mo-

tivate an alternative ‘autologous’ intervention strategy. However, like other tissues to

date, engineered ligaments have been inferior in terms of mechanical properties [62].

Without the possible drawbacks of bio-incompatibility or implant resorption, an ap-

proach which does not use an exogenous biological or synthetic scaffold may yield

superior long-term stiffness and strength [21, 65, 73, 92, 97, 100, 110, 179].

Almost by definition, ligament tissue engineering requires fibroblastic cells. Bone

marrow stromal cells (MSCs) are ideal for this purpose, as they contain a sub-fraction

of mesenchymal stem cells and (mesenchymal progenitor cells (MPCs)) multipotent

to non-epithelial connective tissues [22, 57], are readily available as autologous, im-

munocompatible iliac crest aspirates in the adult [156], and, based on clinical prece-

dent, do not challenge any ethical or safety norms. Moreover, due to the immunocom-

patible properties of mesenchymal stem cells [81], MSCs may be uniquely suitable

as an “off-the-shelf” allograft. Through a variety of proposed mechanisms, they also

appear to be immunosuppressive, leading to enhanced allogenic hematopoietic stem

cell engraftment and inhibition of graft-versus-host-disease [101]. Compare this to

primary fibroblasts, which, while not only having less proliferative and differentiation

potential than most MSCs [55], require a solid-tissue biopsy (skin, tendon, ligament,

etc.) for use as a cell-based therapy. Intuitively, MSCs are inherently more able

than differentiated fibroblasts to restore the biochemical role of the native ligament

in order to provide the necessary paracrine signaling for healthy repair of the entire
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joint and delay the onset of OA. MSC biology research and the tissue engineering

efforts it feeds, however, have focused on the osteo-chondrogenic differentiation axis

of the MPC sub-population [103] and, more recently, on the evidence of these cells

to exhibit germ-layer plasticity [9] in neurogenesis [17, 119]. Rat MSCs have been

used to engineer self-assembling, scaffold-less 3-D constructs with both fibrogenic

and osteogenic properties in the Skeletal Tissue Engineering Laboratory (STEL)

[110, 179, 189]. However, it has been difficult to produce a homogenous ligament

repeatably due to the donor-variable and heterogeneous nature of MSC cultures. In

this context, phenotypic characterization and long-term in vitro and in vivo studies

are necessary in order to rule out the possibility of a “default” osteogenic phenotype

in isolated MSCs, the existence of which would render any related engineered liga-

ment construct physiologically inappropriate and potentially debilitating if ectopic

mineralization were to occur.

Finally, there is in the tissue engineering community growing recognition that the

“mathematics of morphogenesis” is “a waypoint to better implants” [172]. However,

only recently have the necessary numerical methods and associated computational

systems existed to enable the practical solution of modeling problems that possess a

level of complexity germane to the next generation of implants: those which rely on

the body’s own ability to replace diseased or injured tissue and restore function. It

is therefore important that biological processes be mathematically formulated and

computationally implemented in a practical and integrated fashion commensurate

with the interdisciplinary nature of tissue engineering and regenerative medicine.

The phenomenon of stem cell differentiation resulting from its chemo-mechanical

environment is no exception, and its incorporation into a multi-physics computational

model would represent a non-trivial step toward the vision of ‘in silico bioreactors’
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for individual patient design of engineered tissue.

1.2 Marrow stromal cell biology and culture

Though interpretations of the term abound, stem cells are commonly defined by

the possession of two properties: self-renewability, the capacity to divide indefinitely

such that at least one daughter cell is no more differentiated than the parent; and

multipotency, the ability for progeny to assume more than one distinct phenotype

upon terminal differentiation [216]. In the adult mammal, stem cells reside in organs

and are effectively inseparable (both physically and conceptually) from their niche,

a tissue-specific protective microenvironment that provides the soluble and insoluble

signals to maintain the “stemness” of these precursor cells and regulate their release

for massive differentiation in tissue repair. Here, the definition will be made that

MPCs refer to those dividing cells which have lost their self-renewal property, but

still have demonstrated multipotency. The use of the terms MSC or MPC will be

made as precise as possible.

1.2.1 Isolation and characterization

The first direct ex vivo evidence for the role of adult bone marrow as a niche

for anchorage-dependent, non-hematopoietic, MPCs is credited to Friedenstein et al.

[53], who isolated the sub-population by its adherence to tissue culture plastic (TCP)

while hematopoietic cells remained in suspension. The adherent MSCs were hetero-

geneous in morphology, and, when plated from a low-density single-cell suspension,

clonogenic colonies emerged that were fibroblast-like in appearance (i.e., spindle or

bipolar-shaped), and were termed colony forming unit-fibroblasts (CFU-Fs). These

same CFU-F colonies were capable of multiple mesenchymal lineages as evidenced

by staining positive for both bone and adipose tissue [54].
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Plastic adherence and mass density

The essence of Friedenstein et al. [53]’s isolation method is utilized by almost all

labs today, as the majority of unwanted cells are removed according to this plastic

adherence principle. The cell content of bone marrow aspirate contains mostly ery-

throcytes (red blood cells), thrombocytes (platelets), and leukocytes (white blood

cells) separate from the non-hematopoietic fraction. The latter population is mor-

phologically, immunologically, and functionally heterogeneous and includes mature

adipocytes and endothelial cells, as well as a multipotent subpopulation [166]. MSCs

and their MPCs are rare: Bruder et al. [19] reported human MPCs at 1 in 105 or

an order of magnitude less [68] (1 in 106) of the nucleated cell population (anuclear

platelets and red blood cells in the hematopoietic fraction are generally not included

in cell counts) from human iliac marrow aspirates. In addition to MPCs, MSCs likely

contain partially-differentiated osteoblasts and fibroblasts, as well as hematopoietic

cells [173]. In fact, Phinney et al. [153] speculated that MPCs, in various inbred

mouse strains, may only represent 10 %–20 % of the plastic adherent cell population,

with a balance of persistent hematopoietic progenitors. It should also be borne in

mind that these rates vary from species to species [112, 118], between the young and

old [41], as well as between donors, and even between different samples from the

same patient [129].

Additional techniques exist to further purify mesenchymal cells from their hema-

topoietic in vivo neighbors prior to culture on TCP. For instance, a density gradient

(e.g., Percoll, Ficoll) may be used to fractionate stromal cells from the hematopoietic

lineages in fashion similar to that used for whole blood [102]. The density gradient

centrifugation method may be also used in combination with a negative-selection

antibody cocktail to immuno-deplete hematopoietic cells and enrich for MPCs [1]
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(although this dramatically slows the growth rate of cells [8]). In slightly different

way, Hung et al. [75] enriched the MPC fraction by size by passing human bone

marrow through a porous membrane.

Immunology

The example of the CFU-F assay [24, 54] illustrates a fundamental challenge of

stem cell biology: stem cells are defined by their behavior, not by a particular gene or

protein expression profile [197]. For whole populations, it becomes difficult, on one

hand, to distinguish between directed differentiation and, on the other, the preferen-

tial selection and proliferation of differentiated progeny. In this way, the stemness of

a particular cell can only be verified by its progeny (i.e., a colony-based retrospective

assay), precluding the use of a prospective or presumptive isolation method [197].

There has been a long and intense effort to, by analogy with the marker profile of he-

matopoietic stem cells [183], identify a unique membrane-surface epitope for MPCs

which, when coupled to a fluorescence-activated cell sorting (FACS) or magnetic-

activated sorting system, would represent a rapid, high-throughput, sophisticated

isolation method with many possible applications. This has not been so straightfor-

ward. While endothelial (CD31) and hematopoietic-specific (CD3, CD11a, CD14,

CD19, CD34, CD38, CD45, glycophorin A, HLA-DR) markers [77, 166] are absent in

MPC cultures, they do heterogeneously express cell-surface antigens (CD73, CD90,

CD105) from multiple mesenchymal lineages and germ layers [113, 166, 173]. MPCs

do express major histocompatibility complex (MHC) class I proteins but are negative

for human leukocyte antigen (HLA) class II molecules [25]. Without costimulatory

molecules (CD40, CD80, CD86 [166]), T-cells may be activated by MHC I but are

left anergic [81]. This combination strongly suggests MPC are non-immunogenic,
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making them favorable candidates for allogenic transplantation as suggested above.

The first monoclonal antibody (mAb) candidate for a positive selection protocol,

STRO-1+, was reported by Simmons and Torokstorb [177]. Sorting for these cells

enriched for multipotent CFU-Fs capable of transferring the hematopoietic microen-

vironment. Many other candidate mAbs have also been reported [45], but results

tend to be species-specific [1]. Additionally, dramatic loss of cell viability following

FACS of MSCs has been a significant hurdle for some groups [196].

Returning to the physical rather than immunological properties of cells, osteo-

progenitor cells from fetal rat periosteum isolated for small size and low cytoplas-

mic granularity via optical scattering properties and FACS yielded a slowly-cycling,

MPC population [217]. Later, Smith et al. [181] reported the isolation of a highly-

clonogenic (90 %) fraction of human MSCs capable of osteogenesis and adipogenesis

using similar sorting criteria. In this approach, the confounding and viability ef-

fects of antibody conjugation and/or residual tags in subsequent culture are absent,

making it especially suitable for routine use.

Proliferative potential

Rarity notwithstanding, these cells exhibit massive proliferative potential: > 106

(≈ 20 population doublings) clonal progeny can routinely be obtained from a single

adult human MSC [154]. Bruder et al. [19] found a mean terminal of nearly 40 dou-

blings prior to senescence (irreversible cessation of mitosis), putting MSCs between

fetal (50 doublings) and adult (20 doublings) fibroblasts in terms of proliferative po-

tential [67]. Importantly, this provides practical evidence that MSCs are inherently

“younger” than other fibroblast-like cells of the same animal. Furthermore, indica-

tions point to a strong coupling between differentiation and proliferation potentials,
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as multipotency is diminished with serial passage and culture confluency [40].

Morphology

The morphology of 2-D primary-cultured MSCs, as observed by Friedenstein et al.

[53], is heterogeneous and species-dependent but is above all fibroblast-like, especially

with increased time in culture. By definition then, no gross morphological change

should accompany fibrogenesis. Chondrogenic differentiation of MPCs produces cells

(chondrocytes) that have a characteristic rounded, unspread appearance [22], while

differentiation to osteoblasts reveals cells that are more flat and polygonal [115].

Adipocytes and myoblasts appear similar to chondrocytes [115] and fibroblasts, re-

spectively.

Immunocytochemistry and gene expression

As with all cell culture, however, morphological characterization, besides be-

ing subjective, is satisfactory for only the most routine or preliminary of assays.

Mesenchymal (multi)potency and differentiation of MSCs in clonal colonies, en-

tire populations, or 3-D cultures are almost universally verified at least by (im-

muno)cytochemical staining. Since the phenotypes of interest are mesenchymal,

these usually involve identification of a secreted extracellular matrix (ECM) molecule

or intracellular precursor. The most common stain for adipogenesis is Oil Red

O, a fat-soluble dye that dissolves in lipid droplets and reveals adipogenic cells.

Such a cell population can also be immunofluorescently-tagged with a mAb for

the enzyme lipoprotein lipase for the same purpose. The cationic dyes Alcian

blue [206] and Safranin O [98] provide convenient markers for negatively-charged

glycosaminoglycans (GAGs) characteristic of chondrogenic cultures, or, immunoflu-

orescence staining for collagen II (Col2) will also detect presumptive cartilage ma-
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trix [186]. Myogenic cultures can be identified by immuno-staining for the transcrip-

tion factor MyoD or the sarcomeric intermediate filament desmin. Osteogenesis is

colorimetrically-assayed by the presence of alkaline phosphatase (ALP) activity, an

enzyme tied to pre-osseous and calcifying osteoblastic metabolism [175]; or by stains

that directly (alizarin red) or indirectly (von Kossa) interact with deposited cal-

cium in specimens. These same cultures will also immuno-stain positive for collagen

I (Col1). More mature osteoblastic cultures can be immunophenotyped with the

(glyco)proteins osteocalcin, osteonectin, and osteopontin [144], all of which play var-

ious roles in mineralization and/or calcium ion homeostasis.

Unfortunately, no stain or tag or combination thereof is known that positively

identifies MPCs [9] or fibroblasts [190] from the outset; this technical limitation is

central to difficulties in studying MPC biology in general and the optimization of

MPCs for fibrogenesis in this project in particular. Characterization is thus a prac-

tice of negative marking and selection. Put another way, a specimen staining/tagging

negatively for a panel of assays from the previous paragraph representing each lin-

eage would at best not reject the existence of a putative MPC culture. In addition

to the absence of all of the above markers—with the important exception of Col1—

fibroblasts cultured for the formation and assembly of a tendon or ligament-like tissue

should contain a-smooth muscle actin (a-SMA) [89, 127] cytoskeletal isoforms, pro-

duce the fibronectin adhesive matrix glycoprotein (AMG) [212], as well as secrete

the structural ECM proteins Col1, collagen III (Col3), and elastin (Eln) [131, 210].

Recently, the basic helix-loop-helix (bHLH) transcription factor scleraxis (Scx)

has received attention as a marker for the tendon/ligament lineage [18, 35, 169]

(Fig. 1.1). Mice lacking the Scx gene during embryonic development fail to develop

limb tendons [126] properly. Although the role of Scx in the adult is unknown, it my
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be an important marker if MSC participation in tendon/ligament neogenesis in vivo

or in vitro is anything like that in the embryo.

(a) Brightfield.

(b) GFP.

Figure 1.1: Scleraxis is expressed in the lumbrical tendon (left side) but not muscle
(right side) as indicated by GFP reporter in the ScxGFP transgenic
mouse [159]. Micrographs courtesy of Dr. Christopher L. Mendias.

Many, if not most investigators now use the expression of the same aforementioned

marker protein genes via reverse transcription (RT)-polymerase chain reaction (PCR)

to phenotype their cultures, with (immuno)cytochemistry as validation. Of course,

measures of gene up/down-regulation are inherently less functional in nature, but

it does enable a class of experiments of higher sensitivity, shorter term and greater

economy.

1.2.2 Regulation

Regulation of stem cell differentiation and fate depends on both intrinsic and ex-

trinsic factors. Intrinsic control, which subsumes the action of transcription factors

and chromatin [64], is beyond the scope of this work. Extrinsic regulation in vivo

is dominated by the properties of the 3-D niche; in vitro this corresponds to con-

trollable factors in the culture environment that may be chemical in nature, either
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soluble (freely-diffusing species) or insoluble (immobilzed species), or physical, such

as geometry or stiffness.

Chemical factors

Pharmacologic agents Analogous to the canonical chemical stains for the mes-

enchymal lineages (§1.2.1), a panel of hormonal and pharmaceutical cocktails con-

taining differentiation factors are well-known to be effective on MPCs. These are

introduced separately from other growth factors and cytokines whose precise role in

MPC differentiation is less-established. Chief among these differentiation factors are

b-glycerophosphate (b-gly) or, more commonly, the glucocorticoid dexamethasone

(Dex) [117] and the the coenzyme ascorbic acid that induce osteogenesis in MPCs.

Furthermore, viability and functional nodule formation can be enhanced in the pres-

ence of Dex [11], but at least one study reports Dex having an anti-osteogenic effect

on murine MSCs [48]. The drug indomethacin uniquely induces adipogenesis, espe-

cially in the presence of Dex, and sometimes combined with 1,25-dihydroxyvitamin

D3 or 1-methyl-3-isobutylxanthine [182]. A chondrogenic defined medium containing

both Dex and transforming growth factor-beta 3 was formulated by Mackay et al.

[111]. Finally, the antimycotic amphotericin B [153] and/or 5-azacytidine [199] have

shown to be variously myogenic for rat and murine MPCs. It should be noted that

these soluble-factor differentiation conditions also tend to be sensitive to the par-

ticular species and serum lot [156], which can be partially offset by screening for

mitogenic fetal bovine serum lots [104].

Cytokines Distinct factors for fibroblastic differentiation do not exist, and so

care must be taken to avoid the inclusion of the above potent factors if a fibroblastic

culture is desired. Instead, investigators have studied the effect of various growth fac-
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tors and cytokines. In vitro, basic fibroblast growth factor (bFGF) is known to both

increase MPC proliferation and decrease ALP activity [107], which can be exploited

to exert an anti-osteogenic effect on cultures. Low doses of a related growth factor,

FGF-2, induced increased proliferation as well as uniform increases in the expression

of ECM proteins and a-SMA in human MSCs in prolonged culture. Perhaps the most

comprehensive study of growth-factors effects on MSCs in the context of fibroblastic

differentiation was Moreau et al. [123]. In screening a number of soluble factors and

combinations thereof, it was found that an initial treatment by a mitogen, bFGF

or epidermal growth factor, followed by transforming growth factor b1 (TGF-b1)

treatment enhanced cell morphology, metabolic activity, and Col1 expression and

synthesis. These results, combined with negligible expression of cartilage GAGs and

Col2, were interpreted as definitive evidence of fibroblastic differentiation. However,

no assay or amplification for osteogenesis was examined.

Adhesive matrix glycoproteins In terms of AMGs, laminin is known to induce

osteogenic differentiation in human MSCs [90], and a laminin-containing matrix can

be observed surrounding MSCs in 2-D culture [154]. Laminin, however, is a matrix

protein of basement membranes in epithelial connective tissue. Tendon and liga-

ment are non-epithelial tissues, in which fibronectin is the predominant AMG that

attaches fibroblasts to collagen [212]. Other than isolated evidence that fibronectin

preserved stemness in adipose-derived MPCs [133, 184], little else is known about

its role in differentiation of MPCs. Interestingly, scaffolds modified with arginine-

glycine-aspartate sequences, which mimic the integrin-binding domains on AMGs,

have induced osteogenesis in rat MSCs in the absence of differentiation factors [174]

(§1.2.2).
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Oxygen tension A controllable MSC culture parameter that recently has received

renewed attention is oxygen fraction (φO2 ). Traditional cell and tissue culture φO2

is maintained near atmospheric levels (∼18 %), yet mean tissue level in vivo is 3 %

with substantial variation [36]. It has long been known that some animal cells [32],

including fibroblasts [50], proliferate more rapidly at φO2 < 20 %. In addition to

proliferation, φO2 < 5 % conferred greatest collagen production in human ACL fi-

broblasts [49]. What is more, embryonic tissues exist in a substantially lower oxygen

environment than adult tissues. Indeed, φO2 level is known to affect all aspects of

stem cell biology, from enhanced proliferation in murine satellite cells [37], delayed

proliferative senescence in murine fibroblasts [149], blunted apoptosis in fetal central

nervous system-derived stem cells [188], reversed myogenic suppression in satellite

cells [76], and mobilization of hematopoietic progenitor cells from marrow [88]. Of the

more limited work done with MSCs, φO2 = 5 % conditions brought about enhanced

osteogenesis in terms of ALP activity and calcium content [105] in rat MSCs (with

Dex and b-gly), while φO2 = 3 % strongly inhibited osteogenesis in human MSCs,

even in the presence of Dex [43]. Moreover, culturing MSCs in hypoxic conditions

has been shown to upregulate telomerase expression, resulting in cells replicating

in excess of their Hayflick limit [67] while retaining multipotency [42]. A couple of

hypotheses have been formed to explain these phenomena. Cells may be susceptible

to oxygen-derived free radicals in typical cell culture conditions (thus proliferation

is reduced), and bone-marrow φO2 in vivo measurements vary widely between 1–

7 % [63, 91] (hence the differentiated phenotype varies) and with a reported mean

of 6.8 % [80]. Since cellular metabolism in vitro occurs predominantly by anaero-

bic glycolysis [52], more oxygen is not necessarily better, especially for those of the

connective tissue lineages. By analogy with the hypoxia-induced hepatocyte growth
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factor-mediated activation of satellite muscle cells, an altered oxygen tension may

also alter the activity of certain cytokines. For example, TGF-b1 is a disulfide-linked

homodimer that has little biological activity in monomeric form, which suggests that

the associated redox reaction in low φO2 should enhance its potency. Other than

observed osteogenic inhibition [43], the effect of hypoxia has not been considered on

the culture of MSCs for tendon/ligament tissue engineering (TE) targets.

Physical factors

In addition to cell-biological aspects, modern tissue engineering has sought to

identify physical factors that can augment or replace biochemical signals. Recent

important studies in vitro on 2-D matrices lend support to this notion, in which

precise control of MSC shape [115] or substrate stiffness [46] were able to over-

whelm media supplements providing the opposite signal. MSCs were also shown to

prefer uniaxial extension as opposed to equibiaxial stretching for smooth muscle-

differentiation [148]. It is worth noting that in none of these studies was fibroblastic

potential realized in the range of conditions tested.

1.3 Parallel-fibered soft tissue mechanics

In this section, a brief overview of fibrous tissue biomechanics is given; Woo et al.

[210] provides the most current comprehensive review on this topic. A modern review

of continuum modeling approaches to biomechanics is also available [74].

1.3.1 Composition and morphology

Macroscopically and microscopically, the parallel-fibered ligament and tendon

tissues are in many ways very similar. They are predominantly composed of Col1

(the dominant structural protein in the mammalian body [108]) by dry weight (70–

14



80 %) [62], embedded in a small but significant proteoglycan-rich ground substance

consisting mainly of decorin and biglycan [106]. Subtle differences exist in cellular-

ity and composition, wherein ligament fibroblasts are found to be more metaboli-

cally active [4], and ligament presents more elastin and is about 10 % Col3 by dry

weight [131], along with an assortment of other collagens. Collagen fibril diameters

in ligament distribute bimodally to ≈ 50 nm and ≈ 125 nm [62] means. Like ten-

don, ligament tissue exhibits a highly-organized hierarchy, built up from the Col1

triple-helical monomer (1.5 nm wide, ≈ 300 nm long), organized into fibrils (∼ 100 nm

diameter, ∼100 µm long), then fibers (∼10 µm), and finally fascicles (∼100 µm), with

cross-linking at every level. A planar crimp (wavelength ∼10 µm [158]) is canonically-

observed in tendon and ligament and is a unique feature of these native tissues that,

notably, has not been re-capitulated in engineered tissue equivalents in vitro.

1.3.2 Elasticity

The axial stress-strain behavior of tendon and ligament in tension is easily rec-

ognizable. It begins with a low-modulus ‘toe’ region which gradually becomes

exponentially-increasing to the ‘heel’, after which point the stress increases approx-

imately linearly until yield/failure. The form of this curve is conducive to proper

physiological function: Generous stretching is permitted at low loads for proper range

of motion, but excessive joint movement and possible dislocation is prevented by the

stiff linear region of the curve [210]. The precise microstructural underpinnings for

this particular shape of curve are not known, but it is likely a combination of fibril

un-crimping, fibril stretching, and, to a lesser extent, inter-fibril shear-lag sliding

effects. The linear portion of the stress-strain curve is represented by young ACL

tissue as stiff as ≈ 110 MPa and as strong as ≈ 40 MPa, but as weak as ≈ 10 MPa in
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older adults [132]. For rabbit, the most prevalent animal model for ligament study,

ACL and MCL tangent moduli measure ≈ 500 MPa and ≈ 1 GPa, respectively. Sim-

ilarly, moduli for the MCL of rat (the animal model to be used in this project)

≈ 400 MPa [157].

A 1-D, scalar, exponential-form stress-strain function introduced by Kenedi [87]

and popularized by Fung [56] historically was the most widely-employed model to

capture this nonlinear elastic stress-strain behavior of ligament and tendon. The

continuum approach is now the standard for tissue biomechanics due to its mathe-

matical generality and suitability to numerical methods (such as the finite element

method) necessary to computationally solve practical problems with a modicum of

complexity. Though the continuum strain energy generalization of Fung’s original

exponential function to 3-D and anisotropy are straightforward, the model param-

eters are still phenomenological coefficients with no physical interpretation. This

precludes their direct measurement and requires curve-fitting for their estimation.

The other historical basis of strain energy functions for soft fibrous tissues can be

traced to constitutive models for rubbery or polymeric solids. These models either

implicitly [163] or explicitly [6] derive their elasticity from the decrease in config-

urational entropy of a constituent long-chain molecule under axial load. However,

the size, spacing, and cross-linking of Col1 hierarchical components (§1.3.1) may

prevent the thermally-driven sampling of configurations required for an entropic ba-

sis of elasticity. Furthermore, experiments on canine MCL indicated a decrease in

modulus with increased temperature [208], a hallmark of energetic elasticity. An

(energetic-elastic) elastica-based continuum strain energy description suitable for fi-

brous biopolymers [60] is among well-founded alternative approaches to model non-

linear ligament elasticity.
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1.3.3 Anisotropy

Anisotropy is directional dependence that endows tissue with the ability to maxi-

mize stiffness and strength for tissue-specific loading configurations with a minimum

of biological resources (Fig. 1.2). For the parallel-fibered soft tissues, this anisotropy

is primarily governed by the organization and orientation of its Col1 fibrils in a uni-

directional fashion. As a result, similar to traditional fiber-reinforced composites,

these tissues exhibit transverse isotropy in which there is one material preferred di-

rection along the fibril, with a minimum stiffness arising from an interstitial ground

substance along directions perpendicular to the fibril. The lone study [160] to quan-

tify this in the human MCL yielded tangent moduli of ≈ 300 MPa and ≈ 10 MPa

with tensile strengths of ≈ 40 MPa and ≈ 1.5 MPa in the longitudinal and trans-

verse directions, respectively. Like other tissues, one of the hallmarks of ligament

scarring is a poorly-organized ECM [51]. In ligament, the resulting deficiency in

mechanical stiffness and strength corresponds to a loss of function. Moreover, the

proper recovery of anisotropy in engineered tissue constructs aimed at augmenting

endogenous healing is a crucial step in achieving mechanical equivalence to tissues

in vivo. The attendant co-alignment of cells and the fibrils of their ECM also sets up

the optimal microenvironment for cells to receive and respond to mechanical signals

for longer-term remodeling [178, 200, 201].

The mathematical representation of transverse isotropy in continuum strain en-

ergy functions usually takes either an integral-based form [99] or is trigonometric

moment-based [16]. In the former, a fiber-level strain energy function (a function

of fiber stretch) is multiplied by a fiber direction density function (DDF) and inte-

grated over all possible directions. In the moment-based approach, the fiber strain

energy function is evaluated at the mean direction of the DDF and simply scaled
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by the mean resultant length (standard deviation) of the DDF strength. The inte-

gral expression is more valid for more general strain states, but the latter is clearly

more computationally-efficient. An analysis of the ranges of validity for these meth-

ods is reported in Bischoff [15], including conditions under which they can be made

equivalent.

(a) Tendon [78]. (b) Arterial wall [71]. (c) Skin [176]. (d) Aortic valve [168].

Figure 1.2: Anisotropy is directional dependence that endows tissue with the ability
to maximize stiffness and strength for tissue-specific loading configura-
tions with a minimum of biological resources.

1.3.4 Viscoelasticity

Like all biological soft tissues, tendon and ligament exhibit typical time and

history-dependent viscoelastic (VE) behaviors. In particular, the quasi-linear viscoelastic

(QLV) theory of Fung [56] has seen enormous success in simulating the stress relax-

ation behavior of parallel-fibered soft tissues. QLV assumes linear (strain-independent)

VE while allowing for a nonlinear elastic response (time-strain separability), com-

bined with a relaxation function possessing a constant-valued relaxation spectrum

(based on the observed frequency-insensitivity of soft-tissue hysteresis). Importantly,

Provenzano et al. [157] have shown rat MCL VE to not be load/displacement-

independent, apparently rejecting the QLV hypothesis for ligament. Fiber recruit-
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ment [192] or general nonlinear VE models [82] have since gained favor to cross-

predict creep and relaxation or model relaxation at multiple strain levels.

Furthermore, the physical basis of parallel-fibered tissue VE is currently a point

of contention. Unlike the case of cartilage, for which a biphasic mixture model

became the standard for cartilage VE shortly after Mow et al. [125] with further

enhancements to allow for flow-independent VE with the introduction of solid-phase

VE [44, 114], VE models of ligament have remained largely in the domain of QLV.

This is despite the physical motivation (fluid flow) and fundamental derivation (bal-

ance laws) afforded by the mixture-theory approach from which QLV generally ab-

stains. Recently, investigators have adopted mixture theory for modeling VE exper-

iments on tendon and ligament [214], including our group [58], yet a mixture model

of parallel-fibered tissue incorporating a VE solid directly compared with tensile ex-

periments has not yet appeared in the literature. While intrinsic solid VE is likely

to play a lesser role in ligament than in cartilage due to differences in proteoglycan

content (and possibly lesser still in engineered tissue), the unknown fraction of bound

(immobile) interstitial water and possible VE of collagen motivates a detailed inves-

tigation of ligament VE using the elastic-solid and viscoelastic-solid versions of the

mixture model combined with multiple VE testing protocols. Reports of experimen-

tal determination of human MCL hydraulic permeability [204], a critical transport

parameter for inclusion in a mixture model, indicates this approach is gaining favor

in the field.

1.3.5 Growth and remodeling

Even when just accounting for passive mechanical behavior, soft biological tis-

sue represents a borderline worst-case scenario from a mechanician’s standpoint: it
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is hydrated, compliant, heterogeneous, anisotropic, nearly-incompressible, VE, and

capable of large deformations. To subsume the physics of engineered-tissue requires

consideration of living tissue’s ability to grow and remodel—to functionally adapt—

to its chemo-mechanical environment. As a material, this unique feature of biolog-

ical tissue necessitates a proper experimental and theoretical treatment of multiple

interacting and interconverting soluble and insoluble species/phases, the fine-scale

behavior of which exerts, and is subject to, the phenotype of resident cells which grow

and remodel the macroscopic tissue. In a modeling context, our group has carefully

delineated between the developmental processes of growth and remodeling in biologi-

cal and engineered tissue. The common thread tying growth and remodeling together

is the feature of thermodynamic irreversibility, a notion which is consistent with the

dynamic, dissipative, non-equilibrium nature of biological systems.

Growth is defined as a change in mass [58], and is typified by the synthesis

or enzymatic degradation of matrix proteins. An early mathematical theory for

adaptive growth in bone [34] introduced a solid scalar mass source/sink fed by a

strain-controlled chemical reaction. Epstein and Maugin [47] introduced a vectorial

mass flux. Our group incorporated the classical notions of scalar mass sources/sinks

and vectorial mass fluxes (among others) in an open-mass continuum mixture model

consisting of solid and fluid phases and an arbitrary number of soluble chemical

species [58]. As with the previous models, the system is open with respect to mass,

but in particular, growth occurs not by the transport of end-products but by the

interconversion (reaction) of soluble chemical species. These precursor and byproduct

species are capable of Fickean flux with respect to the fluid phase as well as convective

flux along with the fluid, all of which may be occurring with respect to the solid.

On the other hand, remodeling is generally defined as any evolution of material
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properties that does not rely on changes in or fluxes of mass, but is most commonly

thought of as a change of microstructure [59], such as the reorientation or fusion of

fibrous matrix proteins. The ability of contractile cells to induce in vivo-like patterns

of alignment in collagen gels by tractional reorientation [10, 187] is now well known.

This role of cell traction in aligning collagen fibrils can be demonstrated with a

straightforward cell culture experiment (Fig. 1.3). When a fibroblast-seeded collagen

gel is placed between crossed, polarized filters immediately following gelation, the

collagen gel, a birefringent species, is observed to be isotropic since it does not rotate

the polarity of light and the field is dark. Over the course of 12 h as the fibroblasts

attach to the collagen matrix and exert their intrinsic contractile activity, the gel is

compacted around fixed constraints. As collagen becomes more organized from the

resultant tension, it allows the transmission of more light through the polarized lens,

which is readily observed with the sequential increase in intensity (Fig. 1.3b). In

contrast, similar experimental configurations without constraints or without cells do

not yield contraction and/or alignment, pointing to both mechanical forces and cells

as necessary ingredients for ECM remodeling.
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Fixed post
Collagen gel

+

Microscopy site
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Fixed post+
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(a) Experimental setup. 1 mg/mL collagen gels (Collagen I, Rat Tail, #A1048301, Invitrogen,
Grand Island, NY) were seeded with TFbs (§4.2.2) in GM (§4.2.1) at 1×106 cell/mL and delivered
to a glass petri dish around two fixed polyethylene posts. Over the course of 12 h, the intrinsic
traction exerted by the cells on the collagen induced compaction of the gel as limited by the posts
into a ligament-like structure.

t Gel+Cells+Post Gel+Cells Gel+Post

0 h

4 h

12 h
(b) Polarized light micrographs. Dish setup was placed between crossed polarized filters
and micrographs taken in time. Both cells and the geometric constraint provided by the
post are required to develop anisotropy, indicated by an increase in captured intensity. Lack
of posts or cells yields no alignment and no change in intensity.

Figure 1.3: Tractional collagen fibril reorientation.

22



Fusion is ubiquitous in vivo as collagen fibril segments undergo post-depositional

modifications in embryonic tendon. The end-to-end association and fusion of fibrils

yield increases in length with insignificant changes in diameter (Fig. 1.4a). Inter-

estingly, a rapid increase in late-embryonic tendon mechanical properties correlates

with measured lengthening of fibrils [116], again implicating an interplay between

mechanics and biologically-driven remodeling.

(a) Schematic. (b) Electron micrograph.

Figure 1.4: Longitudinal collagen fibril fusion [14].

Moreover, the differentiation of stem cells is also consistent with this mathemat-

ical notion of biological remodeling, that is, an irreversible evolution of an internal

variable (indicating some degree or extent of differentiation) with negligible change

in overall mass. All these events are usually separated from processes of growth by

time scales of at least an order of magnitude; i.e., macroscopic, mechanically-relevant

growth occurs over days while remodeling occurs over hours (Fig. 3.4a and Fig. 3.4b,

insets).

23



1.4 Microscopy and image analysis for anisotropy quantification

Among the many properties that enable soft biological connective tissue to per-

form their mechanical function, yet complicate their experimental and theoretical

study, anisotropy endows tissue with the ability to maximize stiffness and strength

for tissue-specific loading configurations with a minimum of biological resources. For

soft tissues, this anisotropy is primarily governed by the organization of collagen, the

dominant structural protein in the mammalian body [108]. In particular, parallel-

fibered soft tissues such as ligament and tendon possess an ECM composed of type I

collagen fibrils as well as a proteoglycan-rich intervening ground substance. As a

result, similar to traditional fiber-reinforced composites, these tissues exhibit trans-

verse isotropy in which there is one material preferred direction along the fiber, while

any direction perpendicular to the fiber relies on the response of the matrix ground

substance. Like other tissues, one of the hallmarks of ligament scarring is a poorly-

organized ECM [51] with a corresponding loss of mechanical properties. Moreover,

the proper recovery of anisotropy in engineered tissue contructs (ETCs) aimed at

augmenting endogenous healing is a crucial step in achieving mechanical equivalence

to tissues in vivo. For example, contractile cells like fibroblasts rapidly (within hours)

induce in vivo-like patterns of alignment in mechanically-constrained collagen gels

(demonstrated notably by Stopak and Harris [187]). While this mechanism provides

a basal level of anisotropy for the short-term, the attendant co-alignment of cells

and the fibrils of their ECM also sets up the optimal microenvironment for cells to

receive and respond to mechanical signals for longer-term remodeling [178, 200, 201].

Given the mechanical importance of ECM anisotropy development, whether in

wound repair or in tissue engineering, appropriate methods are necessary for its sys-
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tematic study and constitutive modeling. In the years since seminal work by Bell

et al. [10], Stopak and Harris [187] and others, the fibroblast-populated collagen

lattice has seen continued use as such a model system for studying cell-matrix in-

teractions [155]. Since isotropy remodeling occurs in these gels, at least in part,

via cell-mediated fibril reorientation, detailed information is required about the time

course of fibril orientation in 3D in situ (i.e., under mechanical load). Small angle

light scattering has been used extensively to characterize in detail the collagen organi-

zation in planar tissues (<500 µm) [13, 165], but with a spatial resolution of ≥100 µm.

By exploiting the birefringent property of the collagen molecule, quantitative polar-

ized light microscopy can provide indirect information on collagen alignment in real

time (∆t ≈ 5 s) [193], although it can only resolve orientations orthogonal to the

optical axis and the data is thickness-averaged. It is therefore still suitable mainly

for relatively thin, planar specimens, although incorporation of a universal stage at-

tachment has allowed additionally the measurement of elevation angles up to 15◦ in

the arterial wall [180]. Additional methods for analyzing orientation in thin samples

or on surfaces of samples with varying temporal resolution include synchrotron x-ray

scattering [120], laser Raman microscopy [202], optical coherence tomography [66],

and elastic scattering spectroscopy [94]. confocal laser scanning microscopy (CLSM),

on the other hand, can be used to produce 3-D volumetric (tomographic) image data

as a result of its optical sectioning property and shallow depth of field. Its lateral

resolution and, moreover, contrast are also enhanced as compared to widefield op-

tics [145]. This is important since the fibril diameters in reconstituted collagen gels

are typically ∼100 nm (as measured by electron microscopy [70]), while the (uncor-

rected) Rayleigh criteria of resolution for high numerical aperture (NA) objectives

in common use are 200–300 nm [86]. Making use of the reflectance properties of
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collagen, reflection or backscattered-light–mode CLSM has been successfully applied

during the mechanical testing of collagen gels (∆t ≈ 15 min) [164]. This capability

is particularly attractive for biological applications since it requires no fixation or

staining of the specimen.

Since the (micro)structural anisotropy of the specimen is obtained with CLSM

by direct visualization and not otherwise inferred from the specimen’s optical prop-

erties, the quantitative analysis of microscopy data is essentially reduced to one

of image processing. A classical stereological approach for 3-D data is to examine

the variation between image slices in terms of intersection counts of a linear probe

with features in the planar image [167, 194], but is not sensitive enough for slight

anisotropies [205]. One can also identify and analyze the orientation of individual

particles in the specimen, as is common in the study of suspensions of anisometric col-

loids [122]. Another such discrete approach was introduced by Wu et al. [211, 211] for

quantifying diameter, length, and 3-D orientation of fibrils in a suitably-imaged (i.e.,

CLSM) collagen gel. For data in which the identification of individual constituents

is difficult, computationally-intensive, and/or unnecessary for a particular applica-

tion, a reasonable alternative is to instead analyze the orientations of image texture

patterns (i.e., fiber-like lines/edges). This approach lends itself to a continuous treat-

ment of the image intensity field, and is well-studied in paper[213], textile [26], and

other polymer [39] and materials [83, 161] processing. One of the first applications

of such image processing to collagen microstructure was to extract the components

of a Fourier-transformed electron micrographs falling within a band of angles [27].

A critical issue that emerged was the loss of angular sensitivity in digital images

with lower frequency components. In this case, the transformed intensities cluster to

the center of the image where the rectangular pixel grid is inherently coarser in the
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angular coordinate. Other frequency-domain analyses involving radial-coordinate in-

tegration of power spectrum intensity as a function of angle were applied to obtaining

mean directions in paper sheet laser optical diffraction [213], collagen fiber disarray

via small angle light scattering [95], and phalloidin-FITC–conjugated stress fiber ori-

entation in corneal wound contraction under CLSM [152]. Yuhara et al. [215] instead

suggested that only the frequency band corresponding to fiber width is of interest.

However, none of these studies included any significant calibration to test images

in terms of deviation or dispersion of texture orientations quantifying the extent of

alignment. This aspect was visited later by Palmer and Bizios [147], when it was

found that a similar frequency-domain analysis technique did not match manual mea-

surements of orientation deviations for fluid-sheared endothelial cell populations. In

contrast, Chaudhuri et al. [26] outlined the basic procedure for most spatial-domain

methods to follow, namely, edge detection, directional histogram construction, and

some kind of parameter identification or peak detection. Along with [84], these meth-

ods were reasonably validated with test images, but are fraught with a multiplicity

of parameters and seemingly ad-hoc statistical treatments at each step of the proce-

dure. Combined with a lack of justification of parameter values, adaptation of their

methods to even a slightly different problem would yield uncertain results. Never-

theless, the gradient-based method of [84] was recently applied to individual confocal

reflectance microscopy images of fixed sections of remodeled collagen gels [33, 191],

as well as sheared endothelial cells in vitro [85].

1.5 Parallel-fibered tissue engineering

The literature on the engineering of fibrous connective tissue is already vast. The

reviews Petrigliano et al. [151], Vunjak-Novakovic et al. [198] are noted for a more
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thorough treatment, especially with respect to the scaffolding aspect of ligament

engineering, a discussion of which is neglected here due to the scaffold-less approach

utilized by the STEL.

1.5.1 Culture system parameters

Cell source

Only one salient study appears to have been conducted evaluating the differential

performance of these cell types in an engineered construct framework [195]. It was

found that, versus skin and ACL fibroblasts, MSCs engrafted resorbable suture ma-

terial with greater proliferation and collagen synthesis. These results bode well for

MSC-based engineering, but mechanical characterization is additionally necessary to

verify the enhanced stiffness and strength that the collagen content readouts imply.

Chemical factors

As on 2-D CP [123], the sequential application of a mitogen (bFGF) to a 3-D

MSC-seeded silk-fiber matrices followed with a differentiation factor (TGF-b1) was

found to be the most conducive to collagen synthesis versus use of epidermal growth

factor or mitogen-free controls [124]. This is consistent with in vivo data: Acute-

phase ligament injury TGF-b1 levels are known to be high in the acute phase of

ligament injury (subsiding in 2–4 wk) [210]. Not surprisingly, beginning TGF-b1

treatment at the peak of cell activity yielded greater activity at day 14 compared

to removing all growth factors at peak activity. Given the diversity and complexity

of functions by the TGF-b1 superfamily [7], and the time-dependent expression of

TGF-b1 receptors, an additional investigation of TGF-b1’s role in fibroblastic differ-

entiation is outside the scope of this work. These studies [123, 124] provide the best

precedent for MSC fibrogenesis and ligament engineering with respect to cytokine
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administration. The usage of TGF-b1 has also been shown to be critical to construct

self-assembly using tendon fibroblasts our laboratory [20].

In contrast to 2-D cell culture, the existence of a 3-D solid matrix surrounding cells

in engineered tissue culture brings with it a more restrictive diffusion environment for

soluble factors; this limitation is exacerbated by the fact that almost all tissue engi-

neering applications do not include vascular support [203]. So, while subatmospheric

oxygen tension may be more normoxic for mesenchymal cells on tissue culture plastic,

this hypothesis must be re-evaluated for a 3-D engineered tissue construct. Oxygen

concentration is ∼ 0.07 mM and diffusion is quite slow (∼ 2.0×10−5 cm2/s[128]) in nor-

mal tissues, but the diffusion distance in vivo is at most only 200µm from capillary

to cell membrane [30, 31] (chondrocytes may survive at > 1 mm cartilage thickness).

Using a conservative oxygen consumption rate of 4 × 10−17 mol/cel·s for MSCs [96]

and zeroth-order kinetics, a simple calculation shows that the radius for a scaffold-

less, cylindrical engineered ligament could be at most ∼ 0.25 mm in 5 % φO2 versus

0.5 mm for 20 % φO2 to avoid oxygen depletion at the very center [128]. Fortunately,

the glycolytic capacity of mesenchymal cells in vitro [52] may obviate some of these

restrictions, but to what extent is unknown without quantitative data on their basal

aerobic respiration rate in culture.

Physical factors

The studies cited in §1.2.2 [46, 115] did not utilize 3-D matrices, a cell’s (insoluble)

adhesion with which is known to differ fundamentally than that on 2-D surfaces [38].

This is critical since this so-called “3-D–matrix adhesion” is the substrate for the

initial mechanotransduction event upstream of the signaling cascade that ultimately

influences lineage. Therefore, the influence of ECM stiffness or cell shape in 3-D
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context is as yet undetermined.

Widespread evidence points to the general optimization of native [209] and engi-

neered tissue phenotype in response to cyclic mechanical stimulation in terms of cell

proliferation [12], ECM protein alignment [170] and breakdown [171], and synthe-

sis [79] for a variety of tissue targets, all of which can potentially enhance mechanical

properties. The effect of mechanical stimulation is less understood with respect to di-

rected differentiation of MPCs. Chondrogenesis is enhanced under cyclic compression

with respect to both static culture [5] and chondrogenic medium [72]. Altman et al.

[3] reported a sophisticated bioreactor for paralled-fibered tissue equivalents capa-

ble of simultaneous stretching and twisting deformations mimicking in vivo ligament

loading patterns. Most compelling in the context of fibrogenesis and ligamentization

is their report that cyclic stretch-twist of MSC-seeded collagen gels using this same

device upregulated Col1, Col3, and fibronectin transcription and increased their de-

position [3]. These appear to be isolated observations with respect to phenotype

and need to be further substantiated. A later study also indicated that the collagen

production of MSC-seeded silk matrices was sensitive to the timepoint in culture at

which mechanical stimulation was first applied [28].

The mechanisms behind cyclic stress/strain-stimulated tissue growth, remodeling,

and differentiation are likely some combination of direct cell mechanotransduction

and convective mass transport. But the relative roles of these biological and physical

phenomena are compelling unknowns in the mechanobiology of 3-D engineered tissue

since the two occur concomitantly and are not easily independently-controlled in

practice. While the experimental investigation of this question in the context of a

scaffold-less, self-assembling ligament construct is outside the scope of this project,

it may, however, be approached theoretically using tools such as the continuum,
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multiphysics, computational model to be enhanced and utilized herein.

1.5.2 Characterization and evaluation

Composition and morphology

Due to the diversity of precursor scaffolds and architectures, it is difficult to com-

pare engineered-ligament and tendon outcomes based on composition or morphol-

ogy. In general, the scaffold-less approaches tend to be more cellular and collagen

fibrils thinner (≈ 60 nm) [21] than native tissue. With silk-based scaffolding, synthe-

sized collagen is often deposited directly onto the existing fibers, which may degrade

quickly, instead of forming its own matrix de novo [29].

Mechanical properties

As indicated from the outset, a continuing challenge for all connective tissue engi-

neering is obtaining constructs that are nominally-equivalent in mechanical response.

Scaffold-less engineered tendon in this group has registered as stiff as 17 MPa with

an ultimate strength of at least 2 MPa [21]. Later MSC-based ligament constructs

based on similar technology achieved tangent moduli of ≈ 15 MPa with similar ul-

timate strengths as before [21]. Tangent moduli ≈ 100 MPa were obtained using a

fibroblast-populated collagen-scaffold–collagen-gel approach, with ultimate strengths

as high as ∼ 10 MPa [61]. A highly–cross-linked collagen-based engineered ligament

neared native tissue at > 40 MPa [23], while synthetic scaffold strengths have reached

super-physiological levels in the 100s of MPa. Mechanical properties of the silk-based

scaffold approach are difficult to compare since the authors did not properly normal-

ize the structural properties of their constructs to obtain stress and strain [2, 28].

Few data exist in the literature on the VE properties of engineered ligament and

tendon. In stress relaxation (≈ 0.01 s−1 strain rate), Gentleman et al. [61] reported
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equilibrium-to-peak stress ratios of ≈ 25 % and half-relaxation time constants of just

a few seconds, indicating a rapidly-equilibrating response.

1.6 Overview and summary of contributions

This dissertation is organized as follows:

Following the introductory Chap. 1, Chap. 2 covers a detailed analysis of the

thermodynamics of a class of mathematical models of fiber remodeling, i.e., both re-

orientation and fusion. The thermodynamic admissibility of such laws in the context

of the dissipation equality are examined as well as issues of maximum dissipation,

strain energy convexity, and numerical solutions of the fully 3-D nonlinear elasticity

problem.

Chap. 3 describes the formulation, validation, and application of an edge-based

image processing method to extract and quantify fiber direction and alignment in-

formation from planar and volumetric image data.

Chap. 4 reports on a cell and molecular biology study of the fibrogenic poten-

tial of MSCs and TFbs under differential φO2 culture during the monolayer phase

of the engineered-tendon/ligament system prior to self-assembly. Chap. 5 contains

concluding remarks.

Table 1.1 list conference platform and poster presentations and refereed publica-

tions resulting from doctoral research. Note that work related to the development

and analysis of a model of focal adhesion dynamics is not described in the disserta-

tion.
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Table 1.1: Abstracts and publications resulting from doctoral research.
Type Reference Chapter Notes

Platform
Thermodynamic considerations for remod-
eling in biological tissue; Olberding,
Garikipati, Kuhl, Grosh, and Arruda [135]

2

Publication

Biological remodelling: Stationary energy,
configuration change, internal variables
and dissipation; Garikipati, Olberding,
Narayanan, Arruda, Grosh, and Calve [59]

2

Platform

Fibroblast-Mediated Collagen Fibril Reori-
entation in Three Dimensions Using Con-
focal Reflection Microscopy; Olberding,
Garikipati, Arruda, and Garikipati [136]

2,3

Platform

Quantification of Collagen Fibril Reorienta-
tion in Volumetric Image Data by Confocal
Microscopy; Olberding, Grosh, Arruda, and
Garikipati [137]

3

Platform
Focal adhesion dynamics: Reaction domi-
nation; Olberding, Thouless, Arruda, and
Garikipati [138]

—

Poster
Role of oxygen content on the fibrogenesis
of bone marrow stromal cells; Olberding,
Garikipati, Grosh, Larkin, and Arruda [139]

4

Proc. paper

A Theoretical Study of the Thermodynam-
ics and Kinetics of Focal Adhesion Dynamics;
Olberding, Thouless, Arruda, and Garikipati
[143]

— Published

Publication
The non-equilibrium thermodynamics and ki-
netics of focal adhesion dynamics; Olberding,
Thouless, Arruda, and Garikipati [142]

— Submitted

Publication

Effect of oxygen on the fibrogenesis and
parallel-fibered engineered tissue potential of
bone marrow stem cells and fibroblasts; Ol-
berding, Garikipati, Grosh, Larkin, and Ar-
ruda [140]

4 In preparation

Publication
Fiber reorientation and fusion and maxi-
mum thermodynamic dissipation; Olberding,
Grosh, Arruda, and Garikipati [141]

2 In preparation

Publication

An intensity gradient-based method for quan-
tifying fiber orientation distribution in planar
and volumetric data; Olberding, Garikipati,
Grosh, Larkin, and Arruda [140]

3 In preparation
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CHAPTER 2

Mathematical modeling of fiber reorientation and fusion

2.1 Introduction

The case of fiber reorientation is the most ubiquitous in theoretical remodeling

studies. These models have the basic structure of a transversely-isotropic constitutive

model combined with a strain-based rate equation governing the evolution of a local

fiber orientation vector. A simple first-order, principal stretch-driven evolution equa-

tion allows for a number of non-trival boundary-value problem simulations [224, 226].

However, current treatments of remodeling phenomena in biological tissue [219, 221]

generally do not consider the thermodynamic (first and second law) implications of

prescribed evolution equations for internal variables. In the following a thermody-

namic investigation of this class of models of fiber remodeling by reorientation and

fusion is presented.
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2.2 Kinematics of transverse isotropy

Proper anisotropy is a critical feature of many healthy connective tissues. For

the parallel-fibered soft tissues, in which only one family of fibers affects directional

mechanical behavior at each point in the material, the special unidirectional case of

transverse isotropy is appropriate. Here then, the local fiber direction is parametrized

by the unit vector field m (Fig. 2.1):

m(X, t) = K(X, t)m0(X), m0,m ∈ Ω0,K ∈ SO(3), ‖m0‖ = ‖m‖ = 1. (2.1)

By virtue of its time-dependent referential configuration, m is thus an internal vari-

able that determines the instantaneous pointwise principal material symmetry axis.

The alternative definition of the internal variable as the reorientation tensor K, while

not critical to this model of reorientation, denotes in its position dependence that (in

general) each infinitesimal neighborhood undergoes an independent rotation (unlike a

rigid-body rotation, Q(t)). This microstructural complexity, in turn, illustrates that

while the consideration of m-dependent configurational changes is mathematically

possible [denoted as Case I remodeling in 222], for the case of fiber reorientation, a

compatible constitutive prescription is not straightforward [222, see Remark 4].

Similarly, the remodeling effect of longitudinal fiber fusion leading to an increase

in the value of an associated material parameter l representing fiber length is defined

as

l(X, t) = λ(X, t)l0(X) (2.2)

Both of these remodeling effects are conveniently combined into a structural tensor

M whereby

M(X, t) ≡ m̄(X, t)⊗ m̄(X, t) and m̄ ≡ λ(X, t)m(X, t). (2.3)
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The corresponding strain energy representation typically defines such a hypere-

lastic, transversely-isotropic material by satisfying

W (C,M) = W (QCQT,QMQT), ∀Q ∈ SO(3),C ∈ Sym+(3) (2.4)

where W is the strain energy density function per unit reference volume, C is the

usual right Cauchy-Green stretch tensor, and Q is an arbitrary rigid-body rotation

superposed on the reference configuration. As usual, the strain energy Eq. 2.4 is

alternatively formulated in terms of scalar invariants with respect to which it is an

isotropic function:

W (C,M) = W (tr C, J2, λ̂2) (2.5)

where

J2 = det C λ̂2 = C : M. (2.6)

2.3 Balance laws

In the following, the thermodynamic balance laws are given in the material de-

scription and local form. Taking the view that changes in mass are negligible for

processes of remodeling , the balance of mass remains the same as for a single phase

solid, likewise for the momenta balances. Proceeding directly then to the balance of

energy sees

ė = P : Ḟ︸ ︷︷ ︸
stress power

− ∇ · q︸ ︷︷ ︸
heat conduction

∇ · (•) ≡ tr ∂(•)
∂X

(2.7)

with e the internal energy density and q the heat flux.

The entropy inequality is expressed in balance form as

η̇ = −∇ ·
(q

Θ

)
︸ ︷︷ ︸

entropy conduction

− γ︸︷︷︸
entropy production

, γ ≥ 0, (2.8)
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where η is the entropy density and Θ is the temperature. Free energy ψ is introduced

with the Legendre transformation

ė = ψ̇ + Θγ̇ ψ = W + ψchm (2.9)

in which the isothermal (Θ̇ = 0) assumption has been used. Note that the local rate

of chemical free energy ψ̇chm is written explicitly for future use. Combining Eq. 2.7,

Eq. 2.8, Eq. 2.9, and employing the following additional assumptions

q = −κ∇Θ︸ ︷︷ ︸
Fourier conduction

, P = ∂W

∂F︸ ︷︷ ︸
hyperelasticity

, W = W (C,M)︸ ︷︷ ︸
transverse isotropy

,

(with ∇(•) ≡ ∂(•)/∂X) yields the dissipation inequality:

D ≡ Θγ = κ ‖∇Θ‖2

Θ − (Ẇ rmd + ψ̇chm) ≥ 0. (2.10)

The remodeling power Ẇ rmd is that portion of the strain energy rate not resulting

from the stress power:

Ẇ rmd ≡ Ẇ −P : Ḟ

= ∂W

∂M
: Ṁ, (2.11)

and results from the non-constant material fiber length and direction. The remod-

eling power and chemical energy rate, however, are not independent. Knowing that

remodeling processes occur by cell traction, a simple relation can be assigned:

Ẇ rmd = −βψ̇chm, 0 ≤ β = const ≤ 1, (2.12)

where β is a constant of proportionality representing the efficiency of energy transfer

from cellular ATP storage to the material. Neglecting heat conduction, this leads to

Drmd = 1− β
β

Ẇ rmd (2.13)

56



Observe that, for this simple model, remodeling dissipation is proportional to remod-

eling power, and that the inequality is satisfied identically for stiffening (Ẇ rmd > 0)

remodeling laws. Moreover, it is immediately apparent that a purely mechanical for-

mulation is thermodynamically inadmissible since the lack of a chemical energy term

would violate Eq. 2.10 (without the positive heating term) for the same Ẇ rmd.

2.4 Evolution equations

To examine the dissipative character of the system further, constitutive relations

for fiber remodeling must be specified. For the purposes of this preliminary analysis,

a simple first-order reorientation rate equation [224, 226] was convenient (Fig. 2.2):

ṁ = ω ×m = − 1
τ rot [(cos ν) m− n] , (2.14)

where

ṁ ≡ ∂m
∂t

, ω = m× n
τ rot , ‖n‖ = 1, cos ν ≡m · n.

In words, the pointwise fiber direction rotates according to the axial vector ω toward

a target direction n (to be specified) with an angular velocity proportional to the angle

between the fiber and target directions and inversely proportional to a reorientation

time constant τ rot. For future use, the reorientation vector ṁ can be decomposed

into a direction ω̄ and magnitude 1/τ̄ rot:

ṁ = ω̄(n)
τ̄ rot(ν) , ω̄(n) ≡ ṁ(n)

‖ṁ(n)‖ , τ̄ rot(ν) = sin ν
τ rot . (2.15)

Similarly, an evolution equation for longitudinal fiber fusion can be written

λ̇ = 1
τ fus


λ̂− λ, λ̂ > 1

0, otherwise
, (2.16)

which simply states that the rate of elongation by fusion is proportional to the

(tensile) fiber strain (l̂ − l), scaled by a fusion time constant τ fus.
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Figure 2.1: Kinematics of fiber reorientation.
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Figure 2.2: Evolution equation for fiber reorientation.
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2.5 Maximum reorientation power

It was noted in §2.3 that a stiffening remodeling power is required to satisfy the

dissipation inequality Eq. 2.13. Within the structure of Eq. 2.14 and ignoring fiber

fusion, it is worthwhile to investigate not only what choices of target direction n

satisfy the inequality but how they might enhance dissipation by maximizing the

reorientation power. Importantly, the following development is independent of the

particular choice of transversely-isotropic strain energy function.

Using the chain rule to open up the reorientation power (c.f., Eq. 2.11) yields

Ẇ rot = 1
λ̂

∂W

∂λ̂
Cm · ṁ. (2.17)

Observe that all that is required for non-negative Ẇ rot is aW monotonically-increasing

in λ̂ and an ṁ with the same sense as m (since C ∈ Sym+(3)). Furthermore, it can

be seen from the decomposition Eq. 2.153 that the angular velocity of reorientation

1/τ̄ rot is rotationally-symmetric for a cone of n (Fig. 2.3, left) having half-angle ν

(Fig. 2.2) from m. Now working in the principal stretch space {e1, e2, e3} of C with

λ2
1 ≥ λ2

2 ≥ λ2
3, this half-angle controlling angular velocity rate is chosen such that

cos ν = m · n ≡ m · e1 ≥ 0 (i.e., according to the maximum principal stretch direc-

tion). With only this assumption on the magnitude 1/τ̄ rot(ν), the task is now to find

the target vector n on this cone that maximizes the reorientation power through the

direction ω̄(n). A modified reorientation power P̄ rot can be defined as

P̄ rot ≡ τ̄ rotλ̂

∂W/∂λ̂
Ẇ rot = Cm · ω̄. (2.18)

which removes the reorientation rate and strain energy contributions from Ẇ rot.

Knowing that the (instantaneous) reorientation direction must be orthogonal to the

fiber direction (m · ṁ = 0, Fig. 2.2), a local orthonormal triad {ē1, ē2, ē3} is con-
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structed with respect to the fiber direction and the stretch state (Fig. 2.3):

ē1 ≡
e1 −m1m√

1−m2
1

, ē2 ≡
m3e2 −m2e3√

1−m2
1

, ē3 ≡m, (2.19)

with e1 · ē1 ≥ 0. This enables the succinct expression of ω̄:

ω̄ = (cos µ̄)ē1 + (sin µ̄)ē2 (2.20)

where the interpretation of µ̄ is given in Fig. 2.3. Plugging Eq. 2.20 into Eq. 2.18

and using the spectral decomposition Cm = ∑3
i λ

2
imiei yields

P̄ rot = [(λ2
1 − λ2

2)m2
2 + (λ2

1 − λ2
3)m2

3]m1 cos µ̄+ (λ2
2 − λ2

3)m2m3 sin µ̄√
1−m2

1

. (2.21)

With just the single parameter µ̄ to vary, Eq. 2.21 is straightforwardly extremized

by:

µ̄max = arg
(
∂P̄ rot

∂µ̄
= 0

)
= arctan

[
(λ2

2 − λ2
3)m2m3

[(λ2
1 − λ2

2)m2
2 + (λ2

1 − λ2
3)m2

3]m1

]
, (2.22)

in which maximization is guaranteed by consistent use of the principal stretch space

basis definitions. While the specification of τ̄ rot ≡
√

1−m2
1/τ

rot for the reorientation

rate confers an eventual ‘relaxation’ of m to e1, clearly only for the simple case of

uniaxial extension (λ1 ≥ λ2 = λ3) does µ̄max = 0, in which m rotates directly toward

e1. More generally, the dissipation-maximizing trajectory of m will not remain planar

even for a constant stretch state. This somewhat complex result for an apparently

simple model deserves further attention, as maximally-dissipative evolution equations

are attractive features of mathematical formulations of inelasticity [228].

2.6 Fiber reorientation simulations

In contrast to above developments, generality is eschewed here in favor of the nu-

merical solution of fully 3-D fiber reorientation (neglecting fusion) initial-boundary–

value problems (IBVPs) representative of the attendant fibril alignment in the early-

culture compaction of a collagenous engineered-tissue construct. These solutions
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allowed the computation of the total reorientation power throughout an entire body

under different initial fiber and boundary conditions.

A continuum-scale strain energy function incorporating the worm-like chain (WLC)

model of entropic elasticity [223] was employed to simulate the mechanical response

of a collagenous tissue construct:

W (tr C, J2, λ̂2) = NkBΘL
4A

[
2r̄2 − r̄ + 1

1− r̄

]
︸ ︷︷ ︸

entropy

− NkBΘL
4A

[
4r̄2

0 − r̄0 + r̄0

(1− r̄0)2

]
log λ̂︸ ︷︷ ︸

repulsion

+ γ

[
(tr C− 3) + 1

β

(
J−2β − 1

)]
︸ ︷︷ ︸

bulk compressibility

(2.23)

with the WLC end-to-end and contour lengths r and L parameters (Fig. 2.4a) nor-

malized by

r̄ = r̄0λ̂, r̄ ≡ r

L
, r̄0 ≡

r0

L
, (2.24)

and other invariants defined in Eq. 2.6. This transversely-isotropic case of the eight-

chain model [218] can be recovered from the orthotropic unit cell introduced in

Bischoff et al. [220] by setting the dimensions a = c and switching labels a and b

(Fig. 2.4b). Since network effects are not likely in immature tissue, b was neglected

to simplify the analysis. In-depth details and analysis of the model parameters

themselves can be found in Kuhl et al. [224]. For fiber reorientation, the evolution

equation Eq. 2.14 was further specialized to n ≡ e1 so that the target vector was fully

equated with the maximum principal stretch direction. The numerical implementa-

tion of the constitutive model consisting of both the linearization of the hyperelastic

strain energy function and explicit integration of the fiber evolution equation was
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incorporated into a custom user element subroutine for FEAP[229], a general-purpose

nonlinear finite element analysis software package, for subsequent numerical solution

of the nonlinear elasticity problem.

Fig. 2.5 shows a schematic of the applied conditions and kinematics of the model

problem. The cylindrical geometry was lengthened uniaxially and held either under

constant displacement or constant load, starting with either all transversely-oriented

fibers (“uniform”) or all randomly-oriented fibers (“inhomogeneous”). The axial

stress responses for these cases (Fig. 2.6a) immediately show the dramatic stiffening

effect of fiber reorientation. The global reorientation power

Prmd(t) ≡
∫

Ω0

∂W

∂M
: Ṁ dV (2.25)

for each of these cases is plotted versus dimensionless time in Fig. 2.6b. As expected,

the reorientation power production is nearly always positive, with the exception of the

transversely-oriented cases, in which there is an initial interval of dissipation. This,

however, is an artifact of the repulsion term of the strain energy function Eq. 2.23:

Transversely-oriented fibers are initially compressed from the coupling of stretch and

contraction in lateral directions and so pick up strain energy from the repulsion term;

as they rotate axially, they lose ‘repulsive’ strain energy more quickly than they gain

‘entropic’ strain energy for a brief time, hence producing negative power. In the

randomly-oriented case, most fibers are outside of this regime at any one time and

the effect is not seen. Also as expected, the power production nearly vanishes after a

duration of several time constants, indicating that fibers are completely aligned with

the (constant) maximum principal stretch direction (eZ) and that reorientation has

largely ceased.
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Figure 2.4: Transversely-isotropic worm-like chain model schematic.
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2.7 Strain energy convexity

Normally, aspects of strain energy convexity are studied with respect to pertur-

bations about the deformation state. Such an analysis for the transversely-isotropic

strain energy function Eq. 2.23 has been carried out in Kuhl et al. [225]. Here, a

preliminary investigation of the convexity of the strain energy as a function of the

fiber vector m̄ is described.

For fiber evolution (reorientation and fusion), the statement of strain energy

convexity can be written:

∆m̄ · ∂2W

∂m̄∂m̄
∆m̄ ≥ 0 ∀∆m̄ ∈ Ω0 (2.26)

This is not a trivial task, even for a chosen strain energy function. The approach

taken here is direct: Find surfaces of constant strain energy in the space of the

components of m̄, and examine for convexity. The following isochoric cases were

considered:

F1ext ≡ I√
λ̃

+
(
λ̃− 1√

λ̃

)
e3 ⊗ e3 uniaxial extension (2.27a)

F2ext ≡ λ̃I +
( 1
λ̃2 − λ̃

)
e3 ⊗ e3 biaxial extension (2.27b)

Fpshr ≡ λ̃e1 ⊗ e1 + e2 ⊗ e2

λ̃
+ e3 ⊗ e3 pure shear (2.27c)

Fsshr ≡ I + λ̃e1 ⊗ e2 simple shear (2.27d)

where F is the deformation gradient, I is the identity tensor, λ̃ is the applied stretch

parameter, and {e1, e2, e3} is a Cartesian basis. Associated ‘iso-energy’ surfaces for

the strain energy function Eq. 2.23 are plotted in Fig. 2.7. Additionally, the surfaces

are shaded according to the fiber stretch λ̂ defined in Eq. 2.24 (the applied stretch

projected onto the fiber). In all cases except for biaxial extension do the surfaces

appear to be convex. Note that the failure of convexity occurs where the fiber stretch
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is highly compressive (λ̂ � 1). This non-convexity corresponds to the phenomenon

seen with the negative reorientation power in Fig. 2.6b and is thus likely an artifact

of the repulsive term in Eq. 2.23. This feature further motivates a more careful

treatment of such offset terms in anisotropic continuum strain energy functions built

from micromechanical models.

2.8 Conclusion

Some of the thermodynamic aspects of generic, transversely-isotropic internal

variable models of biological remodeling have been investigated. These findings, de-

scribed in terms of dissipation and convexity, provide a basis for refinement and

enhancement of these constitutive models. The key result that, without a source

of energy, a stiffening remodeling law necessarily violates the dissipation inequality

directly motivates the explicit incorporation of active cell processes into the remod-

eling evolution equations. A potential remedy to this quandary is in fact given

by the example of the anisotropic biphasic theory of Barocas and Tranquillo [219].

Having been developed specifically to model the various mechanical phenomena as-

sociated with the compaction of a fibroblast-populated biopolymer gel, they incor-

porated equations governing cell density, alignment, migration, mitosis, and traction

into a simplified continuum mechanical, biphasic mixture model. Ongoing work in

our group takes a similar approach but accounts for the detailed anisotropic me-

chanics of the cytoskeleton with eventual incorporation into our tissue-level mixture

model [227].
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Figure 2.5: Schematic of uniaxial fiber reorientation under (ex)tension.
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Figure 2.6: Time-dependent responses under reorientation for each IBVP.
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Figure 2.7: Iso-energy surfaces in the space of the fiber vector m̄ for canonical strain
states.
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CHAPTER 3

Image analysis methods for fiber direction quantification in
planar and volumetric data

3.1 Introduction

Development of tissue-specific mechanical anisotropy is crucial to effective and

efficient function of connective soft tissue. This is especially important in the con-

texts of tissue engineering and wound repair in which it has been a major challenge

to induce and/or guide the development of proper anisotropy. Any experimental and

theoretical investigation of soft tissue mechanics thus benefits from quantification of

the microstructual anisotropy from which the macroscopic function emerges. This

requires both an appropriate microscopy or spectroscopy method and, frequently, im-

age analysis techniques to process and apply the data. Here, the three-dimensional

adaptation and extension of existing approaches for assessing global texture orien-

tation and anisotropy via gradients of image intensity in a statistical and (possibly)

spatially-dependent fashion for incorporation into transversely-isotropic strain energy

functions is described. While it is hoped that the development is sufficiently general

for a range of similar tissue morphologies and imaging modalities, the thrust is toward

quantifying the evolution of fibril 1 -based anisotropy in fibroblast-populated collagen

gels using confocal laser scanning microscopy. To this end, a two-dimensional valida-
1Though each have distinct definitions in tissue histology, the term fibril should be taken to

mean the actual microstructural constituent, while fiber may be used to generically refer to any
such linear structural element, including the idealized representation of a fibril.
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tion of the proposed method’s performance is demonstrated using realistic synthetic

test images of known fiber distributions, and a preliminary application to three-

dimensional image volumes of an isotropic and an aligned collagen gel is presented.

3.2 Formulation and algorithm

A grayscale intensity image I is represented by the scalar field i(x) ∈ [0, 1],

x ∈ Rn, where n is the number of space dimensions. Simply stated, the problem

is to obtain a weighted-average edge orientation in each local “sub-image” S ⊂ I.

The gradient ∇i ≡ ∂i/∂x produces a vector field containing pointwise edge normal

directions. Since an image is, in general, a discrete, discontinuous field, it must

be smoothed (blurred) with a low-pass filter prior to numerical differentiation. In

the spatial domain, image filtering is accomplished via the convolution of a filter

kernel k(x) with the intensity image i(x) and denoted by k ∗ i. Making use of the

differentiation property of convolution, the approximate gradient field g(x) can thus

be calculated:

∇i(x) ≈ g(x) ≡ ∇ (k(x) ∗ i(x)) = ∇k(x) ∗ i(x). d

dx
(f(x) ∗ g(x)) = df

dx
∗ g(x) (3.1)

In this way, the gradient operation is embedded inside of the (continuous) kernel

function in closed form and applied to the (discontinuous) intensity field i(x), thus

avoiding explicit numerical differentiation. Due to its monotonic frequency response,

a normalized Gaussian filter is employed to smooth the image:

k(x;σ) = 1
(2π)n/2σn exp

[
−‖x‖

2

2σ2

]
, (3.2)

which, when applied to Eq. 3.1, ∇k(x) is known as the gradient-of-Gaussian filter.

This procedure is illustrated in Fig. 3.1, in which vertical and horizontal edge images

gx(x) and gy(x) are extracted from i(x).
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Next, the directional information held in g(x) is accumulated in a weighted his-

togram of edge directions. This requires a window function to “bin” the gradient

magnitudes according to the corresponding gradient direction. For this task, direc-

tional probability density functions (PDFs) p : Sn−1 7→ R+ are convenient[233]:

n = 2, pVM (ξ;µ, κ) =
exp

[
2κ (µ · ξ)2

]
c(κ) expκ ; (3.3)

n = 3, pW (ξ;µ, κ) = exp [κ(µ · ξ)2]
c(κ) ; (3.4)

representing the (doubly-wrapped) von Mises and Watson [235] distributions on the

unit circle (S1) and sphere (S2), respectively (Fig. 3.2). Here, µ ∈ Sn−1 and κ are

the mean direction and concentration parameters; c(κ) is a normalization constant

so that p(ξ) integrates to unity, as required. Note that these PDFs are antipodally-

symmetric since fiber direction, in a mechanical context, is only unique up to a

half-space. The expression for the weighted histogram h̄S(ξ) for the sub-image S

incorporating the appropriate window function w(ξ)← p(ξ) is then given as:

h̄S(ξ) = 1
cS

∫
S
‖g(x)‖w

(
g(x)
‖g(x)‖ ; ξ,−κ

)
dV,

∫
Sn−1

h̄S(ξ) dA = 1. (3.5)

In contrast to Eq. 3.3 and Eq. 3.4, it is critical to note the sign on the concentration κ.

The gradient vector field g(x) describes edge normals. Fiber directions correspond

to edge tangents. In the 2-D case, the normal direction corresponds to a unique

tangent line (direction, up to a half-space). For n = 3, however, the normal direction

identifies a tangent plane. By windowing with the inverse (p−1(ξ), “girdle”-regime of

the bimodal symmetric PDF, the tangent directions are accumulated instead of the

normal directions. This particular strategy underlies the principal transverse isotropy

assumption. Note that VM (ξ,−κ) = VM (ξ + π/2, κ). With such a distribution

model, the window function possesses the attractive property that sign reversal on
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the concentration parameter is tantamount to rotating the mean direction by π/2 rad

from normal to tangent, and provides a general inversion framework for window

functions in 2D and 3D.

So, in words, Eq. 3.51 (approximately) amounts to interrogating each pixel for

its gradient direction, then incrementing the tangential angle bins in h̄S(ξ) by the

corresponding gradient magnitude. The inclusion of the non-uniform distribution

in the window functions can be interpreted as accounting for the uncertainty κ as-

sociated with a single orientation measurement. To standardize the procedure, the

concentration κ of the window function is chosen here such that the function decays

to half its maximum value at the edges of the discrete histogram bins; i.e., the radius

of w(ξ) at half maximum is ∆ξ/2:

κ = arg
[
wW (ξ + ∆ξ/2;µ, κ)

wW (ξ;µ, κ) = 1
2

]
= log 2

1− cos ∆ξ (3.6)

A similar criterion is applied for the spherical window functions, but an additional

complication arises in 3-D with respect to solid angle bin mesh generation: A uni-

form point density is not straightforwardly obtained on the sphere by closed-form

expressions on the polar and azimuthal spherical coordinates. Instead, the robust

mesh generator DistMesh©[234] is employed with triangular elements to produce an

approximately uniform tessellation of the sphere.

The entire formulation was implemented in Matlabr(Version 7.2.0.283, The

MathWorks, Inc., Natick, MA) with the Image Processing Toolbox.

3.3 Validation

To evaluate and validate the performance of the method, synthetic test images

featuring “fibers” of known orientation distributions were generated and analyzed.

Due to the quantity of artificial images required to test the range of possible fiber
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g(x) = ∂
∂x ∗ = ex + ey

Figure 3.1: Visual representation of spatial gradient-of-Gaussian filter applied to
fiber image I.
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Figure 3.2: Directional PDFs for weighted histogram window functions.
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properties, two dimensionality was maintained for method validation. The density

(overlap), length, diameter, and alignment properties were varied. Fig. 3.3 shows

a representative group of synthetic images and the corresponding analysis. Fibers

with pixel dimensions of D = 2 px diameters and L = 100 px lengths are shown

here, typical of collagen fibrils viewed under a confocal microscope. Each image was

analyzed individually without subdivision. A Gaussian filter radius of 1 px was used.

This value was chosen as to optimize performance and minimize error over a range of

fiber alignment directions and strengths for the given fiber geometry. The excellent

agreement in Fig. 3.3 provides σ ≈ D as a general analysis guideline.

3.4 Application to collagen gels

As indicated, the fibrillar alignment resulting from a fibroblast-compacted, mechanically-

constrained collagen gel imaged using reflection-mode confocal microscopy was cho-

sen as a convenient “anisotropic” specimen for the image analysis procedure. An acel-

lular but otherwise identical gel served as an “isotropic” control specimen. Briefly,

solubilized collagen (Collagen Type I; Rat Tail, #354236, BD Biosciences, Bedford,

MA) was reconstituted according to the manufacturer’s neutral-start procedure to a

final collagen concentration of 2 mg/mL. For cellular gels, a TFB solution (prepared as

per §4.2.3) was added prior to polymerization to 1e6 cell/mL. The mixtures were gelled

under 37 ◦C incubation in glass micro-well dishes (#P35G-1.5-14-C, MatTek Corp.,

Ashland, MA) fitted with a 5 × 2 × 8 mm rectangular bar mold with hydrophilized

porous polyethylene (PE) ends to allow lateral contraction but constrain motion in

the axial direction. Following 12 h in culture, image stacks were acquired from the

gel mid-substances with an inverted confocal laser scanning microscope in reflection

mode (488 nm laser light, 480 nm–500 nm detection filter; 100×, 1.4 NA oil immersion

76



(a) VM (0, 0) (b) VM (0, 1.7) (c) VM (0, 3)

  0.2

  0.4

  0.6

  0.8

30

210

60

240

90

270

120

300

150

330

180 0

(d) Curve fits.

Figure 3.3: 2-D validation of spatial gradient-based filter-window technique. Test im-
ages were generated with “fibers” having 2 px diameters, 100 px lengths,
and orientation distributions as labeled at discrete orientations each
∆ξ = π/12. Here, image analysis parameters were fixed at σ = 1 px
(fiber radius) with window concentration κ ≈ 20, determined by Eq. 3.6.
Solid curves are the distributions used to generate images; open circles
represent weighted histograms recovered by the analysis.
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objective; Leica TCS SP2, Leica Microsystems, Wetzlar, Germany). Representative

images at z = 5 µm with a 150 µm × 150 µm field of view are shown in Fig. 3.4a

and Fig. 3.4b. Consistent with the macroscopic appearance of the gels (figure insets)

the cell-populated gel shows a denser, more-aligned microstructure from compaction

and remodeling. The fully 3-D image analysis on the z = 1 µm–20 µm confirms these

observations quantitatively, shown here via edge histogram contour plots (Fig. 3.4c,

Fig. 3.4d), and thus demonstrates a practical application of the formulation.

3.5 Strain-energy representation

To tie mechanics back in, two strategies for strain-energy representation of anal-

ysis results are summarized. Upon a typical anisotropic additive split of the strain

energy function W = W iso +W ani, the anisotropic term may, in general, be modeled

in an integral-based form[232]:

W ani =
∫
Sn−1

W fib
(
λ̄2
)
h̄(ξ) dA, λ̄2 = ξ ·Cξ; (3.7)

or in a moment-based fashion[231]:

W ani = lW fib
(
λ̄2
)
, λ̄2 = m̄ ·Cm̄, lm ≡ E[ξ] =

∫
Sn−1

ξh̄(ξ) dA; (3.8)

where W fib is the fiber strain energy function and E[ξ] is the expected value of the

distribution described by density h̄. Not surprisingly, the former expression is more

valid for more general strain states, while the latter is clearly more computationally-

efficient. An analysis of the ranges of validity for these methods to incorporate

orientation distribution data into strain energy functions is reported in Bischoff [230],

including conditions under which Eq. 3.7 and Eq. 3.8 can be made equivalent.
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(a) (b)

(c) (d)

Figure 3.4: 3.4a Acellular (“isotropic”) and 3.4b compacted (“anisotropic”) colla-
gen gels viewed via reflection-mode confocal microscopy with 3.4c–3.4d
corresponding directional volumetric image analysis.
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3.6 Conclusion

Fully-automated, high-throughput image processing techniques and software were

developed for the detailed quantification of anisotropy in 2-D and 3-D data. The

presented method does not identify discrete features in the data, so it cannot directly

identify cross-links or network properties in specimen microstructure. It is, however,

scaleable to the requirements of a particular problem by tuning the spatial parameter

σ and the size of the sub-image S. The former is the full width at half maximum

of the Gaussian low-pass filter, so, as indicated above, it should be selected on the

order of the fiber diameter to appropriately smooth noise in the data, yet not too

large as to “blend” adjacent fibers’ intensities together. Since each sub-image S

generates its own angular histogram, its size should be chosen according to the spatial

resolution or “locality’ required by the analysis. Thus, there is a trade-off: larger

subimages ensure a smoother histogram and better statistics due to more pixel (voxel)

data points, but the localization of any alignment apparent in the histogram can be

determined only up to the subimage location. Conversely, smaller subimages will

give direction and strength of alignment at more points in the image, but each have

more uncertainty. For example, if one were interested in fiber orientation patterns

around a cell (∼ 25µm), S should be of the same size scale. At the “tissue” level,

in line with the preceding example and the objectives of this project, microscopy

images with a field of view ∼ 100µm retain a very local picture when compared

with a specimen size (∼ 10 mm) such that image sub-division no longer makes sense.

However, precise rules for the appropriate usage of these parameters for continuously

fibrillar image content do not exist and remains an open issue.
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CHAPTER 4

Effect of oxygen tension on the two-dimensional monolayer
culture fibrogenesis of bone marrow stromal cells

4.1 Introduction

Various in vitro, scaffold-less, 3-D, engineered tissue contructs (ETCs) fabricated

in our laboratory from self-assembling 2-D cultures of rat bone marrow stromal

cells (MSCs) [256, 265, 266] (MSCs), but the system is not yet optimized specifically

for in vitro fibrogenesis, that is, the development of parallel-fibered, collagenous soft

tissue like tendon and ligament.

The efficacy of a cell-based therapy for regenerative medicine, like tissue engineering

(TE), relies at least in part on the ability of cells to populate a graft as quickly as pos-

sible [252] prior to differentiation and function. While massive proliferative potential

is a unique feature of normal stem cells (§1.2.1), this does not always correspond

to those with the greatest growth rate. Knowledge of growth rates is also critical

in order to standardize cell culture practices such as passage frequency and dilution

ratios. In our scaffold-less engineered construct system, the growth rate is relevant

at a variety of plating densities, depending on whether it is the expansion phase or

ETC-formation stage.

In order to produce a MSC-based soft ETC, it behooves the tissue engineer to

identify those conditions which enrich for the fibroblastic phenotype for a tendinous

or ligamentous tissue. collagen I (Col1) is the dominant structural protein in the
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tendon and ligament extracellular matrix (ECM) (and the body) and is the most

important determinant of the tissue’s stiffness and strength. With Col1, elastin (Eln)

is the elastic structural protein of the body and is also abundant in the parallel-fibered

tissues. While no accepted unique marker for fibroblasts exists, the transcription

factor scleraxis (Scx) is strongly associated with limb tendons and ligaments [263],

and is required for proper embryonic limb tendon development [258]. Its role in the

adult is unknown, however, its upregulation in the context of a stem-like cell such as

MSCs may indicate an early in vitro preference toward tendon and ligament §1.2.1.

A cell culture parameter that has raised particular interest in the stem cell and

tissue engineering communities recently is that of incubator oxygen tension. Most

cell and tissue culture oxygen fractions (φO2 ) are maintained near atmospheric levels

(∼18 %), yet mean in vivo concentrations are likely 3 % or lower [245, 251]. This is

especially plausible in the avascular tendon and ligament tissues of the body. More-

over, the φO2 level is known to have exquisite effects on stem cell proliferation [242],

senescence [259], apoptosis [241], differentiation [247], and migration [250] in other

cell types [240], but has not been fully characterized in the multipotent MSC fraction.

The objectives of the present studies were to assess the pure fibrogenesis (fibro-

blastic growth and differentiation) in monolayer culture of MSCs in differential φO2

culture: 18 % normoxic gaseous φO2 content versus 5 % hypoxia1, with cohort tendon

fibroblasts (TFbs) as comparison given the lack of a true positive control. These

levels were chosen to lie between 1 %–7 %, the normal values reported to be found in

the bone marrow compartment [245, 251] and provide a standard cell culture control

(5 % CO2-18 % O2). Given that our ETC spend at most a week in 2-D proliferation

in high-serum growth medium and that immunocytochemistry does not provide the
1The conventions normoxia and hypoxia are to be understood here with respect to cell culture

standards rather than physiological approximations.

83



quantitative sensitivity required for the heterogeneous MSC population, these aims

were addressed via the cellular and molecular biological metrics of cell growth and

fibroblastic gene expression and Col1 protein content for up to 8 d in culture. It

was hypothesized that hypoxic conditions would support greater MSC fibrogenesis

relative to normoxia due to the more physiological, in vivo-like environs it confers.
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4.2 Materials and Methods

4.2.1 Culture media and solutions

Sterile, endotoxin and pyrogen-free media, salt solutions, and plasticware were

used in all tissue acquisition and cell culture.

Transfer medium

During animal dissection and for transport prior to tissue digestion and cell isola-

tion, tissue samples were temporarily stored in 4 ◦C transfer medium (TM) consist-

ing of Dulbecco’s phosphate-buffered saline (DPBS) (calcium and magnesium-free;

GIBCOr, #14190, Invitrogen, Grand Island, NY) and 2× antibiotic-antimycotic

(AbAm) (GIBCO™, #15240, Invitrogen).

Tissue digestion solution

To disassociate the collagenous extracellular matrix of Achilles tendons to re-

lease fibroblasts for primary culture, a digestion solution of high-glucose Dulbecco’s

modified Eagle medium (DMEM) (GIBCOr, #10569, Invitrogen), 500 U/mL type II

collagenase (GIBCO™, #17101, Invitrogen), and 2× AbAm was used, all sterilized

by 0.22 µm filter (Steriflipr, #SCGP00525, Millipore, Billerica, MA).

Growth media

For routine cell expansion and subculture, TFbs will be provided a growth medium

(GM) of DMEM, 20 % qualified fetal bovine serum (FBS) (GIBCO™, #10437, Invit-

rogen), and 1× AbAm. MSCs were raised on GMmsc composed of GM supplemented

with 6 ng/mL mammal-derived recombinant human basic fibroblast growth factor

(bFGF; #100-18B, PeproTech, Rocky Hill, NJ) as a mitogen.
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4.2.2 Tissue digestion and cell isolation

All tissue samples for primary cell culture were obtained from two-month-old,

female, non-pregnant Fischer (F344) rats.

Bone marrow stromal cells

The following procedure largely follows that of Lennon and Caplan [253] with

some modifications. Legs were separated from rats post-mortem and placed in TM

at 4 ◦C until ready for use. Samples were then rinsed in DPBS, removed of feet, split

at the knee, and cleaned of remaining muscle and connective tissue. The ends of each

femur and tibia were removed; then, with an 18-gauge hypodermic needle (#305196,

Becton Dickinson, Franklin Lakes, NJ) and 10 mL syringe (#309604, Becton Dick-

inson), marrow was flushed from the bones into a 50 mL conical centrifuge tube

(BD Falcon™, #352070, Becton Dickinson Labware, Franklin Lakes, NJ) containing

25 mL of GM. Marrow plugs in the medium were disrupted with 16, 18, and 22 1/2-

gauge needles. The marrow suspension was centrifuged at 450 g for 5 min (Beckman

AccuSpin FR™, Beckman, Schaumberg, IL), and the whole-marrow pellet reconsti-

tuted in GM and plated on 100 mm tissue culture dishes (BD Falconr, #353003,

Becton Dickinson, San Jose, CA) as passage 0 (P0) cultures at approximately 2 legs

per dish, 10 mL per dish. The non-adherent, hematopoietic sub-population of the

whole marrow was removed with subsequent rinses and medium replacements, the

first of which was performed 3 d after the initial plating.

Tendon fibroblasts

For details refer to Calve et al. [239]. During the extraction of soleus muscle from

the hindlimbs of anesthetized rats, Achilles tendons were removed from the hindlimbs

of anesthetized rats and placed in TM. When ready for disassociation, tendon tissue
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samples were rinsed briefly in DPBS, the tendon separated from the residual muscle,

minced with a razorblade, and placed into the soft tissue digestion solution (∼ 2 mL

per tendon). These tissue samples were allowed to disassociate for 4 h–6 h at 37 ◦C

with occasional agitation. The resulting digested mixtures were centrifuged at 750 g

for 15 min, the supernatants removed by aspiration, cell/tissue pellets reconstituted

in 10 mL GM, and plated as P0 on 100 mm tissue culture dishes.

4.2.3 Cell culture and treatments

Physiological environmental conditions for all cell culture were provided by a

humidified 5 % CO2 incubator (Series II CO2 Water Jacketed Incubator, #3130,

Thermo Forma, Marietta, OH) set at 37 ◦C. This standard configuration results in

a O2 gas fraction of ∼18 %. Instrument-controlled subatmospheric 5 % O2 levels

for experiments were obtained by employing an OEM O2 sensor fuel cell (Thermo

Forma) and N2 gas source (Cryogenic Gases, Southland, MI) to purge the remaining

air as necessary.

Expansion

During cell culture maintenance and expansion, 100 mm dishes were rinsed with

5 mL DPBS and fed with 10 mL GM every 2–3 d. Pn cultures were passaged sub-

confluently as necessary: After rinsing in DPBS, 1 mL 4 ◦C-0.25 % trypsin-EDTA

solution (GIBCO™, #25200-072, Invitrogen) were be added to each 100 mm dish

and placed in 37 ◦C incubation for 10 min–15 min. Dishes were removed, tapped to

aid detachment, and so verified visually under an inverted microscope (Nikon TMS-F,

#200391). Trypsin-EDTA was inactivated in excess GM and washed by centrifuging

at 450 g for 5 min followed by supernatant removal. Cell pellets were reconstituted in

GM or GMmsc as necessary and diluted to the required number of subcultured Pn+1
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dishes. P1–P3 MSCs and P2–P4 TFbs were used for all experiments.

Growth

For cell growth experiments, MSCs and TFbs were raised in GM and GMmsc,

respectively. Cells were trypsinized, washed, counted by hemacytometer (Reichert

Bright-Line, #1490, Hausser Scientific, Horsham, PA) using 2 aliquots of no less than

5 fields each, and diluted to yield plating densities of ρ0 = 2.5× 103, 5.0× 103, 10×

103, 20×103 cell/cm2 in GM or GMmsc as appropriate. For each cell type, oxygen level,

time point, and ρ0, the resulting suspensions were delivered in 100 µL to 6 wells of 96-

well tissue-culture plates (Black Plate, Clear Bottom, #3603, Costar, Corning). Half

of each plate was left empty for known cell standards during enumeration. Plates

were cultured under 18 % O2 normoxic and 5 % O2 hypoxic gaseous conditions for at

least 4 d. Medium was replaced daily after each enumeration assay.

Short-term expression

MSCs and TFbs were both expanded in GM. Prior to experiments, low-density

(∼ 25 % confluent) cultures in 60 mm tissue culture dishes (BD Falconr, #353002,

Becton Dickinson) were serum-starved in 3 mL DMEM with 1× AbAm and 1×

insulin-transferrin-selenium-X supplement (GIBCOr, #51500-056, Invitrogen) for

24 h. Dishes were then switched back to GM and cultured an additional 24 h under

normoxic or hypoxic conditions, after which dishes were taken for RNA analysis.

Long-term expression

MSCs and TFbs were cultured in GM and GMmsc, respectively. Cells were

trypsinized, washed, counted, and diluted for ρ0 = 20× 103 cell/cm2 in GM or GMmsc

as appropriate. For each cell type, oxygen level, time point, and analysis type

(messenger RNA (mRNA) or protein), cells were plated on 35 mm dishes (BD Falconr,
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#353002, Becton Dickinson) in 1.5 mL medium. Dishes were cultured under nor-

moxic or hypoxic conditions for 2, 4, 6, or 8 d after which monolayers were taken for

either RNA or protein analysis.

4.2.4 Cell growth

Enumeration

On selected days, cells in standards plates were trypsinized, washed, counted

by hemacytometer (Reichert Bright-Line, #1490, Hausser Scientific, Horsham, PA),

and diluted over a range of concentrations spanning the expected unknown cell den-

sities. Cell cultures in 96-well plates and standards in tubes were fixed with 70 %

ethanol and permeabilized in 0.5 % Triton X-100 for 15 min each and stained with

0.5 µM SYTOX Green nucleic acid stain (#S7020, Invitrogen). SYTOX green, like

most dead-cell stains, readily enters cells with compromised membranes but remains

excluded from live cells. It undergoes a > 500× increase in fluorescence after binding

to nucleic acids, resulting in an intense nuclear signal with very low cytoplasmic and

extracellular background (even though it binds both deoxyribonucleic acid (DNA)

and ribonucleic acid (RNA)) that does not require a wash step. Fluorescence was

measured in a plate reader (GENios, Tecan, Mannedorf, Switzerland) until reaching

steady state (1 h–2 h) with 485 nm excitation and 535 nm emission with cell density

interpolated from linear regression of the standard curve (R2 ≥ 0.95).

Growth kinetics

The cell density ρ at time t for perfect exponential doubling from plating density

ρ0 is

ρ = ρ0 · 2t/τdbl , (4.1)

89



where τdbl is the population doubling time. If the number of population doublings

Ndbl are given as

Ndbl = log2
ρ

ρ0
, (4.2)

then combining Eq. 4.1 and Eq. 4.2 yields

Ndbl︸ ︷︷ ︸
y

= 1
τdbl︸︷︷︸
m

t︸︷︷︸
x

. (4.3)

The linear portion of the experimental growth curves constructed by Eq. 4.2 over

4 d was regressed linearly to Eq. 4.3. Due to natural plating inefficiencies and lag

time, the b = 0 intercept constraint in Eq. 4.3 was relaxed during actual regression

focusing instead on the slope m of the growth curve Eq. 4.2 such that

τdbl = 1
m
. (4.4)

4.2.5 RNA analysis

All molecular biology reagents, buffers, and plasticware used were nuclease-free

and prepared with deionized, sterile-filtered water (qH2O).

Isolation

After the selected durations, cells were rinsed in DPBS and lysed directly in

350 µL guanidine thiocyanate buffer (Buffer RLT, #79216, QIAGEN, Valencia, CA).

The lysates were scraped (Cell Lifter, #3008, Costar, Corning) and homogenized in

QIAshredder spin columns (QIAGEN, #79654). The homogenates were combined

1:1 with 70 % EtOH and total RNA isolated with the RNeasy Mini Kit (#74104,

QIAGEN) according to manufacturer’s instructions. An on-column DNase I digestion

step (RNase-Free DNase Set, #79254, QIAGEN) was included to minimize gDNA

co-purification. RNA was eluted in qH2O with 1–3 spins as necessary to concentrate

the eluate.
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Quantitation

Total RNA concentration was determined using a NanoDrop 1000 Spectropho-

tometer (Thermo Fisher Scientific, Wilmington, DE) with a 1.5 µL quantitation

volume according to crna = A260/0.025 ng/µL. Sample purity ratios A260/A280 were

2.03±0.003 among all samples indicating negligible protein co-purification. Samples

were stored in qH2O at -80 ◦C until ready for use.

Integrity

Integrity of total RNA samples was qualitatively assessed by agarose gel electrophoresis

(AGE) (Tables 4.9 and 4.10). RNA samples were combined 1:1 with glyoxal sam-

ple buffer (#50560, Lonza, Rockland, ME) and loading dye (Blue/Orange Loading

Dye, 6X, #G190A, Promega, Madison, WI). RNA markers (0.5 kbp–9 kbp, #50575,

Lonza) and 0.5 µg–2.0 µg RNA samples were loaded and electrophoresed in a 1.0 %

agarose (SeaKem GTG, #50070, Lonza) and 0.005 % ethidium bromide (EtBr) gel

with a Kodak cell (BioMax MP1015) and 1× MOPS buffer (#50876, AccuGENE,

Lonza) at 60 V for 2 h. Gels were visualized with transilluminating UV light in a

chemiluminescent documentation system (FluorChem SP, Alpha Innotech, San Le-

andro, CA).

Reverse transcription

reverse transcription (RT) for first-strand synthesis of complementary DNA (cDNA)

from RNA was done with the Omniscript RT Kit (#205111, QIAGEN) and prepared

on ice. The reactions (Table 4.2) consisted of kit components 10× Buffer RT (2 µL),

deoxy-nucleotide phosphates (dNTPs) (2 µL), and reverse transcriptase (1 µL) sup-

plemented with RNaseOUT Recombinant Ribonuclease Inhibitor (10 U in 0.25 µL;

#10777-019, Invitrogen), oligo dT15 primers (2 µL, Integrated DNA Technologies,
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Coralville, IA), and RNA in qH2O (1 µg MSC RNA or 2 µg TFb RNA in 12.75 µL).

The 20 µL reactions were carried out at 37 ◦C for 60 min, diluted to a final volume of

50 µL in qH2O, and stored at -80 ◦C until ready for use.

Primer design

Primer-pairs for amplification gene-transcript–specific cDNAs were designed (with

the assistance of the Universal ProbeLibrary’s Probefinder for Rat [264] and Primer3 [262])

to anneal to sequences flanking at least one intron to distinguish between cDNA and

contaminating genomic DNA (gDNA) amplification products (amplicons) and, when

possible, to span an intron-exon boundary so as to eliminate potential gDNA ampli-

fication altogether. Sequences and associated parameters are in Table 4.1.

Efficiency The copy numberN of a sequence of starting quantityN0 at polymerase

chain reaction (PCR) cycle c with a primer set of efficiency E is

N = N0 (1 + E)c . (4.5)

If the amplified copy number reaches a fixed threshold N∗ (associated with a fluo-

rescence level f ∗) at a threshold cycle c∗, a relative dilution series of cDNA can serve

as a sequence of N0 and be used to construct a standard curve of c∗’s as a function

of log2N0. Rearranging Eq. 4.5,

c∗︸︷︷︸
y

= log2N
∗

log2 1 + E︸ ︷︷ ︸
b

+ −1
log2 1 + E︸ ︷︷ ︸

m

log2N0︸ ︷︷ ︸
x

, (4.6)

so

E = 2−1/m − 1, (4.7)

and where m is the slope of the efficiency standard curve (R2 ≥ 0.995).
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Quantitative polymerase chain reaction

PCRs were prepared for quantitative, real-time analysis using the QuantiTect

SYBR Green PCR Kit (#204143, QIAGEN). PCR components were prepared on ice

as follows (Table 4.3): 12.5 µL 2× kit master mix, 0.75 µL each forward and reverse

primers for gene-specific detection, and 11 µL qH2O containing cDNA derived from

20 ng RNA template. Each gene-sample combination was prepared in tubes in excess

for triplicate reactions and only then delivered to three wells of a 96-well PCR plate

(#223-9441, Bio-Rad), and sealed with optically transparent film (Microseal ‘B’,

#MSB1001, Bio-Rad). cDNA was amplified by PCR in a MyiQ real-time thermal

cycler (Bio-Rad) according to the protocol in Table 4.4.

Product specificity

Single PCR-product verification was assessed by inspection for single peaks in

the −∂f/∂T melt curve (performed and calculated automatically in the iQ5 Optical

System Software [238]; Figs. 4.12–4.16) and single bands at the predicted molecular

weights by DNA AGE (Tables 4.11–4.15). PCRs not satisfying these criteria were

removed from analysis. For DNA AGE, 20 µL of quantitative PCR (qPCR) prod-

ucts were combined with 4 µL loading dye; these samples and 100 bp DNA ladders

(#G210A, Promega) were loaded and electrophoresed in a 2.0 % agarose and 0.005 %

EtBr gel with a Kodak cell and 1× TBE buffer (#50843, AccuGENE, Lonza) at

100 V for 1 h. Gels were visualized with transilluminating UV light in a FluorChem

SP chemiluminescent documentation system.

Gene expression

Relative mRNA levels were determined using the method of Pfaffl [260]. This is

based on the traditional ∆∆Ct method of Livak and Schmittgen [254], but corrects
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Table 4.2: RT reaction components.
Component Initial Final Volume

(µL)
Buffer RT 10× 1× 2
dNTP mix 5 mM 0.5 mM 2
oligo dT15 10 µM 1 µM 2
Reverse transcriptase 4 U/µL 4 U 1
RNase inhibitor 40 U/µL 10 U 0.25
RNA + qH2O ∼ 1-2 µg 12.75
Total ∼ ∼ 20

Table 4.3: qPCR components.
Component Initial Final Volume

(µL)
Master mix 2× 1× 12.5
Forward primer 10 µM 0.3 µM 0.75
Reverse primer 10 µM 0.3 µM 0.75
cDNA + qH2O ∼ 20 ng 11
Total ∼ ∼ 25

Table 4.4: qPCR cycling protocol.
Step Time Temperature Repetitions

(◦C)
DNA polymerase activation 15 min 95 1
Denaturation 15 s 94

40Annealing 30 s 60
Extension and data acquisition 30 s 72
Melting curve 10 sec 55–95, ∆ = 1 1

95



for non-unity primer-pair efficiencies. The normalized relative expression m∆∆ of a

target gene is given as

m∆∆ = (1 + E)−∆c∗

(1 + E0)−∆c∗
0
, ∆c∗ = c∗ − c∗0. (4.8)

Here, E is the efficiency of the target gene, E0 is the efficiency of an endogenous

reference gene, and c∗0 is the threshold cycle for an inter-run calibrator (IRC) sample

to provide normalization across all plates of a particular cell type. ∆c∗0 is calculated

according to Eq. 4.82 referring to the difference in threshold cycles of the reference

gene rather than the target gene. When E = E0 = 1, Eq. 4.81 reduces to the

classical Livak and Schmittgen [254] equation m∆∆ = 2∆∆c∗ .

The reference gene was chosen from a pool of housekeeping genes based on its

minimal variation among experimental conditions in validation qPCRs (data not

shown). For short-term (< 24 h) O2 experiments, b2-microglobulin (b2-µg) provided

the most stable reference for both MSCs and TFbs, while for long-term experiments

b-actin (b-Act) was utilized.

4.2.6 Protein analysis

Extraction

After the selected durations, cells were rinsed in DPBS and lysed directly in

250 µL–500 µL sample buffer (SB) consisting of Laemmli’s sample buffer (#161-0737,

Bio-Rad) base with 5 % b-mercaptoethanol (#161-0710, Bio-Rad) and 5 % protease

inhibitor cocktail (#P2714, Sigma, Sigma-Aldrich). The lysates were scraped, ho-

mogenized, heated at 95 ◦C for 10 min, and stored at −20 ◦C.

Quantitation

Total protein concentration was determined using an RC DC protein assay kit

(#500-0122, Bio-Rad). The RC DC (reducing agent-compatible, detergent-compatible)
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technology enables the efficient removal of interfering reducing agents (b-mercaptoethanol)

and detergents (sodium dodecyl sulfate (SDS)) present in sample buffer, followed by

Lowry-like [255] copper-binding and Folin-reducing steps that develop a blue product

for colorimetric detection . Samples and bovine serum albumin (#A2153, Sigma Life

Science, Sigma-Aldrich) standards were prepared in duplicate assay tubes; two RC

reagent washes were employed to minimize interfering carryover. Aliquots of the end

product from each tube were then pipetted in triplicate onto a 96-well assay plate

(#3370, Costar, Corning) and absorbance measured at 650 nm with a plate reader

(GENios, Tecan). Unknown protein concentrations of samples were calculated by

linear regression of the associated standard curve (R2 ≥ 0.95).

Immunoblot

Duplicate blots (gels and membranes) were carried out in parallel. A common

MSC or TFb positive-control sample was included on every blot of each cell type to

provide inter-membrane and IRC.

Electrophoresis Samples were heated to 55 ◦C and diluted in SB to equal-protein

concentrations. Molecular weight standards (Precision Plus Protein Standards Kalei-

doscope, #161-0375, Bio-Rad) and equal–total-protein ((2.5 µ–15 µ)) samples were

resolved by molecular weight by SDS-polyacrylamide gel electrophoresis (PAGE)) in

7.5 % Tris-HCl gels (Ready Gel, #161-1118, Bio-Rad) in Tris-Glycine-SDS (TGS;

#161-0732, Bio-Rad) RB with a Mini PROTEANr3 Cell (#, Bio-Rad) at 30 mA/gel

for 60 min.

Electroblot/Protein transfer Following SDS-PAGE, 0.45 µm pore-size PVDF

membranes (Immobilon-P, #IPSN07852, Millipore, Burlington, MA) were activated
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in 100 % EtOH for 1 min, rinsed in qH2O for 5 min, and equilibrated for 10 min in

transfer buffer (XB) consisting of 10× TGS diluted with 80 % qH2O+20 % EtOH.

Blot sandwiches were assembled and proteins electroblotted by tank transfer in XB

with a Mini PROTEANr3 Cell and Mini Trans-Blot Module transfer apparatus

(#170-3935, Bio-Rad) at 100 V for 60 min.

Immunodetection All blocking and primary antibody incubation steps were done

overnight at 4 ◦C, while secondary antibody incubations were at room temperature

for 60 min each, all with rocking. Membrane washes were done with T-TBS (0.1 %

Tween 20 (#BP337-500, Fisher Scientific, Fair Lawn, NJ) in tris-buffered saline

(#170-6435, Bio-Rad)).

Collagen I Membranes were blocked with 1 % normal rabbit serum (RS)

(#PLN5001, Invitrogen, Camarillo, CA) in Tween 20–tris-buffered saline (T-TBS).

Membranes were rinsed briefly 3× and incubated with a biotinylated rabbit poly-

clonal anti-collagen I antibody (#ab6577, Abcam, Cambridge, MA) diluted 1:5000 in

T-TBS with 0.5 % RS. Each membrane was rinsed 5× for 5 min each in T-TBS and

then incubated with Vectastain Elite ABC (Standard) reagents (1 drop REAGENT

A + 1 drop REAGENT B in 10 mL T-TBS per membrane; #PK-6100, Vector Lab-

oratories, Burlingame, CA). The ABC technology couples the high-affinity of the

avidin-biotin system with horseradish peroxidase (HRP) to produce, when combined

with an enzyme substrate, a signal with extremely low background. Membranes

were rinsed well 5× for 5 min, and then incubated under 3 mL (working) enhanced

chemiluminescent (ECL) reagents (SuperSignal West Dura Extended Duration Sub-

strate, #34075, Pierce Biotechnology, Thermo Scientific) for 3 min. Excess ECL

substrate was removed and the membrane was imaged in a chemiluminescent docu-
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mentation system (FluorChem SP, Alpha Innotech).

β-tubulin (β-Tub) Following 3 brief washes, membranes were placed in strip-

ping buffer (Restore™Western Blot Stripping Buffer, #21059, Pierce Biotechnol-

ogy, Thermo Scientific, Rockford, IL) at 60 ◦C for 30 min. Stripped membranes

were rinsed 3× for 5 min and re-blocked with 1 % heat-inactivated normal goat

serum (GS) (#PCN5000, Invitrogen) in T-TBS. Membranes were rinsed briefly 3×

in T-TBS and reprobed with mouse anti–b-tubulin IgG (#E7, Developmental Stud-

ies Hybridoma Bank, Iowa City, IA) 1:1000 in T-TBS with 0.5 % GS. After washing

5× for 5 min, membranes were incubated in goat anti-mouse IgG-HRP conjugate

(#1858413, Pierce) 1:1000 in T-TBS with 0.5 % GS. Following 5 more 5 min washes,

ECL detection and visualization proceeded as above for collagen I a1 (Col1a1).

Densitometry Bands corresponding to the intracellular Col1a1 precursor at ∼

150 kD were isolated from images, and intensity determined using the AlphaEaseFC

software’s 1D-Multi analysis module [236] and a non-aggressive (Rubber Band) back-

ground subtraction method. Normalized procollagen I content pCol1 of samples was

then calculated by averaging the intensities Ī1, Ī2 from the duplicate blots normalized

to each blot’s calibration sample intensity I0:

Ī ≡ I

I0
, pCol1 ≡

Ī1 + Ī2

2 (4.9)

4.2.7 Statistics

Results are presented as mean (expected value) E ± standard error of the mean

SE. Unpaired and paired Student’s t-tests were employed as appropriate to deter-

mine significant changes under the 5 % φO2 condition as compared to 18 %, with

p < α = 0.05 considered significant and denoted with an asterisk (∗). Sample sizes
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n represent independent experiments, with each experiment deriving cells from sep-

arate tissue extractions, cell isolations, and cell expansions.
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4.3 Results

4.3.1 Cell growth

MSCs and TFbs were cultured in 96-well plates from various plating densities for

up to 4 d. Plates were taken daily for cell enumeration, growth curves constructed,

and τdbl calculated from the linear portion of the Ndbl-t curve (Fig. 4.1 and Fig. 4.3).

For MSCs, τdbl was significantly lower (i.e., the growth rate faster) in hypoxia at

both of the lower plating densities (Fig. 4.2a; 1.1 d at 5 % versus 1.7 d at 18 % for

ρ0 = 2.5×103 cell/cm2 and 1.2 d at 5 % versus 1.4 d at 18 % for 2.5×103 cell/cm2). When

considered pairwise, the average doubling time difference ∆τdbl between hypoxia

versus normoxia for cohort MSCs was significantly negative additionally at ρ0 =

10 × 103 cell/cm2 (Fig. 4.2b). Differences in growth rates were not significant with

20×103 cell/cm2. While, in general, τdbl is expected to increase with ρ0 for cultures fed

with the same amount of medium, interestingly, τdbl actually decreased with respect

to ρ0 in the case of normoxia for MSCs.

On the other hand, TFbs subjected to differential culture did not grow at signifi-

cantly different rates no matter the plating density (Fig. 4.4). τdbl increased slightly

under both gaseous conditions from ∼0.7 d to ∼0.9 d for ρ0 = 2.5 × 103 cell/cm2 and

20× 103 cell/cm2, respectively. Furthermore, the growth of TFbs is clearly more rapid

than MSCs at any ρ0.
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Figure 4.2: Population doubling times of MSCs under differential φO2 culture for
different plating densities (n = 5).
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Figure 4.4: Population doubling times of TFbs under differential φO2 culture for
different plating densities (n ≥ 4).
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4.3.2 Gene expression

Short-term expression

Subconfluent MSCs and TFbs were serum-starved for 24 h and then incubated

under normoxia and hypoxia for 24 h. RNA was isolated from culture lysates, RNA

samples were reverse transcribed, and cDNA products were amplified by PCR with

real-time detection with primers specific for Col1a1, Eln, and Scx with b2-gg as

endogenous reference. This acute exposure to hypoxia resulted in nearly a doubling

(log2(m∆∆) = 0.9) of Col1a1 and 40 % increase in Eln mRNA copy numbers with

respect to normoxia for MSCs (Fig. 4.5a). Scx message level experienced virtually

no change in these short-term experiments.

In contrast, for TFbs, Col1a1 and Eln messages exhibited no significant differences

between oxygenation conditions Fig. 4.5b. Scx, however, dropped significantly in

level (log2(m∆∆) = −0.4) by the end of 24 h hypoxia.

Long-term expression

To elaborate on the 24 h study, MSCs and TFbs were cultured for up to 8 d in

differential oxygenation with samples taken for RNA analysis as above every 2 d.

Cell monolayers were visually similar in terms of density and morphology by light

microscopy over the time course of the experiments (Table 4.5 and Table 4.6).

Col1a1 expression in MSCs increased monotonically for the duration of the ex-

periment (Fig. 4.6). When considering the paired changes in expression in the ex-

periments, there was a biphasic upregulation of Col1a1 in hypoxia: nearly a twofold

increase at t = 2 d and a 75 % at 6 d (both significant). However, there were no such

observed differences at days 4 and 8. For TFbs, the Col1a1 message time course was

also again generally increasing (Fig. 4.7). The paired differences, like MSCs, oscil-
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Figure 4.5: mRNA levels as log2(m∆∆) of fibroblastic genes in MSCs under short-
term (24 h) differential φO2 culture (n = 3). m∆∆ was determined relative
to b2-gg and normalized to the normoxic condition.

107



Ta
bl

e
4.

5:
R

ep
re

se
nt

at
iv

e
m

ic
ro

gr
ap

hs
of

M
SC

de
ns

ity
an

d
m

or
ph

ol
og

y
fro

m
tim

e-
co

ur
se

st
ud

y
pr

io
r

to
sa

m
pl

e
co

lle
ct

io
n.

φ
O

2
2d

4d
6d

8d

18
%

5%

108



Ta
bl

e
4.

6:
R

ep
re

se
nt

at
iv

e
m

ic
ro

gr
ap

hs
of

T
Fb

de
ns

ity
an

d
m

or
ph

ol
og

y
fro

m
tim

e-
co

ur
se

st
ud

y
pr

io
r

to
sa

m
pl

e
co

lle
ct

io
n.

φ
O

2
2d

4d
6d

8d

18
%

5%

109



lated in time, with halving downregulation at 4 d, upregulation at 6 d, and reduction

of more than half on day 8 d (all significant).

The overall levels of MSC Scx mRNA followed no obvious pattern in time (Fig. 4.8a).

Pairwise (Fig. 4.8b), Scx expression increased significantly in the medium term (4 d

and 6 d) while showing no significant changes at the beginning and end of the ex-

periment. The 8 d data suggest that differential Scx mRNA is decreasing. The TFb

Scx mRNA-time curves have no significant slope (Fig. 4.8a), but here again there is

a transient pairwise upregulation at days 4 and 6 d, with the overall curve concave-

down (Fig. 4.8b).
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Figure 4.6: Col1a1 mRNA levels in MSCs under extended differential φO2 culture
(n ≥ 6). m∆∆ was determined relative to b-Act and normalized to an
IRC.
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Figure 4.7: Col1a1 mRNA levels in TFbs under extended differential φO2 culture
(n ≥ 5). m∆∆ was determined relative to b-Act and normalized to an
IRC.
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Figure 4.8: Scx mRNA levels in MSCs under extended differential φO2 culture (n ≥
6). m∆∆ was determined relative to b-Act and normalized to an IRC.
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Figure 4.9: Scx mRNA levels in TFbs under extended differential φO2 culture (n ≥
5). m∆∆ was determined relative to b-Act and normalized to an IRC.
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4.3.3 Protein content

In cohort with the time-course mRNA analysis, MSC and TFb samples were lysed

for immunoblot: equal protein amounts were separated in duplicate by SDS-PAGE,

transferred to polyvinylidene fluoride (PVDF) membranes, and probed for the Col1a1

precursor protein with a biotinylated collagen antibody and counterstained with b-

Tub. Representative blots are shown in Table 4.7 and Table 4.8 and all analyzed

blots are available in §4.4.1 in Tables 4.16 and 4.17. Overall MSC Col1a1 content was

oscillatory over time (Fig. 4.10), but there was a significant 40 % pairwise doubling

at 2 d. No additional significant differences were found, but the oscillatory nature

of the paired-ratio curve mirrors that of Col1a1 (Fig. 4.6b): levels are up at day

2, no or negative differences on 4 d or 8 d, with a possible increase at day 6. TFb

Col1a1 content was similarly oscillatory overall, but exhibited no significant changes

in normoxia versus hypoxia (Fig. 4.11).

Table 4.7: Representative immunoblots for Col1a1 target protein and b-Tub loading
control in MSCs in time under differential φO2 .

Replicate Protein 2 d 4 d 6 d 8 d MW
18 % 5 % 18 % 5 % 18 % 5 % 18 % 5 % (kD)

1 Col1α1 150

β-tub 55

2 Col1α1 150

β-tub 55

Table 4.8: Representative immunoblots for Col1a1 target protein in TFbs in time
under differential φO2 .

Replicate Protein 2 d 4 d 6 d 8 d MW
18 % 5 % 18 % 5 % 18 % 5 % 18 % 5 % (kD)

1 Col1α1 150

2 Col1α1 150
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Figure 4.10: Col1a1 protein levels in MSCs under φO2 (n = 5). pCol1 was determined
normalized to an IRC.
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Figure 4.11: Col1a1 protein levels in TFbs under φO2 (n = 5). pCol1 was determined
normalized to an IRC.
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4.4 Discussion

The cell growth study revealed that MSCs have a lower population doubling time

τdbl in hypoxia as compared to standard cell culture conditions when the plating

density ρ0 ≤ 10 × 103 cell/cm2, with a ρ0-dependent effect size ∆τdbl. It should be

noted that 20 × 103 cell/cm2 is the plating density required for reliable formation of

our laboratory’s engineered tendon [239] and ligament [256] constructs, and this is

the only ρ0 at which there was no effect of hypoxia on growth rate. Furthermore,

TFbs exhibited little to no variation between gaseous conditions, with the calculated

∆τdbl 10 to 100 times smaller than that of MSCs (Fig. 4.4b versus Fig. 4.2b). As

mentioned above, τdbl and ρ0 are expected to be positively correlated since there

are a greater quantity of cells competing for the same number of resources. This

bore out for all TFbs and MSCs under hypoxia, but normoxic MSCs actually grew

more rapidly as ρ0 increased. Here, it appears that hypoxia may have removed this

reverse ρ0-dependent behavior in MSCs. Interestingly, at very low plating densities

(ρ0 ≤ 16 cell/cm2), rat-derived MSCs have been shown the opposite: more yield with

a lower ρ0 [248].

All other things equal, the objective with regard to cell growth in a tissue-

engineering context is to have the maximum number of functioning cells in order

to minimize cell expansion and construct formation times in vitro. For this reason,

the proliferative fraction (the proportion of actively dividing cells) was not considered

critical in the current study. While the subtle (but statistically significant) changes

in measured growth rate do not indicate cell-cycle changes, the qualitatively-distinct

τdbl-ρ0 behavior in MSCs in differential culture suggests a possible shift in mechanism.

Short-term (24 h) experiments were conducted as a first approximation of gene ex-
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pression responses to 5 % φO2 . These experiments showed quite clearly that MSCs

initially react to this level of hypoxia by increasing the transcription of genes re-

quired produce the structural proteins of the tendon and ligament ECM, collagen I

and elastin (Fig. 4.5a). The message level of Scx, however, remained unchanged. In-

terestingly, there is a significant reduction in Scx in adult TFbs exposed to short-term

hypoxia (Fig. 4.5b).

While not directly comparable to the 24 h data, the time course of MSC Col1a1

differential expression appears consistent, upregulation peaking first at t = 2 d and

again at 6 d, with no differential expression between or afterward (Fig. 4.6b). In

contrast, the course of Scx differential expression over 8 d is parabolic rather than

oscillatory, demonstrating a transient upregulation under hypoxia that disappeared

by the end of the experiment (Fig. 4.8b). The kinetics of TFb Col1a1 expression

are similarly biphasic as MSCs, but are shifted “downward” and actually result in

suppression of Col1a1 expression on days 4 and 8 (Fig. 4.7b). Scx levels in TFbs are

also significantly upregulated in the middle of the time course (Fig. 4.6b). As Col1a1

expression is a downstream target of Scx activity, these results are counterintuitive:

Scx upregulation, if any, should precede Col1a1 elevation, yet the opposite is observed

here. Of course, it is possible that the sampling frequency is inappropriate, but the

time scale of Col1a1 and Scx variation appear consistent. Here, it should be reiterated

that the role of Scx has not been well-studied in adult tissue. However, there is grow-

ing evidence that Scx expression is correlated with MSC commitment to a fibrogenic

lineage at the exclusion of other mesenchymal lineages. In this case, like the transient

upregulation of MyoD in myoblast differentiation, the role and appearance of Scx

may be different in TFbs than that of MSCs. Indeed, the differing Col1a1 histories

with qualitatively similar Scx kinetics may in fact reflect a differential coupling of the
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Scx-Col1a1 systems between the TFb, a (largely) terminally-differentiated cell, and

MSCs, which have a known significant progenitor-cell subpopulation. Importantly,

the product of early Col1a1 upregulation was confirmed by immunoblot (Fig. 4.10).

While these outcomes do not directly measure the amount of secreted, stable Col1 in

the monolayer ECM, it does suggest the beginning of an ECM secretory program un-

der hypoxia. Likewise, the disappearance of Col1a1 or Col1a1 elevation at later time

points does not necessarily preclude the preservation of mature ECM Col1 induced

by the early mRNA and protein spikes.

Additionally, it is worth noting that these studies aimed on initial growth and

remodeling in a TE context. Given the rapid transcriptional response to external

signals, a comprehensive investigation of the biology of MSC/TFb hypoxia would

consider the time course of expression under 24 h. This is especially important since

cell confluence, evident at 6 d and 4 d for MSCs and TFbs, respectivley (Table 4.5

and Table 4.6), can have a profound effect on cultured-cell behavior. This early-term

behavior would also give insight into the Scx-Col1 interaction that was not observable

at 24 h.

Engineered-tissue technologies and mammalian cell culture exist in a complex

milieu of soluble and insoluble factors, of which this study has primarily addressed

the contribution of φO2 toward fibrogenesis. It is unknown what effect these treat-

ments have on the expression of adipogenic (PPARg, lipoprotein lipase), chondro-

genic (aggrecan, collagen II), or osteogenic (alkaline phosphatase, osteocalcin) mark-

ers. Furthermore, it would be ideal if the results involving MSC upregulation of Col1

production could be repeated even in the presence of conflicting signals (i.e., known

adipogenic or chondrogenic growth factors). For example, D’Ippolito et al. [243]

were able to inhibit indications of osteogenesis when culturing MSCs in an osteogenic
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(dexamethasone-containing) medium in φO2
= 3 %. Such findings in the context of

fibrogenesis cultured in 5 % O2 await further study.

The present investigation had primarily descriptive objectives with an eye toward

optimizing engineered-tissue culture systems. The possible mechanisms behind the

observed behaviors in response to lowered O2 fall into three rough categories, no one

of which is likely to operate in isolation: transcriptional activity by hypoxia-inducible

factor-1 (HIF-1), the minimization of oxidative stress by cytosolic free radical reactive

oxygen species (ROS), and the increased activity of membrane receptors and extra-

cellular cytokines. HIF-1 mediates a variety of responses in different cell types of

the body to oxygen deprivation including angiogenesis, erythropoiesis, vasodilation

(though not in 2-D culture), as well as increased glycolytic enzyme activity. Dimer-

ization of the a and b subunits enables the nuclear translocation of HIF-1 and its

consequent transcriptional control. Active HIF-1 is itself controlled both transcrip-

tionally and by the prolyl hydroxylase-dependent proteosomal degradation of the

asubunit [249]. In either of these scenarios, a direct cellular response to hypoxia

could thus be determined by probing for the upregulation of HIF-1a or its encoded

protein. Furthermore, treatment of MSCs with cobalt chloride(II), which mimics

the effects of hypoxia by stabilizing HIF-1a [244, 246], could be used to additionally

assess the similarity of responses observed in the current study.

Cytosolic superoxide anion (O – ·

2 ) free radicals have numerous deleterious phe-

notypic effects. In Sod1−/− transgenic mice lacking the cytosolic Cu-Zn superoxide

dismutase (CuZnSOD/SOD1) gene experience dramatic reductions in lifespan and

muscle mass [257]. In cells not requiring high levels of aerobic metabolism, such as

MSCs and TFbs, “normoxia” may actually cause adverse effects in cell culture such

that “hypoxia” is associated with improved viability and function. Theoretically,
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as part of ongoing studies on Sod1−/− mice in our laboratory, the experiments de-

scribed here would be repeatable on wild-type and knockout mice. A non-additive

amelioration of the ROS-induced phenotype and apoptosis in these cells beteeen φO2

levels would suggest a protective effect of culture hypoxia underlying the data of the

present study. Unfortunately, no investigators to date have been able to successfully

culture primary cells, even fibroblasts, from these animals. Current work, however, is

underway to determine the feasibility of MSCs culture ex vivo isolated from Sod1−/−

mice.

The current hypoxia levels could also indirectly contribute to the observed changes

via the enhanced activity of extracellular signaling molecules or the potentiation of

their associated cell-surface receptors. A two-factor experimental design varying a

cytokine treatment and hypoxia state could elucidate if such an interaction exists or

is in effect in cell culture. As an example, transforming growth factor b1 (TGF-b1 )

is a disulfide-bond–linked homodimer but has little activity in monomeric form [237].

The O2 saturation level can thus affect the oxidation-reduction state of the crosslink

and its consequent biological activity for this and other factors in culture medium.

The inherent heterogeneity of MSCs purified solely by plastic adherence is an

endemic difficulty encountered by investigators utilizing rodent cell culture. The

immediate manifestations of this issue in the present work were the relatively large

sample sizes needed and the need to employ paired t-tests (which have less sta-

tistical power) to obtain significant results. When contrasted with human MSCs,

which do not exhibit such marked variability between experiments or even between

patients [256], the current findings may indirectly carry stronger implications for hu-

man regenerative medicine than would be otherwise. Moreover, in contrast to various

soluble growth factors used in tissue engineering for MSC expansion and differenti-
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ation ex vivo, 5 % incubator φO2 is neither expensive to implement nor carcinogenic

to cells.

4.4.1 Conclusion

In summary, the 2-D culture of MSCs under moderate (5 %) hypoxia yielded

favorable outcomes for the purpose of engineering collagenous soft tissue in several

biological modalities when compared to standard culture conditions : cell populations

double in as little as 67 % the time, genes encoding major structural ECM proteins

are upregulated by 24 h of culture, Col1a1 gene expression and intracellular Col1a1

protein levels continue to be significantly elevated in early culture, and the tendon

and ligament-specific transcription factor Scx is transiently upregulated over the

course of a week. While the growth rates between hypoxia and normoxia are not

significantly different when employing the particular plating density (20×103 cell/cm2)

in current use in Skeletal Tissue Engineering Laboratory (STEL)’s protocols for

ETC formation, the waiting time during expansion (which employs sparser plating),

could be reduced in the future by up to one-third, saving almost 5 d. Additionally,

early Col1a1 gene and protein elevations under hypoxia disappear by mid-week in

an extended culture setting. So, while the precise implications of these findings

toward tendon and ligament engineering nor the underlying biological mechanisms

are not clear from these studies, the use of hypoxic culture represents a promising

improvement in the current state of the art by the important measures of growth

rate and fibroblastic differentiation of MSCs.
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Appendix

This section includes supplementary data for RNA sample integrity, PCR product

specificity, and immunoblots.
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Table 4.11: Representative PCR product specificity by DNA AGE during determi-
nation of target gene primer-pair efficiency.

Gene MW
Std. 5 ng 25 ng 125 ng

Col1α1

Eln

Scx
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Figure 4.12: Representative qPCR melt curves demonstrating PCR product speci-
ficity during determination of target gene primer-pair efficiency.
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Table 4.12: Representative PCR product specificity by DNA AGE for MSC gene
expression under short-term differential φO2 culture.

Gene 18 % 5 %

β2-µg

Col1α1

Eln

Scx
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Table 4.13: Representative PCR product specificity by DNA AGE for TFb gene
expression under short-term differential φO2 culture.

Gene 18 % 5 %

β2-µg

Col1α1

Eln

Scx
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Figure 4.13: Representative qPCR melt curves demonstrating PCR product speci-
ficity for short-term MSC gene expression experiments.
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Figure 4.14: Representative qPCR melt curves demonstrating PCR product speci-
ficity for short-term TFb gene expression experiments.
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Table 4.14: Representative PCR product specificity by DNA AGE for MSC gene
expression under extended differential φO2 culture.

Gene 2 d 4 d 6 d 8 d
18 % 5 % 18 % 5 % 18 % 5 % 18 % 5 %

β-Act

Col1α1

Scx

133



Table 4.15: Representative PCR product specificity by DNA AGE for TFb gene
expression under extended differential φO2 culture.

Gene 2 d 4 d 6 d 8 d
18 % 5 % 18 % 5 % 18 % 5 % 18 % 5 %

β-Act

Col1α1

Scx
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Figure 4.15: Representative qPCR melt curves demonstrating PCR product speci-
ficity for extended MSC gene expression experiments.
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Figure 4.16: Representative qPCR melt curves demonstrating PCR product speci-
ficity for extended TFb gene expression experiments.
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CHAPTER 5

Conclusion

5.1 Summary

This dissertation described the development and investigation of theoretical and

experimental models of growth and remodeling critical to scaffold-less, self-assembling

biological soft tissue engineering.

5.1.1 Fiber reorientation and fusion (Chap. 2)

In the first study, the thermodynamics of a common class of fiber remodeling

(including both reorientation and fusion) laws were investigated in detail. Working

from first principles with minimal assumptions, it was found that purely mechani-

cal formulations of remodeling that effect stiffening of the tissue inherently violate

the reduced dissipation inequality and are thus thermodynamically inadmissible. A

chemical energy term accounting for this imbalance, possibly provided by the explicit

inclusion of a cell species, is at the very least required. This dissipation imbalance,

termed the remodeling power, was quantified during the solution of the associated

initial-boundary–value nonlinear elasticity problem with a 3-D cylindrical geometry

representing a tendon undergoing uniaxial-stretch–driven fiber reorientation. The

remodeling power was positive under both displacement and load control boundary

conditions. Furthermore, via geometric construction, conditions were established un-

der which this representative reorientation law in question is maximally dissipative,
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an attractive feature for mathematical models of inelasticity and continuum physics.

Similarly, the convexity of the chosen strain energy function with respect to fiber

remodeling was investigated under canonical deformation states. The importance of

addressing these balance and inequality-law issues must be emphasized and is rela-

tively standard procedure in the development of constitutive models. This brand of

analysis for remodeling laws had, to the best of our knowledge, largely been ignored

in the literature.

5.1.2 Image analysis methods for fiber direction quantification (Chap. 3)

Proper anisotropy is of utmost importance for nascent in vitro soft tissue con-

structs to maximize stiffness and strength with scant biological resources. Following

the theoretical work of the aforementioned reorientation studies, appropriate meth-

ods are necessary for analyzing corresponding experimental data. A novel image pro-

cessing algorithm was developed to quantify directionality in planar and volumetric

image data for incorporation into such continuum mechanical models of anisotropy.

Unlike most methods, this formulation does not require the identification of discrete

fibers or cells, making it suitable for microscopy images of sub-optimal quality or res-

olution. With only a single length-scale parameter needed for input, the method was

validated in 2D against representative synthetic images of known fiber distributions

and preliminarily applied to isotropic and fibroblast-aligned collagen gels imaged us-

ing reflection-mode confocal laser scanning microscopy (CLSM) to demonstrate its

3-D capabilities. The developed software is also suitable for assessing anisotropy in

3-D scaffold-less soft engineered tissue contructs (ETCs) imaged by an appropriate

method, such as serialized scanning electron micrographs. It appears to be the only

texture–intensity-gradient method utilized in a fully 3-D context.
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5.1.3 Effect of hypoxia on the fibrogenesis of bone marrow stromal cells
(Chap. 4)

To investigate cell growth and remodeling within the monolayer phase of the

scaffold-less ETC culture system for tendon and ligament, the effects of gaseous oxy-

gen level were studied on the early growth and fibroblastic differentiation of marrow

stromal cells (MSCs) with respect to cohort tendon fibroblasts (TFbs). MSCs demon-

strated a significantly shorter population doubling time under hypoxic conditions

(5 % O2) compared to normoxia (18 % O2) that was plating-density dependent, while

TFb growth was not affected by O2 level. Moreover, collagen I mRNA and protein

levels increased significantly up to 2 d in hypoxic MSC culture, while TFbs upregu-

lated collagen I gene expression throughout 8 d of hypoxic culture without significant

changes in protein. Additionally, both cell types demonstrated elevated mRNAs en-

coding the tendon and ligament-associated transcription factor scleraxis from 4 d–6 d

under hypoxia. Other studies have investigated the effects of hypoxia on MSCs and

multipotent subpopulations or their response to other experimental variables on bi-

ological measures relevant to soft tissue engineering, but by combining the two, this

work is unique in its parameter and outcome assessment. While hypoxia was not

expected to have a direct effect on the reorientation brand of remodeling, a possible

indirect link between φO2 level and reorientation could exist through the activity of

proteins such as a-smooth muscle actin (a-SMA) known to induce tractional align-

ment in cell-seeded collagen gels and ETCs. Moreover, φO2 may also have a direct

effect on collagen fibril fusion.
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5.2 Future work and open issues

5.2.1 Fiber reorientation and fusion (Chap. 2)

The analysis presented in this dissertation regarding the thermodynamics of con-

tinuum mechanical models of biological remodeling establish restrictions and and

guidelines but does not propose any models itself. Following these recommendations

will require at the very least constitutive models for the chemical and strain energy

storage of cells. Understanding the detailed thermodynamics of the cytoskeleton-

cell-extracellular matrix (ECM) interactions will also require experimental data on

cell metabolism and heat production during tractional fibril reorientation. Current

work in our group is addressing these cell-level modeling issues for its integration

with our tissue-scale formulation [269].

5.2.2 Image analysis methods for fiber direction quantification (Chap. 3)

A key feature of the described method is the gradient-of-gaussian low-pass filter.

In this case, the filtered images represent solutions to the isotropic heat equation.

More sophisticated approaches to image enhancing and/or denoising that allow for

nonlinear and anisotropic diffusion exist [270, 271], as well vector-based models [272]

These methods may allow for higher-quality filtering of the input images prior to the

directional analysis.

While the validation established reliable detection of orientation distributions in

2-D, it remains to be seen whether fiber directions in 3-D space can be recovered

with equivalent quantitative precision. This would require some effort in developing

software for synthetic image-volume generation as well as significant computational

resources to generate the volumes and run the analysis. Further still, a truly practical

validation would entail the quantitative correlation of the microstructural anisotropy
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(as determined by image analysis) of a test sample with its direction-dependent

mechanical properties. This latter study would be especially challenging, since it is

not known what the representative volume element should be in order for acquired

and calculated data to be continuum-hypothesis–appropriate.

This work demonstrated only one possible 3-D application, that of collagen gels

imaged by CLSM. It can readily be applied to CLSM-obtained 3-D datasets as

diverse as colloidal suspensions of ordered and non-ordered anisometric rods [268]

or, using micro computed tomography, the trabecular bone microstructure of mouse

models of connective tissue disorders like Ehlers-Danlos syndrome.

There are also microscopy-specific issues that present opportunities for method

refinement. The limited working distance of many high-magnification objectives of-

ten limits the maximum specimen thickness, but the scattering of light by the sample

itself is generally quite significant. Ideally, these analysis tools should have an option

to correct for this situation heuristically. Also, the confocal point spread function

tends to cause elongation or axial “smearing” of specimen features. This method

does not currently account for this phenomenon through deconvolution, but could

be added as a pre-processing step programmatically or in a separate application.

5.2.3 Effect of hypoxia on the fibrogenesis of bone marrow stromal cells
(Chap. 4)

MSCs grown at 5 % φO2 doubled more rapidly than those at 5 % at low and

medium plating densities. As described before, however, it is worthwhile to assess

the possible roles of proliferation and apoptosis behind the observed differential cell

growth properties.

The hypoxia studies focused on expression kinetics over the course of a week,

the time frame of monolayer growth our ETC system prior to administration of
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differentiation medium and 3-D self-assembly. It is evident, however, that cultures

of both MSCs and TFbs reach confluence long before 8 d. Additionally, in order to

address the complex and non-intuitive results between collagen I a1 (Col1a1) and

scleraxis (Scx) (§4.4), this same expression behavior needs to be examined over the

course of hours, not days.

Broadly speaking, multiple overlapping cellular mechanisms potentially underlie

the observed enhancement in MSC fibrogenesis under hypoxia. Most straightfor-

wardly, the activity of hypoxia-inducible factor-1 (HIF-1) or its downstream targets

could be testing in existing samples to confirm whether or not the cells actually

recognize the 5 % as hypoxia. Regarding the role of reactive oxygen species (ROS),

a two-factor study employing differential φO2 culture combined with wild-type and

Sod1−/−-derived MSCs that lack a key enzyme providing effective ROS protection

would lend insight into the interaction between incubator φO2 and ROS. Unfortu-

nately, few efforts to culture Sod1−/− have been successful. Finally, it would be

useful to test for the redox potentiation of soluble growth factors or their associated

membrane receptors; an interaction between φO2 and the absence/presence of a fac-

tor in culture would suggest at least one mechanism independent of a direct cellular

response.

5.2.4 Effect of oxygen tension on the formation of self-assembling, parallel-
fibered, three-dimensional engineered soft tissue by bone marrow
stromal cells

This dissertation described studies investigating the effect of hypoxia on the

monolayer expansion phase of an ETC prior to 3-D self-assembly (Fig. 5.1). Since the

chief objective of tissue engineering (TE) efforts is to design and fabricate constructs

that are functionally-equivalent, the most immediate and important work follow-
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ing this dissertation is to evaluate ETCs fabricated under differential φO2 culture in

terms of their overall composition, microstructural organization, and, above all, me-

chanical properties. These interrelated aspects are all critical to a tendon/ligament

replacement that is physiologically appropriate, even if mechanically sound. In par-

ticular, the potential graft tissue must be conducive to repopulation by host cells for

permanent incorporation. It also means that there should not be gain in mechanical

stiffness or strength due to calcification in the soft tissue which would likely be at

cost to the viscoelaticity crucial to proper tissue function. To subsume the 3-D ten-

don/ligament formation regime into the strategy of φO2 optimization along with 2-D

fibrogenesis, it should be sufficient here to characterize early 3-D ETCs shortly after

self-assembly, as the majority of the ECM synthesis occurs during the monolayer

phase.

The difference between hypoxic and normoxic ETCs is qualitatively apparent.

ETC cultured under hypoxia have a greater success rate than that under normoxia

and are noticeably more robust during routine manipulations. Specifically, the elastic

and viscoelastic mechanical properties of ETC would be determined by low–strain-

rate cyclic uniaxial extension and stress relaxation, respectively (Fig. 5.2). Since

the cells at the inner core of ETCs cultured in 5 % φO2 are especially vulnerable to

true hypoxia, it will be necessary to examine the viability of ETC by immunohis-

tochemistry of the 3-D cross section. The ETC microstructural morphology would

be further characterized by scanning electron microscopy. This would yield image

data suitable for the 3-D anisotropy quantification methods described in Chap. 3.

Finally, the compositional properties of the ETC would be evaluated in terms of

hydroxyproline content [273], an imino acid present in proportion to the amount of

mature, hydroxylated collagen in the construct.
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(a) Macro view. (b) Micro view.

Figure 5.1: Mature, MSC-derived, 3-D ETC.

Figure 5.2: High-resolution tensiometer for mechanical characterization of compli-
ant and ultra-compliant native and engineered biological tissues with
integrated dissecting microscope and digital camera for optical strain
measurement.
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5.3 Final remarks

This work has addressed the biological growth and remodeling of parallel-fibered

soft tissue in multiple hierarchical and temporal contexts. Specifically, the results

of the first study (Chap. 2) have and continue to inform the development and re-

finement of multiphysics, cell-based constitutive models of growth and remodeling

in immature tissue [269]. The kinetics of hypoxic exposure studied in Chap. 4 can

further be used to design rate laws for chemical and protein deposition by cells in

these models. In their computational implementation, these models can be extended

to arbitrarily complex geometries and loading and boundary conditions necessary

for individual patient design. Additionally, the image analysis methods (Chap. 3),

combined with the suitable imaging modality could be used in the future to monitor

the anisotropy of ETCs ex or in vitro, especially given the possibility of low image

quality. Taken together, the ability to model and simulate complex cell and tissue

behaviors—both computationally and experimentally—portends not only patient-

specific engineered tissue therapies using “computer-aided tissue engineering”, but

also enables the testing of hypotheses related to important biological questions not

directly approachable via conventional experiments.
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