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Abstract 

Falls among the elderly are a major source of injury, often leading to serious fractures, hospitalization, 

and death. Osteoporosis (OP) is a global problem intimately related with these fractures, characterized by 

reduced bone mass, increased bone fragility. There exists a high failure rate in the translation of treatments 

to osteoporotic populations. Mesenchymal stromal cell (MSC) transplantation as a therapeutic strategy for 

OP has not yet been examined in clinical trials. This may be attributed to the mixed findings of pre-clinical 

studies aimed at determining the efficacy of MSC therapy towards bone regeneration in OP.  

The most common animal model of OP is ovariectomy (OVX) that simulates post-menopausal estrogen 

loss. A plethora of bone regeneration studies have used OVX models with 12-16 weeks post-OVX periods 

and have generally reported positive results from a variety of treatment modalities, including MSC 

therapy. However, the use of the minimum post-OVX period may not be appropriate to reflect the global 

changes in regenerative potential of OP patients. In our research groupôs previous study, MSC were 

isolated from a minimum 60 week post-OVX rat model, representing a severe case of OP. The MSC 

isolated from these animals are a unique cell population that we expect may better represent the outcomes 

of autologous cell therapies for the older patient population in the clinic.  

In the present study, adipose and bone marrow derived MSC from OVX and age-matched animals were 

evaluated for their osteogenic and adipogenic differentiation potentials in culture through passage 10. 

Results from this study suggest that bone marrow derived-MSC maintain their phenotype and functionality 

more effectively than adipose derived-MSC in OP. Further investigations used regenerative medicine 

approaches for cell expansion on keratin protein coated microcarriers in static culture. Hair-derived keratin 

biomaterials have demonstrated their utility as carriers of biologics and drugs for tissue engineering. An 

optimal microcarrier was selected that demonstrated superior retention of the protein coating through 

electrostatic interactions and high cell viability.  

Finally, the integration of cell-microcarriers into a perfusion bioreactor system was explored. Preliminary 

results demonstrated the feasibility of MSC growth and differentiation on microcarrier based packed beds. 

Moreover, AD-MSC from OP rats were unresponsive to both inductive media and shear stress related 



osteogenic cues. These results highlight the complexity and challenges associated with the MSC 

regenerative strategy.  
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General Audience Abstract 

Osteoporosis is a skeletal disease that results in reduced bone mass, increased bone fragility and fracture 

risk. Osteoporotic patients who experience falls suffer serious fractures, hospitalization, and poor bone 

healing. Several different therapies have been developed for the treatment of osteoporosis, though many 

are unable to translate from the bench to the clinical population. A popular treatment being investigated 

is the application of mesenchymal stromal cells (MSC) for fracture repair and the reversal of osteoporotic 

bone losses. However, cells isolated from aged and osteoporotic patients have been shown to have 

deficient bone forming properties. Nevertheless, animal models of osteoporosis applying this treatment 

report amelioration of bone loss.  

This work seeks to examine a more clinically relevant rat model of osteoporosis. Typical osteoporosis 

models use an ovariectomy procedure to simulate post-menopausal bone loss on relatively young animals 

and conduct short-term studies. These studies may not accurately reflect the global regenerative changes 

in osteoporosis patients or the impaired MSC properties.  

Adipose and bone marrow derived MSC from a long term ovariectomy model were investigated for their 

regenerative potentials. MSC growth and bone forming potential was evaluated on keratin protein coated 

microcarriers in both static and perfusion cultures. Results from this study suggest that bone marrow 

derived MSC maintain their phenotype and functionality more effectively than adipose derived MSC in 

osteoporosis. Further preliminary results demonstrated the feasibility of MSC growth and differentiation 

on microcarrier based packed beds. These results highlight the complexity and challenges associated with 

the MSC regenerative strategy. 
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Specific Aims 

Falls among the elderly are a major source of injury, often leading to serious fractures, hospitalization, 

and death. Osteoporosis (OP) is a global problem intimately related with these fractures, characterized by 

reduced bone mass, increased bone fragility, and fracture risk. OP is a systemic skeletal disease that 

hinders bone remodeling. The resulting imbalance interferes with bone repair, mineral homeostasis, and 

ultimately the maintenance of bone mass. 

The use of autologous-derived mesenchymal stromal cells (MSC) is considered a viable regenerative 

medicine strategy, circumventing the need for bone grafts. However, MSC derived from aged individuals 

exhibit decreased regenerative potential and increases in bone-marrow adiposity with aging. Further, 

studies demonstrate that MSC derived from osteoporotic sources exhibit reduced osteogenic 

differentiation potential. Nevertheless, the current literature recognizes adipose-derived stromal cells 

(AD-MSC) derived from osteoporotic sources as a viable autologous cell therapy, as they appear to retain 

higher osteogenic potential over that of bone marrow derived stromal cells (BM-MSC). Published animal 

models of osteoporosis typically use an ovariectomy (OVX) procedure, maintaining bone deficiency 

associated hormonal changes between 12-16 weeks. Our groupôs previous rat study utilized a 60 week 

post-OVX period, representing a severe instance of osteoporosis that may present a more clinically-

relevant model. The MSC isolated from these OP animals are a unique cell population that we expect may 

better represent the outcomes of autologous cell therapies for the older patient population in the clinic. 

We hypothesized that MSC from 60 week post-OVX rats would show dramatic differences in osteogenic 

and adipogenic potential compared to non-osteoporotic cells. This postulate was tested through the 

following aims: 

Aim 1: In vitro  Characterization of Mesenchymal Stromal Cells (MSC) from Osteoporotic Rats  

Osteoporotic MSC were derived from our groupôs previous study using a rat model representing a severe 

instance of osteoporosis. Both healthy and osteoporotic-derived, AD-MSC and BM-MSC were evaluated 

for their osteogenic and adipogenic differentiation potentials in 2D culture across several passage 

numbers. The results of these experiments describe the overall fitness of our osteoporotic MSC and 

distinguish whether AD-MSC or BM-MSC retain the most bone regenerative capacities. 

MSC treated with rosiglitazone (a potent activator of peroxisome proliferator-activated receptor-gamma) 

are were explored as an induced osteoporotic-like phenotype. Successful stimulation would alleviate the 

need for the preparation of resource consuming, OVX animal models. 

Aim 2: Investigation of Osteogenesis in a Packed Bed Perfusion Bioreactor 

MSC growth and bone forming potential was evaluated on keratin protein coated microcarriers in both 

static and perfusion cultures. These experiments aim to elucidate the effect of a keratose biomaterial and 

shear stress upon the MSC formation of bone-like tissue constructs.
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Chapter 1: Introduction  

1.1 Osteoporosis 

Falls among the elderly are a major source of injury, often leading to serious fractures, 

hospitalization, and death. [1, 2] In Europe, it is estimated that each year one third of elderly 

individuals fall and 5% of those will sustain a fracture. [3] Osteoporosis (OP) is a global problem 

intimately related with these fractures. A 2017 study estimates that 200 million men and women 

worldwide and 54 million in the U.S. alone have OP or low bone density. [4] The disease is 

characterized by reduced bone mass and deterioration of bone tissue, resulting in increased bone 

fragility and fracture risk. [3-5] OP poses a significant threat to postmenopausal women as OP 

fractures are one of the most common sources of disability. [6] Osteoporotic fractures are most 

commonly found in the hip, spine, and forearm. In particular, vertebral and hip fractures are a 

devastating consequence of OP. They constitute the leading causes of disability and are largely 

responsible for osteoporotic mortalities. [3, 5, 7] Moreover, bone fragility can accelerate the onset 

of multiple fractures. [6, 8] For instance, 50% of patients with a hip fracture had previously 

sustained a fragility fracture. [9] Due to the pathophysiology, patients who sustain fractures have 

a difficult time recovering to pre-fracture activity levels. In the U.S., OP accounts for more than 

1.5 million fractures annually and hospital costs related to OP fractures average near $13,000 per 

patient, staying at least 5 days in the hospital. [5, 10] These figures do not even consider 

complications requiring skilled nursing facilities or rehabilitation facilities. A 2007 model 

projected that by 2025, the annual incidence of fractures and economic impact are anticipated to 

grow by nearly 50%, exceeding $25 billion in costs. [11] 

Diagnosis of OP is based upon bone mineral density (BMD) through dual-energy x-ray 

absorptiometry (DXA) and/ or quantitative computed tomography (QCT). The World Health 

Organization (WHO) considers patients that have DXA measured BMD values with a T score 

below 1 standard deviation of the reference value to be osteopenic, and below 2.5 standard 

deviations to be osteoporotic. [4, 12, 13] This reference value is peak bone mass of a 30 year old, 

adjusted for sex and race. QCT measurements cannot be compared directly to DXA measurements 

but the International Society for Clinical Densitometry has suggested ranges for BMD of spinal 

trabecular bone less than 120mg/cm3 and 80 mg/cm3 to be osteopenic and osteoporotic, 

respectively. [14] Another test used in conjunction with BMD measurements is the Fracture Risk 



 

2 
 

Assessment Tool (FRAX) which identifies a variety of patient risk factors to predict a 10-year 

probability of fracture. [12] BMD measurements have shown menopause-related bone loss in 

patients as early as 40 years old, though the median age of OP is considered between early to mid-

fifties. [15-17] After the onset of menopause, acute bone loss is seen for approximately 4-5 years, 

followed by a gradual decrease. [15] DXA measurements reveal average annual losses of between 

1.8-2.5% in the spine, gradually reducing to 1-1.3% at the end of this period. [15, 18] In the hip, 

the average decline was between 1.0-1.4%. [18] 

Bone strength is based upon several factors including: BMD, bone turnover frequency, size, area, 

microarchitecture and degree of mineralization. [19] Bone remodeling is a homeostatic and tightly 

regulated mechanism responsible for the adaptation to mechanical loading, repair of micro-

fractures, and calcium regulation. [20, 21] Remodeling begins in basic multicellular units (BMU) 

with the recruitment of osteoclast progenitors towards the site through mechanical or cellular cues. 

Upon their differentiation, they actively resorb mineralized bone matrix. [20, 21] Their activity 

concurrently recruits osteoblastic precursors, which lay down new mineralized bone matrix. 

Osteoblasts then transition into bone lining cells or become embedded within the matrix. [21] OP 

is a systemic skeletal disease that results in a bone remodeling imbalance ultimately interfering 

with mineral homeostasis, repair and bone mass maintenance. [22-24] Post-menopausal patients 

exhibit a greater degree of bone remodeling, with increases in the length and frequency of 

resorption periods, leading to bone loss. [25] This loss is proportionally greater in cancellous rather 

than cortical bone during early menopause, especially in the vertebral column and femoral neck. 

[24] In cortical bone, bone resorption is enhanced in the endosteum whereas formation is enhanced 

in the periosteum, leading to an enlarged bone marrow cavity. These changes are observable 

through reduced bone formation and increased accumulation of marrow fat. [26, 27] 

Menopause-associated decreases in estrogen secretion alter the balance of bone remodeling in 

BMU through several distinct mechanisms. A major signaling pathway involved is the 

OPG/RANK/RANKL axis. Estrogen signaling increases osteoprotegerin (OPG) secretion by 

osteoblasts, inactivating receptor activator of nuclear factor kappa-B (RANK) through its function 

as a decoy receptor for RANK ligand (RANKL). [28, 29] Acting on this same signaling axis, 

estrogen controls the suppression of RANKL expression in bone-lining cells and osteoclast 

apoptosis. [20, 30] The loss of RANKL suppression and OPG secretion leads to increased 

osteoclast activation and their prolonged residence. Estrogen is known to promote osteoblast 
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proliferation and maturation through activation of the MAPK signaling pathway. [31] Estrogen 

receptor Ŭ has also been identified to act ligand-independently under strain to promote increases 

in cortical bone mass. [32] 

1.2 Current Treatments for Osteoporosis 

In 2017, updated guidelines for the treatment of low bone density or OP were published, aiming 

to enhancing bone mass, quality and preventing fractures. [4] Treatment plans often involve 

supplementation of calcium and vitamin D, lifestyle changes, weight-bearing physical exercise, 

and fall-prevention techniques. Justifiably, much attention has been directed towards the 

prevention of falls and subsequent fragility fractures in OP patients. [33] These patients form a 

particularly challenging population to treat surgically due to increased age, associated risks of 

anesthesia, and altered bone properties. [19] In OP, simple fractures are unstable and leave patients 

with poor clinical outcomes and fewer treatment options. Patients that are recommended for 

surgical intervention often experience instrumentation failure due to increased difficulties in 

obtaining secure implant fixation. [6, 34] Due to the decreased mineral content and more porous 

trabecular bone, only the cortices are available for instrument fixation resulting in poor pull-out 

strength compared to normal bone. [19] A combination of advanced fixation hardware and 

techniques has made it possible to operate with improved success on this population. [19] The use 

of bone substitutes, both biologic (autograft, allograft, demineralized bone matrix) and synthetic 

(calcium phosphate, calcium sulfate), as well as expandable screws, surface coatings, and bone 

cements have improved fixation strength in various settings. [19, 34] 

Numerous pharmacological agents have shown success in increasing BMD and decreasing fracture 

risk; the majority these are anti-resorptive agents. The first and most cost-effective option are 

bisphosphonates. [12] Bisphosphonates are chemical stable derivatives of inorganic phosphate 

with a high affinity towards hydroxyapatite binding sites. [12, 35] During bone remodeling, they 

become resorbed by osteoclasts impairing further resorption and promoting osteoclast apoptosis. 

[9, 35] The induction of apoptosis by bisphosphonates is dependent upon the drugôs structure. 

Nitrogen-containing bisphosphonates interfere with farnesyl pyrophosphate synthase, a key 

regulatory enzyme in the mevalonic acid pathway; non-nitrogen-containing compounds become 

incorporated into nonhydrolyzable adenosine triphosphate analogues. [35] However, 

bisphosphonates have recently come under fire for association with osteonecrosis of the jaw, 
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complications of severe musculoskeletal pain, and conflicting reports of atrial fibrillation. [36, 37] 

Their use has also been associated with a higher incidence of non-union after fracture. [38] 

Estrogen replacement therapy has been shown effective in counteracting postmenopausal bone 

loss, though can have serious adverse effects and decreased efficacy in elderly women. [12, 28] 

Although approved by the U.S. Food and Drug Administration (FDA), hormone replacement 

therapy is reserved for high-risk postmenopausal patients. Efforts to circumvent these deleterious 

effects has led to the development of selective estrogen receptor modulators (SERMs). SERMs 

bind to estrogen receptors with high affinity and have been shown to act differently (agonist/ 

antagonist) depending upon the target tissue. [39, 40] Raloxifene is the only SERM approved by 

the FDA for the prevention and treatment of vertebral fractures in postmenopausal OP, and has 

been shown to decrease bone resorption by osteoclasts. [9, 29, 39] A combination SERM, 

bazedoxifene-conjugated estrogen has also been approved by FDA, however only for the 

prevention of OP. [4] Both hormone therapies and SERMs have been known to carry the increased 

risk of breast and uterine cancer, stroke, heart disease, blood clots, and dementias. [40-42] 

Calcitonin is an FDA approved, synthetic polypeptide hormone shown to reduce the risk of new 

vertebral fractures. [9, 12] It acts by interfering with osteoclast differentiation and resorption. [9, 

43] It is not considered first-line treatment for OP, due to no data demonstrating a reduced risk of 

nonvertebral fractures. Denosumab is a human monoclonal antibody with activity against RANKL. 

By binding and inhibiting the function of RANKL, the antibody decreases osteoclast activity. [9, 

12] Although well tolerated, several adverse effects have been reported including: hypocalcemia, 

dermatological reactions, and musculoskeletal pain. [12] Another monoclonal antibody, 

romosozumab, has recently been FDA approved in high risk postmenopausal women. [44] 

Romosozumab acts to inhibit the action of sclerostin, a regulator of bone remodeling in osteocytes, 

resulting in both decreased resorption and increased formation. [44] This therapyôs effect was 

observed to diminish over time, such that the duration of therapy is limited to 12 months. 

While classically known for its catabolic properties, at lower and intermittent dosages parathyroid 

hormone (PTH) acts as an anabolic agent that causes an increase in BMD through increased 

calcium absorption and osteoblastic activity. [9, 45, 46] PTH stimulates bone formation through 

an increase in the remodeling rate and results in improved bone geometry, with increased 

trabecular thickness and connectivity. [46, 47] Teriparatide is a recombinant human PTH (1ï34) 
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analogue approved for treatment of postmenopausal OP. It is recommended for high-risk patients 

or those with prior fragility fractures. Treatment however, has been limited to two years due to 

longer term clinical data not being available and the induction of osteosarcoma in rat models at 

several dosages. [12, 47, 48] 

1.3 Defining Mesenchymal Stromal Cells (MSC) 

One promising regenerative approach aims to treat OP and repair fractures by delivering and 

encouraging the differentiation of progenitor populations, originally termed mesenchymal stem 

cells, into bone tissue producing cells. In 2006, the International Society for Cellular Therapy 

(ISCT) established a minimum set of criteria towards defining this population based upon: tissue 

plastic adherence, multi-lineage differentiation (adipocyte, chondrocyte, osteoblast), and 

expression of a panel of surface markers. [49] An updated position statement by the ISCT 

published in 2019 offers a clarification of the mesenchymal stem cell nomenclature and 

recommends additional annotation with functional definitions including: tissue of origin, rigorous 

evidence of stemness and functionality assays for the therapeutic modality. [50] Controversy has 

surrounded the implied ñstem cellò regenerative qualities of mesenchymal stem cells due to their 

name. Several alternative names have been suggested that aim to dispel the perceived medical 

benefit including: marrow stromal cells, medicinal signaling cells, and multipotent stromal cells 

[51-53] Here forward, following the recent ISCT position statement, this population of cells may 

better be described as mesenchymal stromal cells (MSC), maintaining the ñMSCò acronym to 

provide continuity in scientific literature. [50] This distinct terminology is used throughout the 

remainder of this text. 

MSC are multipotent cells capable of self-renewal and differentiation into cartilage, bone, and fat, 

as well as muscle, tendon and myocardium. [54, 55] MSC are thought to exert their greatest effect 

in vivo not through direct differentiation into target tissues, but rather through the trophic, 

paracrine, and immunomodulatory functions (Figure 1.1). [25, 56-58] Through both cell-cell and 

paracrine interactions, MSC home to sites of inflammation and promote a regenerative 

environment through the secretion of growth factors, cytokines, and chemokines to induce local 

cell proliferation and angiogenesis. [57, 59] MSC are known to promote anti-inflammatory milieus 

through interactions with many types of immune cells including: monocytes, macrophages, 

neutrophils, T cells, B cells, and natural killer cells. By preventing the proliferation and function 
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of several of these immune cells, MSC have been shown to shift cells with pro-inflammatory 

phenotypes towards anti-inflammatory phenotypes. [57, 60] Due in part to their immune 

modulating abilities, MSC have been long been thought to be immune-privileged owning to their 

low levels of expression of major histocompatibility complex (MHC) class I molecules and lack 

of MHC class II and costimulatory CD80, CD86 or CD40. [61, 62] Current literature suggests 

MSC are not immunologically silent in vivo and are better considered to be immune-evasive. [62-

65] The expression of both MHC class I and class II can be upregulated both due to altered gene 

expression during differentiation as well as upon stimulation with interferon gamma (IFN)-ɔ. [57, 

61] In comparison to autologous administration, allogeneic MSC demonstrate reduced long-term 

persistence, increased specific antibody production, and complete immune response (both innate 

and adaptive). [63, 64] Studies have reported both cell-mediated and humoral immune responses 

to MHC-mismatched MSC and MSC-derived extracellular vesicles. [59, 65] This being said, the 

clinical efficacy between autologous and allogeneic MSC remains poorly understood. 

A great deal of research aims to better understand the homing and residency of transplanted MSC, 

key parameters related to therapeutic efficacy. A low number of injected MSC actually reach target 

tissues after passing through the systemic circulation. [66, 67] Homing involves interactions with 

endothelial cells and extracellular matrix (ECM), as well as gradients of inflammatory, hypoxia-

related, and chemotactic cues. Interactions between stromal cell-derived factor 1 (SDF-1) and 

CXC chemokine receptor 4 (CXCR4) are in part responsible for MSC homing, particularly 

towards fracture sites. [68, 69] SDF-1 is known to be highly expressed in bone marrow, especially 

by bone marrow endothelial cells. [69] Even in cases of site specific implantation, MSC 

engraftment is an issue wherein as few as 1-2% of introduced cells may be detectable at later time 

points. [68, 70-72] Variability exists between the reported residence times of injected MSC in 

animal models; low levels have been reported to reside in target tissues between 24h to several 

weeks after administration. [66, 70, 73-75] The timing (post-injury) and mode of delivery 

(intravenous or intraarterial) has been shown to affect cell biodistribution. [75, 76] Despite low 

levels of tissue engraftment, studies are showing beneficial effects of treatment. Ongoing research 

is investigating approaches to improve the cellular longevity and efficacy of transplanted MSC. 
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Figure 1.1 Principal mechanisms through which MSC exert effects in vivo: Direct differentiation 

into target tissue, immunomodulation, promoting an anti-inflammatory milieu, and paracrine 

action through secretion of cytokines, growth factors, and microvesicles promoting cell 

recruitment, proliferation, and angiogenesis. 

1.4 Role of MSC in Bone Remodeling 

MSC are known to play both direct and indirect roles in bone maintenance and remodeling, through 

direct differentiation, promoting local progenitor differentiation into bone cells, as well as 

recruiting supporting cell types. [56, 60, 77, 78] When prompted through recruitment or 

inflammatory signals, MSC migrate to remodeling sites and participate through differentiation into 

osteoblasts through the timely expression of a particular set of osteogenic genes. The master 

regulator of osteoblast differentiation is Runt-related transcription factor 2 (Runx2), found in 

osteoblast progenitors and responsible for upregulating downstream genes towards osteoblast 

maturation. [79, 80] Target proteins (genes referenced) include: type 1 collagen (Col1A1), alkaline 

phosphatase (ALP), bone sialoprotein (BSP), and osteocalcin (BGLAP), which arise in a 

coordinated manner. Bone matrix formation occurs in three phases: progenitor proliferation, 

deposition of organic matrix and mineralization. [79, 81] Progenitor cells expressing Runx2 and 
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Col1A1 enter a proliferation phase, during which, cells deposit type 1 collagen and begin showing 

alkaline phosphatase (ALP) enzyme activity. [80] The now termed pre-osteoblasts then begin their 

maturation as they secrete bone matrix proteins (bone sialoprotein, osteocalcin, osteopontin), as 

well as several proteoglycans. During this phase, cells become increasingly larger and cuboidal in 

shape. Mineralization begins with the release of calcium containing matrix vesicles from 

osteoblasts. These vesicles bind to proteoglycans in the deposited bone matrix. Due to the 

enzymatic activity of osteoblasts, primarily through ALP, phosphate compounds are degraded, and 

released ions enter the immobilized calcium vesicles. The combination and nucleation of calcium 

and phosphate ions forms hydroxyapatite (Ca10(PO4)6(OH)2), the major inorganic component in 

bone. 

1.5 Functional Differences in MSC from Different Sources 

The scientific community is now aware of the nonconformity in MSC surface marker expression 

between species, donor, and tissues. [55, 57, 63, 82] MSC are known to experience inter-donor 

variability, significantly affecting cell growth and functionality. Moreover, cells demonstrate 

different properties as a result of how they were produced, handled, and applied. MSC are usually 

purified by plastic adherence and remain highly heterogeneous after isolation. [83] These 

inconsistencies are an impediment towards clinical-scale expansion and implementation in cell 

therapies. 

MSC have been isolated from a variety of tissue types including: adipose tissue, bone marrow, 

dental pulp, umbilical cord, synovial, and amniotic fluid. [57] These different tissue sources yield 

different characteristics that impact their use within regenerative medicine. [84-86] The two most 

widely investigated sources are adipose tissue and bone marrow. Adipose tissue is an abundant 

source of adipose-derived stromal cells (AD-MSC), accessible through minimally invasive 

procedures. In contrast, bone marrow-derived stromal cells (BM-MSC) form a sparse population, 

approximately 0.01-0.001% of the bone marrow. [87] Both express stromal cell markers such as 

CD13, CD73, and CD90 and lack hemopoietic markers CD11b and CD45. [55] MSC from each 

source are able to undergo multi-lineage differentiation under inductive in vitro conditions as well 

as in bone defects in vivo. [55, 88, 89] AD-MSC appear to present a superior cell source compared 

to BM-MSC in terms of clinical application, owing to their higher isolation yield and proliferation 

rate. [86] Many reports have been published aimed at determining which source has greatest 
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osteogenic capacity. [55, 82, 85, 86, 90, 91] A study of porcine MSC revealed that BM-MSC had 

greater cell growth and proliferation during differentiation. [92] Human-derived AD-MSC showed 

greatest osteogenic potential over murine and canine sources, as well as varied responses to 

osteogenic enhancers including: IGF-1, retinoic acid, and BMP-2. [93] In another study, human 

and rat-derived BM-MSC showed similar multilineage potentials, differing only in the time 

necessary for complete differentiation. [94] Several studies in rats report that BM-MSC have 

higher proliferation rate, colony-forming units and multilineage potential compared to AD-MSC. 

[91, 95, 96] Human-derived AD-MSC and BM-MSC are thought to have similar phenotypes with 

subtle differences; BM-MSC possess superior proliferation, as well as osteogenic and 

chondrogenic potency, while AD-MSC show greater adipogenic potential and immunomodulatory 

effects. [82, 85] Other studies show greater growth rates and bone forming potentials of human 

AD-MSC over that of human BM-MSC. [55, 86, 97] A gene ontology analysis of human MSC 

from different tissue sources found limited differences between expression profile, but noted that 

BM-MSC expressed more genes related to inflammation and immunomodulation pathways, 

whereas AD-MSC tended towards genes related to tissue development. [84] Ultimately, the most 

suitable MSC source for bone regenerative therapies may depend on other factors like regulating 

angiogenesis or immune cell trafficking. [55, 92, 97] 

1.6 Effects of Aging and Osteoporosis on MSC 

Past findings indicate regenerative properties decrease with age. This impairment is thought to be 

a result of reduced MSC number and fitness with age. [98] MSC derived from aged sources exhibit 

a shift in differentiation potential from osteogenic to adipogenic lineages. [26, 77, 99, 100] This 

shift could be responsible for the increased adiposity observed in bone marrow of OP patients. In 

rabbit derived BM-MSC, aging effects resulting in impaired expansion, as well as chondrogenic 

and adipogenic potential, but surprisingly did not impact osteogenic potential. [101] In rat BM-

MSC, progressive decreases in proliferation, ALP activity, and mineralized nodule formation were 

observed with aging. [102-104] Human BM-MSC showed significant reductions in osteogenesis 

from patients over age 40 compared to adults and young patients. [98] Human AD-MSC also 

showed impaired expansion, osteogenic, chondrogenic differentiation, with a shift towards 

adipogenesis. [105] Contrarily, it has also been reported that human AD-MSC are less affected by 

donor age than human BM-MSC and may only experience deficiencies in adipogenic potential 

with age. [106, 107] The decline and shift in multilineage capacity during aging is thought to be a 
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combination of progressive downregulation of key transcription factors, impairment of autophagy, 

and nuclear lamina alterations. [108] In fact, aged rat BM-MSC were shown to have diminished 

or undetectable levels of well-documented pluripotency markers: Oct-4, Sox-2, NANOG. [109] 

MSC must often be extensively sub-cultured to generate large enough doses for clinical 

implementation. Culture expansion of MSC runs the risk of reaching senescence and significantly 

modifying expression profiles. Senescent cells develop altered secretory profiles that can impair 

osteoblast mineralization and enhance osteoclast survival. [110] Literature suggests that MSC 

differentiation potential may be more affected by in vitro aging than in vivo aging effects. [77, 83, 

111, 112] In rat and human BM-MSC, osteogenic differentiation capacity was severely reduced 

beyond passage 4, whereas adipogenic capacity was unaltered. [83, 112, 113] These decreases may 

only be transient, as human AD-MSC were found to regain osteogenic capacity after passage 8. 

[114] Moreover, rat BM-MSC and rat AD-MSC in long term sub-culture maintained bone 

differentiation potential through passage 40 and human BM-MSC through passage 15. [96, 115] 

MSC derived from OP sources display reduced proliferation and osteogenic differentiation 

potential. [77, 90, 106, 116, 117] This is not without contention as some report similar rates of 

osteogenic differentiation from OP-derived human AD-MSC and human BM-MSC as compared 

to young donors. [106, 118] OP-derived MSC exhibit increased adipogenesis, contributing to the 

observed increase in the proportion of marrow fat and decreased bone mineral density in patients. 

[27, 116, 119-121] An analysis of differentially expressed genes in human BM-MSC derived from 

OP patients identified changes in several pathways unique to OP as compared to aged and/or 

senescent MSC. [122] Affected pathways were discovered to regulate signaling through the 

RANKL/OPG axis, translation of a major osteogenic transcription factor (RUNX2), and modulate 

Wnt pathway intermediates. The literature suggests that AD-MSC possess and retain greater 

osteogenic capacity than BM-MSC in health and disease states. [55, 73, 77, 82, 85, 86, 90, 91, 97, 

101, 106, 123] The bulk of these findings may be more representative of in vitro differentiation; 

in vivo studies found that human AD-MSC, but not human BM-MSC, were unable to form ectopic 

bone in vivo without preconditioning. [55, 97] 

1.7 MSC in the Clinic 

With the 21st Century Cures Act signed into law in 2016, a new expedited development program, 

the Regenerative Medicine Advanced Therapy (RMAT) was established. RMAT designation 
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provides a qualified regenerative medicine product similar processes to those meeting 

breakthrough-therapy designation. [124] MSC are now designated as Advanced Therapy 

Medicinal Products (ATMP), a category of complex biological products, and may be eligible for 

RMAT regulatory approval pathways. [62, 125] ñA regenerative medicine therapy is defined as: 

i) a cell therapy, therapeutic tissue-engineering product, human cell and tissue product, or any 

combination product using such therapies or products, explicitly excluding HCT/Ps; ii) that is 

intended to treat, modify, reverse, or cure a serious or life-threatening disease or condition; and iii) 

if the preliminary clinical evidence indicates that the drug has the potential to address unmet 

medical needs for such disease or condition.ò [125] These ATMP are distinct from the ñhuman 

cells, tissues, and cellular and tissue-based productsò (HCT/Ps), which are not considered 

biological products and must meet strict criteria concerning minimal manipulation and 

homologous use. [126] Each category follows guidelines under Good Manufacturing Practices 

(GMP) to validate and control safety, reproducibility, and efficacy of the final product. [62] As of 

the end of 2019, 47 requests for RMAT designation were granted, several investigating MSC 

products. [127]  

Although no MSC products have received market approval in the U.S., several human MSC-

containing medical products have been given market authorization for allogeneic and autologous 

therapies. [128-130] Cellular bone matrices (CBM) are not considered medical devices and are 

categorized as HCT/Ps, unless combined with additional components for ease of use. These 

products claim to meet the criteria outlined in Title 21, Code of Federal Regulations, Part 1271; 

Regulations put in place to prevent transmission of communicable disease. [126] Those intended 

for bone regeneration, approved in the US include: Allostem (AlloSource), OsteoCel (NuVasive), 

OvationOS (Osiris Therapeutics), Cellentra Viable Cell Bone Matrix (Biomet), Trinity Evolution 

(Orthofix), Trinity Elite (Orthofix). With the exception of Allostem (which use AD-MSC), these 

products are a combination of allogeneic BM-MSC with demineralized, bone allograft intended 

for damaged bone repair, primarily used in spinal fusion. Enhanced iterations of these products 

have included lineage committed MSC within the allografts by Vivigen (DePuy Synthes), as well 

as the incorporation of VEGF within grafts by Bio4 (Stryker). [131] These CBM appear to be safe 

and have generally positive or equitable results to the current standard of care. [126, 132, 133] 

More studies are warranted concerning their efficacy on the grounds that these products have 

bypassed the rigorous clinical trials involved in premarket review. A randomized trial evaluating 
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the safety of MSC and spinal fusion has been completed, though no results posted 

(NCT01552707). 

Beginning in the late 2000s, there has been a rise in stem cell clinics marketing altogether 

unapproved therapies in the U.S. [52, 134] Most of these clinics offer autologous therapies for a 

large range of clinical conditions (e.g. orthopedic, neurological, cardiovascular, diabetes, vision) 

and claim to meet and follow FDA guidelines for HCT/Ps. However, an investigation of these 

clinics in the U.S. identified many businesses that market interventions outside of FDA criteria for 

HCT/Ps, as well as combination products, and xenogeneic materials. [134] The majority of 

interventions are advertised towards orthopedic conditions (primarily amelioration of knee pain in 

osteoarthritis) and claim efficacy from early clinical trials. These early trials are small in size, 

typically lack placebo-treated controls, and often show no substantial improvement when placebo-

controls were included. [135-140] A recent review of this field suggests improvements in knee 

pain, however improvements to cartilage volume was limited. [141] These preliminary human 

studies provide encouraging results for the treatment of osteoarthritis, reporting improvements in 

pain and function compared to baseline; however, the treatments in these studies are not 

representative of the treatments offered in unapproved stem cell clinics, which must follow FDA 

minimal manipulation criteria.  Reports of serious adverse effects have arisen from these 

unapproved therapies has been reviewed recently by Bauer et al. [142] 

The implementation of MSC as ATMP face several challenges prior the clinic namely towards the 

standardization of quantity and quality. [62] Internationally recognized guidelines concerning 

MSC sourcing, collection, screening, storage, shipping, and expansion are needed. [129, 143, 144] 

Goals of the scientific community should prioritize the safety, functionality, and characterization 

of MSC in vivo. [62, 128] 

1.8 Clinical Studies for Bone Regeneration 

The first human clinical trial using allogeneic BM-MSC was conducted in 2002 towards treating 

osteogenesis imperfecta. [72] Since then, there has been a large increase in the number of clinical 

trials using MSC, reaching several hundred in bone related contexts alone. [145] Several 

comprehensive reviews have summarized the state of recent clinical trials involving MSC in 

craniofacial and long bone tissue regeneration, delayed/ non-union, spinal fusions, osteoarthritis, 

and frailty. [62, 129, 145-147] Studies reviewed are largely in phase I/II, use BM-MSC, and though 



 

13 
 

many are completed, they have not provided results. [146] The majority of studies with results 

suggest a beneficial effect of MSC therapy promoting bone formation and/ or a reduction in time 

to union. One study injected autologous BM-MSC-derived osteoblasts locally to long bone 

fractures and saw an accelerated rate of healing. [148] In a randomized study, using a composite 

graft composed of demineralized bone mixed with BM-MSC and platelet-rich plasma, Liebergall 

et al. reported a 50% shorter median time to union for distal tibial fractures as compared to standard 

of care controls. [149] Kaigler et al. investigated maxillary sinus bone reconstruction using a 

CD90+ enriched population of BM-MSC and CD14+ monocytes upon beta-tricalcium phosphate 

(ɓ-TCP) scaffolds and reported a higher bone volume fraction in newly formed bone as compared 

to ɓ-TCP scaffolds alone. [150] Blanco et al. reported their prospective study using ɓ-TCP grafts 

mixed with autologous BM-MSC as grafts for the treatment of degenerative disc disease with 

preliminary efficacy. [151] These early studies have shown MSC therapy to be feasible and 

potentially safe. However, there exists a great degree of variability between the protocols and 

treatment strategies between studies. The greatest differences are the procedures for MSC 

implementation: systemic or direct injection, or implantation with or without scaffolds. Each 

delivery modality requires protocol adaptations and validation methods to ensure successful 

integration of the therapy. In vivo studies must address key clinical concerns such as the dosing, 

delivery, engraftment, retention and functionality of MSC in vivo. A review highlighting cases of 

adverse effects in systemic AD-MSC cell therapies identified several concerns worthy of caution. 

Very few adverse effects were reported, though serious cases of pulmonary thromboembolism as 

well as myocardial and cerebral infarctions were observed. [152] In both small and large animal 

models, MSC have been observed to cause severe vascular obstructions and stroke after 

intravascular injection due to their size. [153] Additionally, there is concern for immune response 

to allogeneic cells and oncologic recurrence (in the setting of previous malignancies.) Monitoring 

cell distribution and engraftment also poses a challenge towards understanding and improving cell 

function in vivo. Typically, MSC implantation in bone is not detected or cells are cleared quickly 

either due to the recipientôs immune system or their short half-life. [63, 78, 145] Moreover, MSC 

therapies are burdened by observed variability in efficacy due to population heterogeneity, age-

related decreases in MSC functionality, and the effect of the recipientôs aged or diseased 

microenvironment. [71, 144] 
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When considering MSC as a therapy in OP patients, only two trials have been documented. The 

first (NCT01532076), a Phase II study, used autologous AD-MSC seeded into composite graft 

composed of hydroxyapatite microgranules in fibrin gel and transplanted for treatment of proximal 

humeral fractures. The second (NCT02566655), a Phase I study, used an intravenous injection of 

fucosylated, autologous BM-MSC in OP patients. Neither study has produced results, the first 

being terminated due to slow recruitment and the second is still in progress. 

1.9 Conclusions 

OP is a systemic skeletal disorder in which the deterioration of bone tissue and mass increases the 

risk of fractures. These fractures are responsible for increased disability and health care costs 

across the world. As a result of MSC being central in bone remodeling, as well as their connection 

to angiogenesis and adipogenesis, current research suggests they may an effective tool in the 

management of OP. Proof-of-concept of MSC therapy has been established and the increase in 

ongoing research is reassuring. However, with the evidence available, it is too early to definitively 

conclude sufficient clinical benefits of MSC therapies for bone repair.  
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Chapter 2: In vitro  Characterization of Mesenchymal Stromal Cells (MSC) from Osteoporotic 

Rats  

2. Abstract 

The most common animal model of osteoporosis (OP) is the ovariectomy (OVX), which simulates post-

menopausal estrogen loss. The utilization of this model depends on animal age and the duration of time 

post-OVX, with significant bone losses being detected as soon as three weeks. A plethora of bone 

regeneration studies have used OVX models and have generally concluded positive results from a variety 

of treatment modalities, including MSC. However, there exists a high failure rate in the translation of 

treatments to human osteoporotic populations. MSC transplantation for OP has not yet been examined in 

clinical trials. Moreover, MSC are known to exhibit deficiencies when isolated from aged or osteoporotic 

sources, posing a threat for autologous methods.  The use of the minimum post-OVX period may not be 

appropriate to reflect the global changes in regenerative potential of OP patients. In a previous study, MSC 

were isolated from a more clinically relevant model of OP in rats, using a minimum of 15 month post-

OVX period. The effects of OP were severe in these animals, leading to acute bone loss, brittleness, and 

several surgical complications. In the present study, AD-MSC and BM-MSC from OVX and age-matched 

animals were evaluated for their osteogenic and adipogenic differentiation potentials in culture through 

passage 10. OP and age-matched derived AD-MSC showed significantly diminished proliferative and 

osteogenic capacities as compared to AD-MSC from 4 week old animals. Osteo and age-matched BM-

MSC retained proliferative capacities and were able to demonstrate signs of matrix calcification in vitro. 

These results from this study suggest that BM-MSC maintain their phenotype and functionality more 

effectively than AD-MSC in OP. 

2.1 Introduction 

2.1.1 Animal Models of OP 

OP is classified according to its association with age and sex hormone deficiency (primary OP) or diseases 

and medications that result in an imbalance of calcium, vitamin D, or sex hormones (secondary OP). [1, 

2] The animal models used to study OP processes and bone regeneration are varied and use a distribution 

of species from small to large animal models and surgical or chemical inductions. [3-5] The 

ovariectomized (OVX) rat is a well-established model of postmenopausal osteoporosis in humans 

commonly used in OP research. [3, 6-8] Several early studies demonstrated the similarities of bone loss 

in the rat ovariectomy model compared to early postmenopausal patients. [9-12] Both bone formation and 
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resorption were found to be enhanced by OVX, with resorption exceeding formation. Significant bone 

loss occurs as soon as 14 days post-OVX in the proximal tibial metaphysis, 30-60 days in the femoral 

neck and lumbar vertebral body, while it takes  90-120 days to measurably change cortical thickness and 

bone marrow cavity dimensions. [6, 13, 14] In one study, mature rats (3 months old) that underwent OVX 

experienced increased bone turnover, leading to greater resorption of cancellous bone after a period of 3-

4 months. [9] This was accompanied by decreased trabecular number in the vertebrae, both in line with 

findings from postmenopausal bone loss. Aged rats (12 months old) that underwent OVX for at least 6 

months experienced similar losses, though markedly greater in the vertebra than in the femur, a finding 

consistent with the greater loss of cancellous than cortical bone early in menopause. [9] OVX has been 

criticized for its sudden reduction in estrogen levels and complete removal of ovarian tissues, which may 

during menopause provide a protective effect against aging related losses. [15] 

Estrogen deficiency and/or accelerated bone loss can also be achieved through the induction of ovarian 

failure through various pharmacological interventions. Such methods leave ovarian tissues intact and 

gradually mimic the hormonal losses in menopausal transition, and may better represent the natural 

progression of OP in humans. 4-vinylcyclohexene diepoxide (VCD)  is an occupational chemical with 

gonadotoxic properties. Studies have shown VCD results in the depletion of ovarian small follicles, 

resulting in ovarian failure. [16-18] VCD selectively causes acceleration of the natural process of atresia 

in follicles through mitochondria-mediated apoptosis pathways. [16-19] Varying the dosage (dose and 

timing) of VCD alters the length of the perimenopause period, reaching the onset of menopause between 

52-132 days post-treatment with either 10 or 20 days of VCD treatment respectively. [20] A comparison 

of VCD and OVX in mice showed both protocols led to significant deterioration of trabecular bone after 

4 months. OVX showed more significant cortical bone loss. As a whole, VCD-treated animals experienced 

smaller and slower skeletal changes in BMD. [17] VCD is a known contact irritant, and despite early 

consensus towards its selective action upon ovarian follicles, adverse effects have been reported at high 

dosages in the liver and kidneys. [18, 21] 

Buserelin is a synthetic, gonadotropin releasing hormone agonist, capable of reducing serum estrogen 

levels through the hypothalamus-pituitary-ovarian axis. Chronic administration causes production of 

luteinizing hormone and follicle stimulating hormone, both upstream signals of estrogen production, to 

cease. [22-25] Buserelin exerts less severe losses as compared to OVX. [25] Treatment has demonstrated 

decreased cancellous bone volume, and trabecular number and thickness in rats, though of in smaller 

magnitude compared to OVX models of similar duration. [25] Interestingly, withdrawal of treatment 
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results in the normalization of serum estrogen to vehicle control levels and an increase in bone formation. 

[22, 25] 

Glucocorticoids (GC) are prescribed for their potent anti-inflammatory and immunosuppressive effects, 

however prolonged use of GC is now known to be the prevalent cause of secondary OP. [26-28] Contrary 

to post-menopausal OP, GC-induced OP is predominantly a result of decreased bone formation rather than 

increased bone resorption. [27, 29] GC acts directly to decrease osteoblast proliferation, activity and MSC 

differentiation in addition to stimulate osteoclastogenesis. [27, 30] GC indirectly impact bone homeostasis 

through inflammation-related mechanisms as well as the impairment of calcium metabolism. [27] 

Genetic models have also been investigated as models of age-related OP in mice. Stem cell antigen 1 (Sca-

1)  is a cell surface protein expressed by hematopoietic stem cells, BM-MSC, and other subsets of stem 

cells. The Sca-1 null model was originally generated to study its associated defects in HSC and 

lymphocyte function. [31] Although these animals undergo normal bone development, it was found that 

with increased age they exhibit decreased bone formation compared to wildtype. Past 5 months of age, 

mice present significantly reduced osteoid volume in vertebrae and reduced femoral BMD past 7 months. 

[2, 32] In this model, bone loss is a result of poor self-renewal of MSC, demonstrating reduced bone 

turnover and higher mineralization of trabeculae. [2, 31, 32] The senescence accelerated mouse prone 6 

(SAMP6) has also been investigated as a model of senile OP. This strain, developed through selective 

breeding, displays an early onset of senescence after normal development. [33] Mice experience inferior 

cortical mechanical properties in femurs and significant losses to spinal BMD past four months of age. 

[32, 34] 

2.1.2 Pre-clinical MSC Therapies for Treatment of Osteoporosis 

Several different MSC-based therapies have been investigated in various pre-clinical models of OP. 

Genetic modification of MSC has been identified as an attractive option towards correcting observed 

deficiencies associated with age and OP. Several gene targets have been identified whose overexpression 

positively impacts MSC treatments in OVX murine models including: special AT-rich sequence-binding 

protein 2 (SATB2), OPG, hBMP-2, RANK-Fc and chemokine receptor-4 (CXCR4). [35-38] Li et al. 

suppressed levels of microRNA-140* (miR-140*) and miR-214 and restored osteogenesis in BM-MSC 

from OVX rats. [39] These studies are encouraging, however genetic engineering remains a developing 

field, requiring additional research and refinement prior to adoption in the clinic.  
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A review of studies investigating MSC therapy in murine models of OP, without prior gene therapy or 

transfection, is presented in Table 2.1. The unmodified MSC therapies herein provide a close 

approximation of clinical practice and associated challenges. Included studies have used a variety of 

approaches to induce regeneration in bone defects or reversal of OP related bone loss. All but two studies 

conclude positive effects from MSC therapy on BMD and trabecular bone properties. The majority utilize 

healthy, allogeneic BMSC injected systemically into an OVX model. It is worth noting that several 

differences between study designs may impact the results including: animal age, post-OVX period, defect 

site, MSC source, and mode of delivery. Interestingly, a study that used AD-MSC and BM-MSC derived 

from OP donors reported a protective effect and amelioration of bone mass by AD-MSC therapy. [40]. In 

this particular case, the OVX period was limited to 28 days, potentially representing a mild case of OP. 

The plethora of models used have different implications for the mechanism in which MSC therapy imparts 

its benefits. The OVX model simulates post-menopausal OP, wherein increased resorption is the primary 

determinant of bone loss. GC and age-related mouse models tend to instead result in lower bone formation, 

through deficiencies in osteoblast precursors. Considering the latter, the nude mouse model has shown 

varied degrees of bone loss after OVX, in addition to impaired T cell function. [41, 42] Similarly, Sca-1 

null mice also exhibit defects in T cell signaling and HSC self-renewal. [31] The immune response is now 

a known factor in bone remodeling processes, primarily through responses to PTH and estrogen 

deficiency. Altogether, despite the known deficiencies of OP-derived MSC, the current literature 

recognizes OP-derived MSC as a viable autologous or allogeneic cell therapy in animal models. 

The majority of published OVX models use mature rats (3 months old), maintaining bone deficiency 

associated hormonal changes between 12-16 weeks prior defect creation and treatment. [9, 35-37, 39, 43-

47] The duration of the post-OVX period determines the locations in which significant bone loss can be 

detected. [48] Despite rats reaching sexual maturation at 2.5 months of age, their skeletons are considered 

mature after the age of 10 months. [4] Moreover, a relationship correlating rat age to human age presented 

by Sengupta in 2013 suggests that 6 month old rats equate roughly to 18 year old humans. [49] Considering 

the disparity seen between OP models the clinical population, the commonly used post-OVX time period 

may be too short a time period to induce the same changes seen in the clinical population. Along these 

lines, according to the studies in Table 2.1, the median age at which rats underwent OVX was 12 weeks. 

In mature rats (~3 months old), bone growth has greatly slowed, though it has not entirely ceased. [9] As 

a result, it is of great importance when using mature rats to ensure that reported bone loss in OVX animals 

is lower than both sham and baseline controls. [9] Without these additional comparisons, evidence of 
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decreases in bone mass alone between sham and OVX groups is not sufficient evidence of bone loss. 

Taken together, it is necessary to establish more relevant clinical models that mimic the long-term bone 

deterioration observed in human cases of osteoporosis. 

  



 

33 
 

Table 2.1 Review of Pre-Clinical Studies using MSC Intervention in Rodent Models of OP 

Osteoporosis 

Models 
Age of Animal 

OP Induction Prior 

Treatment 
MSC Treatment Study Outcome Reference 

Ovariectomy 

(OVX)  

 

 

 

 

 

 

 

  

3 mo. SD rat 

3 month post-OVX, 

defect created in 

trochanter of femur 

BM-MSC (isolated 50g SD rats) 

mixed with PLGA/COL 

microspheres and injected at 

defect site upon creation 

BMSC loaded microparticles showed 

superior BMD and trabecular parameters 

to sham or BMSC only treatment at 1 & 3 

months. 

[44] 

3 mo. SD rat 

3 mo. post-OVX 

period, infused with 

BM-MSC 

BM-MSC (isolated 8 week old 

SD rats) infused through 

intracardiac injection at three 

timepoints: 10, 46, and 91 days 

post-OVX 

No adverse nor positive effects of 

allogenic BM-MSC therapy examined 

over 135 days. Treatment using three 

different sources of allogeneic showed 

potentially accelerated bone loss. 

[45] 

12 week old 

C57BL/6 mice 

7 days post-OVX 

period (followed total 

of 4 weeks)  

Healthy (12 week mice) and 

OVX MSC (isolated D28 post-

OVX mice) infused 7 days post-

OVX intravenously  

3 weeks post treatment, healthy AD-MSC 

and BM-MSC prevent trabecular and 

cortical bone loss equally. OVX AD-

MSC showed similar benefit, whereas 

OVX BM-MSC were deficient. 

[40] 

12 week old 

BALB/c-nu Slc 

mice (T-cell 

deficient) 

1 and 8 days post-

OVX (followed total of 

18 weeks) 

Human AD-MSC administered 

intravenously at day 1 and 8 

post-OVX 

AD-MSC showed comparable positive 

effects on whole body BMD to estrogen 

treatment after 4 and 8 weeks. 

[42] 

6 mo. SD rat 
4 month post-OVX, 

calvarial defect created 

AD-MSC (isolated 6 mo. SD 

rats) underwent 14 days 

osteoinduction then were seeded 

on PLGA scaffold were 

implanted at defect site 

Over 32 weeks post-implantation, AD-

MSC seeded PLGA showed higher bone 

volume density in control rats. In OVX 

rats, PLGA alone  showed highest bone 

volume density.  

[47] 

2 mo. Wistar rat 3 month post-OVX 

Osteogenic differentiated BM-

MSC (isolated 5 mo. Wistar rats) 

infused through intra-marrow 

injection  

2 mo. post BM-MSC injection, observed 

reversion of femoral osteoporosis, 

positive effects on percentage of 

trabecular bone. 

[46] 

6 week old 

C57bl/6 mice 
6 month post-OVX 

BM-MSC (6-8 week mice) 

injected intravenously after 

OVX period on days: 0, 6, 12, 

18, 24, and 30. 

After 2 mo. µCT of femur showed 

increased BMD. 
[50] 

6 week old 

athymic nude 

rat 

4 months post-OVX, 

(with low calcium diet) 

vertebral defect formed 

Human BM-MSC injected 

intravenously: total of 5 

injections, every 3-4 days 

starting 3 days post defect. 

Combination PTH / MSC therapy 

significantly increased new bone 

formation over individual (MSC or PTH) 

and non-treated groups by 2weeks. 

Followed over course of 12 weeks total. 

[51] 
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2 mo. C57BL/6 

mice 

2 weeks post-OVX 

(followed total 14 

weeks) 

BM-MSC alone or in 

combination with peptide ligand 

(integrin Ŭ4ɓ1) conjugated 

alendronate, intravenously 

injected at: 0, 2, 6, 12 weeks.  

Over 14 weeks, positive effects of peptide 

conjugated alendronate or combination 

MSC therapy on trabecular bone volume 

and strength. MSC therapy alone failed to 

increase bone mass by 12 weeks. 

[52] 

3 mo. SD rat 

84 day post-OVX, 

implants embedded 

into femurs 

BM-MSC (isolated 3 mo. SD 

rats) underwent 14 days 

osteoinduction, injected along 

with titanium screw implant 

fixation. 

After 56 days, observed improvement of 

local bone healing in cancellous bone. 

BM-MSC injection resulted in better 

osteointegration of implant compared to 

saline. 

[53] 

12 weeks 

Wistar rat 

2 or 4 weeks post-

OVX 

AD-MSC (12 week Wistar rats) 

intravenously injected at 2 and 4 

weeks post-OVX. 

After 5-8 weeks, AD-MSC injection 

showed positive effects on BMD, BV/TV 

and trabecular number over non-treated 

OVX rats. 

[54] 

Glucocorticoid-

induced (GC) OP 

12 week old, 

C57BL/6 mice 

Mice received 

20mg/kg/day 

intraperitoneal 

dexamethasone for 35 

days 

Allogeneic, WT BM-MSC 

(isolated 12 week mice) were 

infused intravenously on day 7 

of GC treatment and sacrificed 

Day 35. 

Single, systemic infusion  of BM-MSC 

prevented reduction of bone mass and 

strength. 4 weeks post-MSC treatment, 

observed maintenance of bone formation 

and osteoblast survival compared to PBS. 

[26] 

Senescence 

accelerated 

mouse strain 

Prone 6 (SAMP6) 

4 month 

SAMP6 mice 

4 mo. aged SAMP6 

mice irradiated 

Whole bone marrow transplant 

(isolated 4 mo. C57BL/6 mice) 

provided 1 day post-irradiation. 

Bone marrow transplant showed increases 

in trabecular bone at 12 months compared 

to non-treated group. Final BMD values 

of MSC-treated group comparable to non-

OVX control mice.  

[55] 

18 week old 

SAMP6 mice 

18 week aged SAMP6 

mice, defect created in 

proximal tibia  

Single, isogeneic AD-MSC 

injection (single cells or 

microtissues) into the medullary 

canal immediately post-defect 

formation. 

After 6 weeks, injection of AD-MSC or 

AD-MSC microtissues improved 

trabecular bone quality compared to non-

treated control. 

[56] 

Stem cell antigen 

(Sca-1)/Ly-6A 

null mice 

10 week Sca-1 

null mice 

10 week aged Sca-1 

null mice 

BM-MSC (5-6 mo. WT mice) 

intravenously injected. 

Single, BM-MSC injection showed 

improvement in bone quality and 

trabecular connectivity and anisotropy 

over 24 weeks compared to non-treated 

control. 

[2] 
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2.1.3 Induction of an Osteoporotic-like Phenotype 

The generation of MSC derived from OP animal models is a costly and time-intensive procedure. A 

preferable and yet uninvestigated alternative is the in vitro induction of an osteoporotic-like phenotype in 

MSC.  Rosiglitazone (RSG) is a drug in the thiazolidinedione (TZD) class originally prescribed for the 

treatment of Type 2 diabetes, which improves metabolic control primarily through increasing insulin 

sensitivity. [57, 58] TZDs are direct and high affinity ligands for the transcription factor peroxisome 

proliferator-activated receptor-gamma (PPAR-ɔ). Its induction leads to the transcription of insulin 

responsive genes, increasing glucose uptake and lipoprotein lipase activity. [57, 59, 60]  PPAR-ɔ has been 

identified as playing an essential role in the maintenance of bone homeostasis through the reciprocal 

osteogenic-adipogenic relationship. [58, 61, 62] RSG has been shown to be a potent media supplement 

for the adipogenic induction of MSC. [63] Furthermore, studies demonstrate that PPAR-ɔ expression 

increases with age, which is in support of the observed increase in adiposity during OP. [61, 64-66] The 

use of TZDs has been associated with increased loss of bone mass and increased fracture risk in both men 

and women. [58, 64, 67, 68]  Numerous studies demonstrate RSG regulating MSC lineage, promoting 

adipocyte development and acting to repress osteoblast differentiation. [57, 58, 60, 61, 65, 69] RSG 

treatment decreases MSC proliferative capacity and their support for angiogenesis. [57, 70]  

In this study, primary MSC isolated from young, healthy rats were purchased and treated with 1 µM RSG 

through supplementation into culture media. The combined effect of the duration of RSG treatment and 

MSC in vitro age on cell characteristics was compared to that of MSC derived from OP animals. It was 

hypothesized that RSG-treated, healthy MSC could adopt an OP-like phenotype, through induction of 

PPAR-ɔ expression. 

2.2 Materials and Methods 

2.2.1 Cell Source and Culture 

All procedures were performed under a protocol approved by the Virginia Tech (VT) Institutional Animal 

Care and Use Committee. MSC were isolated from OVX and age-matched (hereafter referred to as 

ñOsteoò and ñAge-Matchedò) female, Lewis rats in a previous study by Dr. Michele Waters. Briefly, 

female Lewis rats underwent OVX at approximately 24 weeks of age, were transferred to VT at 32 weeks 

of age, and held for a minimum of 62 additional weeks before rat femur defect surgery and MSC isolation. 
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Femur defects were created using a previously published surgery protocol. [71] Defects were filled with 

BMP-2 loaded keratin or collagen scaffolds following previous methods.  

Primary AD-MSCs were harvested from the adipose tissue of the abdominal regions of age-matched and 

OP rats that were excluded from the defect study (prior surgery) using an established method. [5] Animals 

were approximately 24 months old and 60 weeks post-OVX at the time of MSC isolation. Cells from 

animals sacrificed during the same time period were pooled during isolation. Briefly, abdominal fat was 

minced before the addition of collagenase to facilitate tissue dissociation. Following an hour of agitation, 

the enzyme was quenched using ‌-MEM media containing FBS. Cells were centrifuged to isolate the 

stromal layer and finally clumps of cells were broken up and resuspended in cell culture media. Primary 

BM-MSCs from osteoporotic rats were isolated from collected femurs. Briefly, the end of the femurs were 

cut away and a hole was drilled in the joint surface. The bone marrow plug was flushed using culture 

media, and dispersed using an 18 gauge needle. Collected bone marrow was transferred to a conical tube, 

centrifuged and the pellet was used as BM-MSC. 

Primary, healthy cells isolated from abdominal adipose tissue and bone-marrow of 4-week old, female 

Sprague-Dawley rats were purchased from iXCells Biotechnologies. A subculture of healthy cells were 

treated with 1 µM rosiglitazone (RSG) dissolved in DMSO in standard media throughout expansion and 

differentiation. These drug treated cells are hereafter referred to as ñRSGò. All cells were cultured in basal 

media composed of: ‌-MEM, 1% penicillin streptomycin, and 10% FBS in 100mm tissue culture dishes. 

Cultures were maintained in an incubator at 37°C with 5% CO2 and passaged when cultures reached 80% 

confluency. Population doublings and doubling times for each passage were calculated through the 

following equations (1) and (2) wherein Cf and Ci represent the final and initial cell numbers respectively 

and t represents duration of time in culture. 

0ÏÐÕÌÁÔÉÏÎ $ÏÕÂÌÉÎÇÓσȢσςςÌÏÇ# ÌÏÇ#  (1) 

$ÏÕÂÌÉÎÇ 4ÉÍÅ
ÔÌÏÇς

ÌÏÇ# ÌÏÇ#
 

(2) 

2.2.2 Cell Proliferation Assay 

alamarBlue was used to evaluate the cell viability/proliferation of AD-MSCs. OVX and healthy AD-

MSCs were seeded at a cell density of 1,000 cells per well in a 96-well plate in triplicates for each time 

point. alamarBlue Cell Viability Assay (ThermoFisher) was used according to the manufacturerôs 
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instructions. At each time point (0, 1, 2, 3, 4, 5, 6 days) after seeding at T=0, 10µL of alamarBlue reagent 

was added to a triplicate of wells that was allowed to incubate for 2 hours prior to reading the fluorescence 

(585nm) and absorbance (570/600nm) of the plate on a spectrophotometer. The plate was then returned 

to the incubator until the next time point. 

2.2.3 Cell Surface Phenotyping 

Flow cytometry staining was used to characterize the stem characteristics of normal and OVX AD-MSCs. 

Cells were analyzed for their expression of clusters of differentiation (CD) CD29, CD90, and CD45. Cells 

were trypsinized, washed with PBS, blocked with 4% bovine serum albumin, and resuspended at a density 

of 0.15-0.3 x 106 cells/ 100µL in 2% bovine serum albumin before staining with anti-rat CD29-FITC (BD 

Biosciences), anti-rat CD90-APC (BD Biosciences), and anti-rat CD45 (Santa Cruz) in combination with 

goat, anti-mouse FITC secondary antibody (Millipore). Following these steps, cells were fixed with 2% 

paraformaldehyde (PFA) in PBS prior to analysis via the Amnis ImageStream® Mark II Imaging 

Cytometer. The Jurkat cell line was used as a positive control for CD45 staining. 

2.2.4 Osteogenic and Adipogenic Differentiation 

AD-MSC and BM-MSC at passage 4 and 9 were seeded into 12-well or 24-well plates at a cell density of 

3,000 cells/cm2 (approximately 12,000 and 6,000 cells/well). Cells were allowed to adhere and were 

cultured until 80-90% confluency prior the induction of differentiation. The osteoinductive cocktail was 

composed of basal media supplemented with 10 nM dexamethasone, 50 µg/mL L-ascorbic acid 2-

phosphate, and 10 mM ɛ-glycerol-2-phosphate. Adipogenic induction media was supplemented with 1 

µM dexamethasone, 500 µM 3-isobutyl-1-methylxanthine (IBMX), 100 µM indomethacin, and 10 µg/mL 

insulin. Cultures were maintained for 21 days, with full, fresh media changes every 3-4 days. 

2.2.5 Alkaline Phosphatase (ALP) Activity 

ALP enzyme activity was assayed in the control and osteogenic conditions by following the conversion 

of p-nitrophenyl phosphate (PNPP) to p-nitrophenolate. Intact monolayers in 24-well plates at day 14 were 

washed twice with PBS and supplied with 0.25mL of room temperature ALP buffer composed of 100mM 

Tris-HCl, pH=9 with 1mM MgCl2 and 100mM NaCl. Next, 0.25mL PNPP substrate equilibrated to 4°C 

was added and the accumulation of p-nitrophenolate measured by absorbance at 405nm during 30 minutes, 

at intervals of 15 seconds. The slope of the linear phase of the reaction was calculated to determine the 

rate of accumulation. 
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2.2.6 Differentiation Staining 

Cultures were stained at day 21 of differentiation to assess the formation of calcified matrix and presence 

of neutral lipid droplets in osteogenic and adipogenic cultures, respectively. For Alizarin Red staining, 

cultures were washed twice with sterile PBS, fixed with 2% paraformaldehyde (PFA), washed with DI 

water and subsequently stained with 40 mM Alizarin Red S (Sigma Aldrich), pH adjusted to 4.2 using 

ammonium hydroxide, for 20 mins at room temperature. For Oil-Red-O staining, following fixation and 

DI water washes as above, cultures were incubated with 60% isopropanol for 5 mins then stained with a 

working solution of 1.8 mg/mL Oil-Red-O (Sigma Aldrich) for 15 mins per manufacturer protocol. 

Stained cultures were washed with DI water and imaged using brightfield microscopy. Measurements of 

stained area and quantity of lipid droplets were analyzed through Fiji/ImageJ software. [72] All images 

were processed in ImageJ/Fiji to obtain the integrated density of bright field images and reported as mean 

of Ó 3 images per sample Ñ 1 standard deviation of the mean. 

2.2.7 FTIR Spectroscopy 

At day 21, cultures were decellularized by washing twice with sterile DI water and incubating for 5 mins 

in a solution of 1% Triton X and 45mM ammonium hydroxide. ECM was scraped from the well plates 

using a pipette tip, pipetted into weigh boats, and air dried for 48h. Triplicate dry samples were pooled 

and scanned using a diamond-attenuated total reflectance (ATR) accessory on a Nicolet 6700 Fourier 

Transform Infrared (FTIR) Spectrometer. FTIR spectra were recorded with 256 scans at 4.0 cmī1 

resolution. Spectra were normalized to a background spectrum taken with 128 scans before each sample. 

A dry system was used to prevent the interference of atmospheric moisture. Spectra peaks were smoothed 

using a gaussian weighted moving average with a window of 10 nm. Peaks were identified in MATLAB 

using the ófindpeaksô function based upon a minimum prominence of 1% maximum spectrum signal. Peak 

widths were determined through half-prominence reference. Appropriate bands were fit with gaussian 

distributions using the peak height, location, and width. Control spectra were obtained using type I 

collagen, calcium carbonate (Sigma), potassium phosphate dibasic (Sigma), and hydroxyapatite 

nanopowder (Sigma). Collagen was extracted using an adapted protocol from Szot et al. [73] Briefly, 

Sprague-Dawley rat tails were purchased from BioIVT, (Westbury, NY) tendon strands removed and 

dissolved in 0.1% acetic acid at a concentration of 200mL/ g of tendon. The soluble fraction was then 

separated, frozen at -80°C, and lyophilized with the aid of an acid trap attachment (Labconco). 
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2.2.8 Statistical Analysis 

Statistical analysis consisted of pair-wise comparisons using analysis of variance (ANOVA) using either 

Dunnettôs multiple comparisons test with healthy controls or all pairs comparison with Tukeyôs post hoc 

analysis using JMP software (p < 0.05 considered significant). All outcomes were statistically analyzed, 

save for FITR spectra.   
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2.3 Results 

2.3.1 MSC Growth and Proliferation 

  

 

 

 

Figure 2.1  MSC growth parameters across P1-10: mean population doublings (top left), population 

doubing time (top right). Cumulative population doublings for AD-MSC (bottom left) and BM-MSC 

(bottom right). Significance (*) with respect to Healthy group. ó*ô=p<0.05; ó**ô =p<0.01; ó+ô= p<0.001. 

Error bars = +/- SD 

AD-MSC and BM-MSC growth profiles were compared through cell counts across 10 passages. RSG 

treatment began with passage 2 healthy MSC. No significant differences were found comparing the 

number of mean population doublings or doubling time per passage to matched AD-MSC and BM-MSC 

samples (Figure 2.1). Only Osteo AD-MSC were found to be significantly less proliferative compared to 

Healthy controls, 1.04 to 1.74 doublings, respectively. (p<0.01) Surprisingly, this drop in population 

doublings was not observed with Osteo BM-MSC. Age-matched and Osteo AD-MSC exhibited 
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significantly longer doubling times when compared to Healthy, requiring nearly twice as long in culture. 

As before, samples of BM-MSC did not exhibit any significant differences in growth parameters. Average 

cumulative population doublings were also examined demonstrating the expansion potential of MSC 

across passages 1 through 10. Healthy and age-matched AD-MSC reached similar final doublings (16.5 

and 17.4), whereas the cumulative RSG levels seemed to decrease with increasing passage. Osteo AD-

MSC reached a much lower average of 10.4 doublings. Age-matched BM-MSC reached the highest 

cumulative doublings (23.1), whereas Healthy, RSG, and Osteo groups reached similar values. Osteo BM-

MSC doublings appeared to lag behind in early passages and increase with passage. No statistical analysis 

was conducted due to lack of sufficient replicates for particular passage groups.  

Cell proliferation was also examined through the alamarBlue reduction assay (Figure 2.2). These assays 

were conducted with replicates of 1,000 cells per group, across passages 2 through 10, within culture for 

6 days. Age-matched and Osteo AD-MSC exhibited significantly lower levels of alamarBlue reduction 

across the majority of time points compared to Healthy controls (p<0.001). Interestingly, at several time 

points, (days 1, 3, 4, 5) Osteo BM-MSC exhibited the highest levels (p<0.01) whereas age-matched cells 

exhibited a lag phase (p<0.001). At day 6, all BM-MSC phenotypes exhibited comparable reduction 

levels. When comparing Healthy and RSG, day 6 values from AD-MSC were higher than BM-MSC. 

To better differentiate the effect of passage on proliferation, cells were categorized into low (P2-4), mid 

(P5-7), or high (P8-10) passage groups (Figure 2.3). Overall, mid passage cells did not exhibit 

significantly different reduction profiles between samples in either AD-MSC or BM-MSC. Confirming 

previous trends, age-matched and Osteo AD-MSC in low and high passage groups demonstrated 

significantly lower levels of alamarBlue reduction (p<0.001). In low passage groups only, age-matched 

and Osteo BM-MSC reduction was higher than Healthy controls at late time points (p<0.01). Interestingly, 

in the high passage group, RSG AD-MSC alamarBlue reduction began to diminish over time whereas 

RSG BM-MSC reached elevated levels (p<0.01). 
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Figure 2.2 alamarBlue reduction percentage of MSC from P2-10 for AD-MSC (left) and BM-MSC 

(right). Significance (*) with respect to Healthy group, ó*ô=p<0.05; ó**ô =p<0.01; ó+ô= p<0.001. Error 

bars = +/- SD 
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Figure 2.3  alamarBlue reduction percentage of MSC between passage groups: low (P2-4), mid (P5-7), 

and high (P8-10) for AD-MSC (top) and BM-MSC (bottom). Significance (*) with respect to Healthy 

group, ó*ô=p<0.05; ó**ô =p<0.01; ó+ô= p<0.001. Error bars = +/- SD 
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2.3.2 MSC Surface Marker Expression 

MSC surface marker expression was analyzed through two positive and one negative marker across 

passages 1-10 (Figure 2.4). CD29 (integrin ɓ1) and CD90 (Thymocyte antigen 1) expression levels were 

consistently high in all cell types and groups (Ó98%) with age-matched expression reaching a slightly 

lower value (Ó90%). CD45 (leukocyte common antigen), a marker of cells from the hematopoietic lineage, 

expression was extremely low in all groups (<1%) except for the age-matched AD-MSC group (<7.2%). 

The Jurkat human cell line was used as a positive control and found to be 93.47% ± 0.96 positive for 

CD45 staining (data not shown). No significant differences were found between MSC groups regarding 

the three markers analyzed. 

 

 

Cell Type Phenotype CD29 (%) CD90 (%) CD45 (%) 

AD-MSC 

Healthy 98.31 ± 2.11 98.88 ± 1.34 0.12 ± 0.68 

RSG 98.99 ± 2.07 98.69 ± 1.24 0.51 ± 0.82 

Age-Matched 99.30 ± 0.17 90.77 ± 10.77 7.18 ± 0.95 

Osteo 99.40 ± 0.86 99.55 ± 0.37 0.30 ± 0.12 

BM-MSC 

Healthy 99.09 ± 0.27 99.85 ± 0.08 0.89 ± 0.96 

RSG 98.91 ± 0.56 99.68 ± 0.21 0.70 ± 0.89 

Age-Matched 99.13 ± 1.10 92.48 ± 10.56 0.97 ± 0.98 

Osteo 99.55 ± 0.20 99.83 ± 0.20 0.26 ± 0.69 

Figure 2.4 Representative images of Osteo AD-MSC and BM-MSC during flow cytometry analysis. 

Table: Percentage of MSC surface marker expression. Mean ± SD 
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2.3.3 Multi-lineage Potential 

MSC multi-lineage potential was assessed through adipogenic and osteogenic induction protocols for 21 

days (Figures 2.5-2.8). Adipocytes were identified through Oil-Red-O staining of differentiated cultures 

(Figure 2.5). In the majority of AD-MSC and BM-MSC groups, lipid droplet staining positively identified 

the generation of adipocytes. Interestingly, Healthy AD-MSC at passage 9 did not exhibit positive 

staining, indicating a loss of adipogenic differentiation potential. This drastic loss was not observed in 

RSG AD-MSC, a sign that the expected PPAR-ɔ upregulation may help maintain adipogenic potential at 

high in vitro age. RSG treated cultures in control media also exhibited lipid droplet accumulation at both 

passage 4 and 9. Using ImageJ software, the integrated density of images was quantified and compared 

(Figure 2.7). No differences were observed between matched samples of AD-MSC and BM-MSC. At 

passage 4, age-matched, Osteo AD-MSC and Osteo BM-MSC exhibited lower integrated density values 

compared to Healthy counterparts. With increasing passage, Healthy and RSG AD-MSC values decreased, 

while age-matched remained unchanged. Osteo AD-MSC values exhibited a large increase with increasing 

passage. Fewer differences were observed in BM-MSC groups; Osteo BM-MSC values at passage 4 were 

significantly lower than Healthy. With increasing passage, only Healthy BM-MSC exhibited a drop in 

staining values; Other groups remained unchanged. 

Calcified matrix indicative of osteoblast differentiation was assessed through Alizarin Red staining 

(Figure 2.6). Alizarin Red reacts with calcium and other cations within the ECM. Passage 4 AD-MSC of 

all groups did not show prominent staining. At passage 9, Healthy and RSG AD-MSC had intense red 

staining covering the entire cultureôs surface area. Age-Matched and Osteo AD-MSC cultures did not stain 

brightly red, though darker cluster and bands of matrix were identified in both control and osteogenic 

conditions. Healthy and RSG BM-MSC at both passage numbers formed large nodules. Through phase 

microscopy, these aggregates appeared to accumulate crystalline structures. The deep coloration of these 

nodules under Alizarin Red staining lends confidence to the conclusion that the ECM is calcified. At 

times, differentiating BM-MSC cultures would detach from other points within the well plate as early as 

day 7, 11 or 14 of the protocol. Age-matched and Osteo BM-MSC showed fewer, less intense nodule 

development at passage 4, decreasing further at passage 9. BM-MSC control conditions also exhibited 

nodule formation after 21 days. Rat BM-MSC are known to spontaneously calcify their matrices over time 

in confluent cultures, a finding not observed in human MSC. [74] Quantification of these Alizarin Red 

stained images was performed using integrated density measurements (Figure 2.8). In AD-MSC, it was 

evident that increased passage cultures calcified more matrix (Healthy and RSG, p<0.01). Small increases 
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observed in age-matched and Osteo were not determined to be significant. In BM-MSC, increasing 

passage generally decreased intensity of staining in all groups, the most affected group being age-matched 

cells. Notably, at passage 9, Osteo BM-MSC staining did not change significantly and appeared to have 

higher integrated density values compared to Healthy.  

A single biological replicate of MSC groups under osteogenic induction were stained with Alcian Blue, a 

copper-containing dye used as an indicator of proteoglycans within the ECM associated with cartilage 

(Figure 2.9). Aggrecan, one such molecule, is brightly stained blue after chondrogenic differentiation.  

AD-MSC showed little staining at passage 4 and intense staining in similar areas that were mineralized in 

all phenotypes. BM-MSC generally demonstrated a greater degree of Alcian Blue staining over AD-MSC 

in both control and osteogenic conditions. The dark stained Alizarin Red nodules correlated to the deep 

blue stained nodules observed indicating the presence of proteoglycans within the collagenous matrix. 

Global trends were similar between both stains. Passage and staining intensity were positively correlated 

in AD-MSC and negatively in BM-MSC. 
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Figure 2.5 20x brightfield images of Oil Red O staining of adipogenic induced MSC at day 21 
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Figure 2.6. 10x brightfield images of Alizarin Red staining of osteoinduced MSC at day 21 
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Figure 2.7 Quantification of Oil Red O staining in adipogenic conditions, through integrated density 

values. Significance (*) with respect to Healthy group, (#) with respect to passage 4. ó*ô=p<0.05; ó**ô 

=p<0.01; ó+ô= p<0.001. Error bars = +/- SD 

 

 

  

Figure 2.8. Quantification of Alizarin Red Staining in osteogenic conditions through integrated density 

values. Significance (*) with respect to Healthy group, (#) with respect to passage 4. ó*ô=p<0.05; ó**ô 

=p<0.01; ó+ô= p<0.001. Error bars = +/- SD 
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Figure 2.9 10x brightfield images of Alcian Blue staining of osteoinduced MSC at day 21 



 

51 
 

Having observed no significant reduction in osteogenic differentiation, the RSG group was excluded from 

further analyses. Alkaline phosphatase (ALP) enzyme activity, an indicator of mineralization potential, 

was assayed through the conversion of PNPP to p-nitrophenolate at day 14 of osteoinduction. The 

accumulation of the converted product was measured over time through absorbance values at 405nm 

(Figure 2.10). Osteogenic induction increased ALP activity of Healthy AD-MSC, but not that of age-

matched or Osteo compared to control media at both passages 4 and 9. BM-MSC in control conditions 

exhibited remarkably high native ALP activity. Interestingly, the activity of Osteo BM-MSC in control 

medium was lower at passage 4 and higher at passage 9 compared to Healthy. Generally, osteogenic 

induction of BM-MSC cultures decreased ALP activity compared to control media conditions. Despite 

these reduced values, the control and osteogenic ALP activity of  BM-MSC was notably higher than 

control AD-MSC values, indicating an inherent difference between the two cell types. Comparing MSC 

under osteogenic stimulation, Healthy AD-MSC and BM-MSC ALP activity cannot said to be different 

(Figure 2.11). Age-matched and Osteo ALP activity was significantly lower than Healthy counterparts, 

with age-matched values being the lowest among groups. Increased passage did not affect this trend for 

AD-MSC, but resulted in rescue of enzyme activity in BM-MSC.  
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Figure 2.10 Accumulation of 405 absorbance during ALP assay of: AD-MSC P4 (top left), AD-MSC 

P9 (top right), BM-MSC P4 (bottom left), and BM-MSC P9 (bottom right). Graphs denote ALP activity 

of osteoinduced MSC at day 14.  Significance (*) with respect to Healthy group and (#) with respect to 

control media. ó*ô=p<0.05; ó**ô =p<0.01. Error bars = +/- SD 
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Figure 2.11 ALP activity of osteoinduced MSC at day 14.  Significance (*) with respect to Healthy 

group. ó*ô=p<0.05; ó**ô =p<0.01; ó+ô= p<0.001. Error bars = +/- SD 

2.3.4 ECM Characterization 

After 21 days of osteoinduction, cultures were decellularized and the ECM collected for analysis through 

ATR-FTIR. Due to sample size restrictions, triplicate samples were pooled to produce one spectrum per 

experimental group. Spectra of the predominant components of bone ECM were first collected and used 

as control (Figure 2.12). These included: collagen type I, hydroxyapatite (Ca5(OH)(PO4)3), calcium 

carbonate (CaCO3), and potassium phosphate (K2HPO4). Using controls and published FTIR spectra of 

bone, ranges for characteristic peaks were determined for peak fitting.  

Spectra collected from osteogenic conditions are presented as collected and after Amide I peak 

normalization in Figure 2.13 and 2.14. Sample spectra exhibited features of both organic and inorganic 

components of bone matrix. Notably, peaks within known amide, phosphate, and carbonate bands were 

evident. The raw spectra for age-matched AD-MSC P4 exhibited substantially lower absorbance across 

the amide I band and right-shifted amide II bands. After normalization, as a result of the diminished amide 

I peak, the age-matched AD-MSC P4 spectrum is largely exaggerated, making comparisons difficult. The 

wavenumber locations of predominant peaks were consistent between samples with few exceptions. In 

age-matched AD-MSC P4, Osteo AD-MSC P9, and age-matched BM-MSC P4 and P9, two additional 

peaks near 696 and 752 cm-1 were found. In the normalized spectra, the prominent phosphate peak is 

centered near 1098 cm-1, rather than the hydroxyapatite control peak corresponding to phosphate v1 and 

v3 stretching (1015 cm-1). This increased width is indicative of the presence of other contaminant 
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molecules. Several smaller peaks were observed in the double band region (1400-1450 cm-1), a region 

composed of carbonate and CH2 vibrations. The expected 870 cm-1 carbonate peak was not observed in 

samples, indicating there was no dominance of carbonate. The closest 830 cm-1 peak could not be entirely 

ruled out as altered structures of carbonate or related compounds. As a result, this peak was denoted as a 

carbonate related peak in analysis. Table 2.2 describes the presence of key bands as well as parameters 

describing bone quality. Sample spectra were first normalized to the Amide I peak. The mineral to matrix 

ratio was defined as the area of the phosphate band (900-1200 cm-1) over that of the Amide I band (1585-

1720 cm-1). [75] In most cases, the ECM from Healthy MSC resulted in the highest ratios among samples.  

Table 2.2 IR Peak Analysis Parameters 

Cell 

Type 
Phenotype Passage 

Mineral to 

Matrix Ra tio 

Carbonate to 

Phosphate 

Ratio 

Amide I 

(nm) 

Phosphate 

(nm) 

Carbonate 

(nm) 

 

 

AD-

MSC 

Healthy 
4 3.054 0.073 1639 1098 829 

9 3.946 0.090 1637 1098 829 

Age-

Matched 

4 12.460 0.082 1654 1104 832 

9 2.557 0.062 1637 1098 829 

Osteo 
4 2.417 0.067 1637 1094 829 

9 3.155 0.081 1647 1101 832 

 

 

BM-

MSC  

Healthy 
4 2.591 0.071 1639 1094 829 

9 2.952 0.070 1642 1098 829 

Age-

Matched 

4 2.614 0.061 1639 1095 832 

9 2.880 0.069 1639 1098 829 

Osteo 
4 3.309 0.081 1644 1098 829 

9 2.455 0.060 1642 1098 829 
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Figure 2.12 Representative FTIR spectra of individual components found within bone ECM 
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Figure 2.13 Representative spectra collected from osteoinduced cultures. Triplicate samples were 

pooled. (a=AD-MSC, b=BM-MSC, h=Healthy, n=Age-matched, o=Osteo, 4=Passage 4, 9=Passage 9) 
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Figure 2.14 Representative (amide I peak normalized) spectra collected from osteoinduced cultures. 

Triplicate samples were pooled. (a=AD-MSC, b=BM-MSC, h=Healthy, n=Age-matched, o=Osteo, 

4=Passage 4, 9=Passage 9) 
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2.4 Discussion 

The characterization of MSC derived from OP sources has demonstrated functional deficiencies due to 

disease progression. In a previous study, our group investigated bone regeneration in a 60-week post-OVX 

period rat model that utilized cell-free scaffolds with potent bone morphogens (bone morphogenetic 

growth factors). [76] In a critical sized femur defect, none of the interventions resulted in bone bridging, 

even the commercial bone regeneration product Infuse®. We postulate that the bone-producing reserves 

(i.e. resident osteoblasts and MSC) in a significantly OP model are highly compromised, and essentially 

incapable of repairing a segmental bone gap of critical size (defined as un-reparable without a scaffolding 

system, even in a young, healthy animal). Further, we speculate that tissue engineering approaches 

advocated by several investigators, that is, use of autologous MSC from accessible reserves (e.g. bone 

marrow and adipose tissue), will also be inadequate due to the underlying pathology of OP. [77-79] The 

present study was undertaken to understand if this speculation is true, by investigating whether certain 

MSC reserves are appropriate candidates for the type of autologous tissue engineering approach suggested 

in the literature. 

Studies suggest that AD-MSC derived from OP sources better maintain proliferative and multilineage 

capacities over BM-MSC. Our results suggest that AD-MSC from age-matched and Osteo groups have 

significantly diminished expansion potentials. Both exhibited significantly longer doubling times 

compared to AD-MSC from young (4 week old) rats. On average over 10 passages, Osteo AD-MSC 

reached 6 fewer population doublings than Healthy. These trends were not observed in BM-MSC, wherein 

each group examined exhibited similar growth characteristics. These findings were further supported 

through the results of alamarBlue proliferation assay wherein both old AD-MSC groups had lower levels 

of reagent reduction over 6 days. RSG treatment of either source of MSC did not appear to affect mean 

population doublings or doubling time significantly. When MSC were categorized into low (P2-4), mid 

(P5-7), or high (P8-10) passage groups, a modest effect of RSG treatment became apparent. RSG AD-

MSC alamarBlue reduction levels began to decrease and RSG BM-MSC levels increased.  

Expression of the three MSC surface markers examined remained consistent in all groups, through passage 

10. These results supported the identification of the cells as MSC and elucidated that marker expression 

does not significantly change with animal age or in vitro age. This finding has been supported in a study 

which noted rat BM-MSC markers were maintained through 25 passages. [80] 
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All MSC groups were capable of adipogenic differentiation as evidence through Oil-Red-O staining. No 

differences were observed between AD-MSC and BM-MSC of matched groups, indicating similar 

adipogenic potentials of the two MSC sources. At high passage, both Healthy AD- and BM-MSC 

exhibited decreases in staining intensity. RSG treatment helped mitigate the observed loss of potential in 

both AD- and BM-MSC. Old MSC groups, maintained adipogenic potential at both low and high passage 

numbers. MSC derived from OP sources express increased levels of PPAR-ɔ. [61, 64-66] This over-

expression could be responsible for the maintenance of the adipogenic lineage observed in RSG, age-

matched, and Osteo groups. 

Osteogenic differentiation was investigated first through Alizarin Red staining. As a whole, AD-MSC 

exhibited brighter, more intense staining as compared to BM-MSC. The formation of deeply colored 

nodules in BM-MSC cultures supports the successful differentiation of these cells. Staining demonstrated 

that Age-matched and Osteo MSC were overall deficient compared to Healthy counterparts. Dark and 

diffuse staining was still observed in age-matched and Osteo MSC in certain groups, indicating that cells 

retain matrix altering mechanisms as they age. Increasing passage positively benefited Healthy and RSG 

AD-MSC, whereas BM-MSC produced fewer nodules and more diffuse staining throughout. Through 

phase microscopy, BM-MSC nodules in both control and osteogenic conditions appeared to mineralize 

over time, forming crystalline structures. Rat BM-MSC have been shown to exhibit spontaneous 

calcification, forming mineralized monolayers or nodules. [74] This observation made quantification 

compared to control media difficult.  

RSG treatment alone did not effectively simulate an in vitro induced Osteo phenotype in either MSC, 

demonstrating limited effects on growth and osteogenic differentiation. Although adipogenic lineage was 

better maintained through increasing passage with RSG treatment, overexpression of PPAR-ɔ alone may 

not recapitulate the OP-related alterations to MSC. While a relationship has been identified between 

adipogenic and osteogenic lineages, in this study increased PPAR-ɔ and thus promotion of the adipogenic 

lineage did not effectively diminish osteogenic capacities. Complimentarily to this thought, it was found 

that downregulating PPAR-ɔ expression in human MSC did not result in increases in osteogenic capacity. 

[81] The effect of RSG and other thiazolidinediones on bone loss in animals and humans could instead be 

a combination of diminished osteogenic capacity and additional stimulation of osteoclast formation. [82] 

Further investigating the mechanisms of bone formation throughout MSC differentiation, ALP activity 

was assessed between groups at day 14. ALP enzyme breaks down phosphomonoesters to generate free 
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phosphate for the incorporation into hydroxyapatite. Cultures that exhibit low levels of ALP activity at 

early differentiation time points have been shown to be unable to ultimately form bone when implanted 

in vivo. [83] BM-MSC control cultures exhibited pronounced ALP activity, a finding in line with the 

calcification of long-term cultured cells from rats mentioned above. As a whole, osteogenic induction 

resulted in similar ALP activity levels between AD- and BM-MSC, increasing and decreasing from 

controls, respectively. Age-matched and Osteo enzyme activity was significantly lower than Healthy in 

both sources. This trend remained consistent with increasing passage for AD-MSC. However, all BM-

MSC groups at high passage demonstrated comparable values. This rise of enzyme activity in BM-MSC 

in combination with decreased matrix staining at day 21, indicates that in vitro aged BM-MSC may be 

less receptive towards osteogenic induction and require longer to produce similar matrices. ALP activity 

is considered to peak at early time points, between day 11-14 of osteoinduction, potentially indicating 

entire differentiation processes are delayed. A study analyzing human OP-derived MSC found enhanced 

transcription of inhibitors of WNT and BMP signaling. [84] These inhibitors result in the repression of 

BMP target genes causing cells to be less sensitive to osteoinductive signaling. 

A notable difference between AD- and BM-MSC cultures was the observed tendency for differentiating 

BM-MSC culture to delaminate and form layers on the periphery of the well. One hypothesis for the 

observed differences in matrix calcification between AD-MSC and BM-MSC under the same protocol is 

an inherent difference in the mechanism of differentiation. Bone development by MSC occurs either 

through: intramembranous ossification (IMO) or endochondral ossification (ECO). IMO involves the 

direct differentiation of MSC into osteoblasts, whereas in ECO, MSC first generate a cartilaginous 

hypertrophic matrix and remodel it into bone tissue. [85] Natural healing of bone fractures is thought to 

be predominately through ECO. A recent study examined these bone repair mechanisms and found them 

to be differentially impaired in GC-induced OP and OVX mouse models. [86] A major finding was the 

impairment of ECO in OP through delay in chondrocyte hypertrophy and ultimate remodeling. AD-MSC 

as compared to BM-MSC, require additional signals to undergo chondrogenic differentiation and ECO. 

[85] Preliminary results from Alcian blue staining of osteoinduced cultures showed a greater degree of 

intense staining, correlating to formed nodules. These results suggest that matrices formed by BM-MSC 

may contain a greater degree of cartilage associated proteoglycans. While this hypothesis requires further 

investigation, understanding the mechanism of bone formation may indicate different sources of MSC are 

superior based upon the applications or target tissue.   
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Analysis of the ECM from differentiated cultures through ATR-FTIR identified several characteristics 

comparable to native bone ECM. Bone is 20-40% composed of an organic phase, 50-70% a mineral phase, 

5-10% water, with a small proportion of lipids (<3%). [87] Collagen type I and hydroxyapatite are the 

main constituents of the organic and mineral phases, respectively. Both of these two components were 

used as controls for FITR analysis of MSC-derived ECM. Prominent IR bands originating as a result of 

protein content are the Amide I and II bands. Amide I is the most intense absorption band (1600-1700 cm-

1) governed by stretching vibrations of the C=O (70-85%) and C-N groups (10-20%). [88] Amide II (1500-

1600 cm-1) is formed from contributions of NïH bending (~60%), CïN stretching modes (~40%), and C-

C stretching. Amide III represents a series of complex bands (1200ï1330 cmī1) due to CïN stretching 

(40%) and NïH bending (30%) modalities, with limited use towards extracting structural information. 

The inorganic components of bone are represented through phosphate and carbonate bands. Phosphate 

peaks are primarily due to hydroxyapatite and appear in two regions (500-700 and 900-1200cm-1). The 

former corresponds to phosphate bending with a small contribution from amide bands; the latter is the 

most intense band, resulting from phosphate stretching. [88] Carbonate can be found in two regions: 

around 870cm-1 and 1300-1600cm-1. [89] Bone matrix may present these bands due to carbonate 

substitutions in the crystal lattice of hydroxyapatite. As this occurs, the latter stretching-associated bands 

(1300-1600cm-1) become more prominent. [89] These tend to overlap with the amide II regions and thus 

do not represent a characteristic peak.  

MSC-derived ECM exhibited characteristics of collagen and hydroxyapatite controls, demonstrating clear 

peaks representative of amide, phosphate, and carbonate bands. Predominant peak locations remained 

comparable between MSC groups and passages. In most cases, the ECM from Healthy MSC resulted in 

the highest mineral to matrix ratio among phenotypes. A study comparing new bone to undamaged bone 

tissue demonstrated that a smaller mineral to matrix ratio is found in newly regenerated bone. [90] This 

finding suggests that newly formed bone contains a higher organic content. The prominent phosphate peak 

in ECM samples is centered near 1098 cm-1, rather than the hydroxyapatite control peak corresponding to 

phosphate v1 and v3 stretching (1015 cm-1). Changes to peak intensity, location, or shape are representative 

of different conformations of molecules or the presence of other components. The increased width of ECM 

phosphate bands compared to hydroxyapatite controls indicates a difference in crystallinity. Several 

smaller peaks were observed in the double band region (1400-1450 cm-1), a region composed of carbonate 

and CH2 vibrations. As mentioned above, the expected carbonate peak near 870 cm-1 present in bone ECM 

was not observed in samples. Carbonate apatite can form through a known hydroxyapatite substitution 
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process, and was found to increase in bone samples with age. [91] The ECM recently deposited by MSC 

may not accumulate these substitutions without having participated in extensive remodeling. The nearby 

830cm-1 peak was used in peak analysis, surmising a small contribution from altered carbonate structures 

or related compounds. Two additional peaks were observed in age-matched AD-MSC P4, Osteo AD-MSC 

P9, and age-matched BM-MSC P4 and P9, near 696 and 752 cm-1. These additional peaks could be related 

to amine or alkene substitutions, which are known to exhibit =C-H bending vibrations between 680-

730cm-1. These unique peaks were only observed in ECM from old MSC groups, indicating there may be 

an aging effect at play. Additional deconvolution of the amide I and phosphate peaks has been described 

to assess matrix and mineral maturity. [92, 93] Examining several sub-bands, it may be possible to 

differentiate ratios of collagen cross-linking and various forms of apatite within the sample. [88, 92] To 

that end, it is thought that increased bone brittleness is a result of changes to collagen and the collagen 

mineral interface. [94] Further analysis should utilize additional replicates and examine these sub-bands 

for a more complete picture of differences between OP MSC-derived ECM. 

Lastly, it should be noted that the species of rat differs between the purchased, healthy condition (Sprague-

Dawley) and the isolated age-matched and Osteo conditions (Lewis). A 2009 study compared the BM-

MSC of four different rat strains and showed similar characteristics in terms of cell surface phenotype, 

expansion rates and differentiation capacities. [95] As a result, we do not expect there to be significant 

differences in the results presented due to the rat strain. 

2.5 Conclusions 

Osteoporotic AD- and BM-MSC were derived from our groupôs previous study of a long-term OXV rat 

model representing a severe instance of OP. Osteo and age-matched AD-MSC showed significantly 

diminished proliferative and osteogenic capacities as compared to Healthy counterparts. Osteo and age-

matched BM-MSC retained proliferative capacities, yet appeared less sensitive to osteoinductive signals. 

Both sources of MSC demonstrated similar degrees of adipogenic differentiation. Osteo and age-matched 

MSC retained this capacity within increasing passage number, whereas healthy cells were deficient. RSG 

treatment alone was not sufficient to simulate the OP phenotype in vitro, though did affect adipogenic 

capacities. The IR spectrum of MSC-derived ECM exhibited several characteristics band associated with 

collagen and hydroxyapatite. Whereas predominant peak locations remained comparable between MSC 

groups, the ECM derived from Healthy MSC resulted in the highest mineral to matrix ratio. These results 

from this study suggest that BM-MSC maintain their phenotype and functionality more effectively than 
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AD-MSC in OP. This finding is contrary to the literature consensus, reporting that AD-MSC preserve 

their functional capacities in diseased microenvironments. Overall, these results suggest that a tissue 

engineering approach of the type often proffered in the literature (i.e. employing autologous MSC from 

bone marrow or adipose tissue) may not be a viable strategy for healing certain bone defects in elderly, 

OP patients. 
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Chapter 3: Keratin Peptide Coated Microcarriers for Mesenchymal Stromal Cell (MSC) Culture 

3. Abstract 

The use of MSC in regenerative medicine therapies has prompted research into new techniques and 

systems to increase cell expansion without compromising cell functionality. One studied method makes 

use of microcarriers in a suspension culture for greater ease of scale-up and to promote homogenous 

oxygen and nutrient transfer. Microcarriers have been developed from various biomaterials, which in some 

cases have been modified with various surface coatings aimed primarily at improving cell adhesion. Hair-

derived keratin biomaterials have demonstrated their utility as carriers of biologics and drugs for tissue 

engineering. Unpublished work has identified a keratin peptide fraction from oxidative extraction that 

appears to aid in osteogenic differentiation of MSC in vitro. In this study, keratin peptide was used as a 

coating on three different positively-charged microparticles and investigated as a platform for MSC 

expansion. Positive charge carrying microparticles were able to bind the keratose peptide fraction (KOSP) 

and retain approximately 60% as permanently bound (at least under normal culture conditions for up to 6 

days). The coating is a result of leveraging the charge difference between the negatively-charged peptide 

and positively-charged microparticles. Indications of protein coating were observed through XPS and 

FTIR analysis, suggesting the coating to be in the nanometer range of thickness. Among the three 

microparticles examined, Cytodex-1 demonstrated the greatest cell viability and protein retention. Overall, 

KOSP coating was not shown to significantly affect MSC proliferation nor impair cell viability across 

culture in static conditions.  

3.1 Introduction 

3.1.1 Keratin Biomaterials 

The design of 3D culture systems requires a structural and often times biologically active scaffolding to 

allow for cell organization and attachment. Biomaterials are used as substrates that aim to replace or take 

part in the regeneration of injured tissues. Those derived from natural sources are referred to as 

biopolymers and include materials such as: collagen, hyaluronic acid, and agarose. Keratins are a class of 

intermediate filamentous protein that can be extracted from hair, feathers, horn, and wool fibers. [1-3] 

Keratin biomaterials can be classified based upon which extraction method is used to break the disulfide 

bonds between cysteine amino acids. Kerateine (KTN) is the product of reductive chemistry that results 

in the formation of free thiol groups on cysteine residues. Oxidative extraction yields Keratose (KOS), a 

product modified with cysteic acid (sulfonic acid residues). KTN, being able to form covalent disulfide 
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bonds, degrades slower than KOS whose network assembly is based solely upon non-covalent 

interactions. [3, 4]  

Keratin biomaterials have been used to form films, sponges, hydrogels, and microparticles for a variety of 

biomedical targets including: bone, skin, cardiovascular, and nerve regeneration. [5] Bone tissue 

engineering studies have successfully made use of keratin materials both in vitro and in vivo. Electrospun 

keratin-hydroxyapatite nanocomposites and bone morphogenic protiein-2 (BMP-2) releasing keratin 

sponges were both shown to be effective platforms, capable of promoting osteoblast differentiation and 

activities in vitro. [6, 7] Animal studies often combine keratin materials with osteoinductive factors as 

grafts to stimulate recruitment of native bone growth. de Guzman et al. demonstrated bridging of critical-

size femoral defects in CD-1 mice using BMP-2 infused KOS. [8] Resulting bone volume, BMD and 

mineral content were comparable to BMP-2 infused collagen (Infuse®) after 8 and 16 weeks. This study 

also noted that KOS appeared to decrease the adipose content in the repair site, suggesting a role in 

downregulating MSC adipogenesis. [8] BMP-2 loaded KTN scaffolds were found to bridge bone as 

effectively as BMP-2 loaded KTN hydrogels and absorbable collagen sponges in a rat mandibular defect 

model. [4] At 8 and 16 weeks, KTN scaffolds had significantly increased BMD and less ectopic bone 

formation compared to collagen sponges. These findings are thought to be a result of slower KTN scaffold 

degradation yielding more sustained BMP-2 release and greater cell infiltration. Dias et al. used KTN-HA 

composites in an ovine tibial defect model. [9] Compared to collagen and unfilled controls, KTN 

composites healed markedly slower. The authors saw evidence of KTN composite participation within the 

natural remodeling process and proposed that healing occurred through a creeping substitution 

mechanism. 

Unpublished in vitro work from our research group suggests that the keratin peptide fraction (5-30 kDa) 

collected during the KOS extraction process may provide greater osteogenic conduction of MSC in vitro 

as compared to the bulk (i.e. high molecular weight) material. The focus of this study was to investigate 

the use of KOSP as a bioactive coating and assess its effects on MSC attachment, growth, and 

differentiation.  

3.1.2 Microcarriers for MSC Expansion 

Towards the clinical application of MSC in tissue engineering, it is a requirement to sufficiently expand 

MSC populations to a therapeutic dose. One estimation of the dose of MSC required in the cell therapy of 

a nonunion fracture in a clinical trial reached 40 x 106 cells per patient. [10] These estimates can reach 
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upwards of 109 cells per patient for other skeletal disorders, defects, and osteogenesis imperfecta. [11] 

The expansion conditions of MSC in vitro have a large influence on the  growth rate and differentiation 

potential. Prolonged lengths of time in culture between passages leads to cell flattening. The initial plating 

density of MSC can affect the cultureôs ultimate number of population doublings as well as the formation 

of dense colonies. [12] Neuhuber et al. did not find differences in differentiation potential of rat BM-MSC 

due to initial plating conditions, contrary to a 2002 study using human BM-MSC. [12, 13] While cells 

plated at lower densities tend to have more population doublings per passage, the largest consideration 

during expansion is contact inhibition due to confluency. MSC growth will depend upon species, source, 

and preparation, causing passage number to be an unreliable measure of cell potency and in vitro age 

without standardized culture practices. 

In efforts to consistently expand MSC in large volumes, one alternative culture method uses microcarrier 

particles in stirred suspensions or bioreactors. As microcarrier systems are typically maintained in 

suspension, they offer a high surface area to volume ratio, homogenous oxygen and nutrient transfer, as 

well as being an effective method to scale-up cell production without the use of enzyme treatment. [11] A 

variety of microcarriers have been developed from different base materials (polystyrene, dextran, agarose, 

gelatin), porosities (solid, micro, or macro-porous), and coatings of either charged molecules or protein-

based (collagen, fibronectin, fibroin). [10, 14, 15] These different materials and surface modifications alter 

initial attachment, growth, and recovery of cells. [11, 16] The earliest microcarriers developed made use 

of a positive surface charge to promote the attachment of cells due to their negatively charged membrane. 

[16] Since cells can attach to both positively and negatively charged surfaces, it was determined that the 

charge density was the determinant factor towards cell anchorage. Early studies determined that 

microcarriers with too high a charge density exhibited cell toxicity, reducing cell yield. [16-18] 

Nowadays, microcarriers are composed of a variety of materials including: plastic, glass, cellulose, 

gelatin, dextran, and various polymers. [19] MSC in particular have been cultured on various microcarrier 

systems, cultivated, and shown to maintain differentiation potential after expansion. [10, 19-24] These 

microcarriers have further been investigated as platforms conducive to forming bone tissue constructs in 

vitro and as vehicles for MSC delivery to bone defects in vivo. BM-MSC expanded on gelatin 

microcarriers and then implanted in rat femoral defect showed significant induction of trabecular bone 

formation compared to microcarrier or non-treated controls. [20] Chen et al. generated centimeter-sized 

bone tissue constructs using human amniotic-derived MSC on gelatin microcarriers in a perfusion 
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bioreactor. [22] In another study, MSC expanded on collagen coated, dextran microparticles showed 

higher calcium deposition within implanted scaffolds as compared to MSC from monolayer cultures. [10] 

Three microparticles were used in this study, which each carry a positive surface charge. Q-Sepharose and 

DEAE-Sepharose Fast Flow (GE Healthcare) are both anion exchange chromatography media routinely 

used in bioprocessing. Each is composed of highly cross-linked 6% agarose microparticles functionalized 

with either a strong (quaternary ammonium) or weak (N,N-diethylaminoethyl, DEAE) positive charge 

inducing groups, respectively. Cytodex-1® microcarriers (GE Healthcare) are positively charged 

microcarriers composed of a cross-linked dextran base. Positive charge is owed to the distribution of 

DEAE groups throughout its matrix. These commercially available microcarriers are non-porous, allowing 

cell contact only to the surface of the particles. [10, 14] The positive surface charge of each carrier was a 

design choice to implement a KOSP coating for cell culture. A general scheme for the preparation of cell 

loaded microcarriers is shown in Figure 3.1. These protein coated microcarriers will serve as a 3D 

platform for the integration of MSC in a perfusion bioreactor in future experiments. 

 

Figure 3.1 Preparation of a KOSP coated surface for MSC attachment  
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3.2 Materials and Methods 

3.2.1 Keratose Peptide (KOSP) Extraction 

KOS proteins were isolated from human hair using established lab protocols of oxidation, solubilization, 

and tangential flow filtration (TFF). [2] The peptide fraction is created during TFF by using nominal low 

molecular weight cutoff cartridges (EMD Millipore) and processing the extracted KOS to obtain proteins 

in a final 5-30 kDa range. This fraction was denoted the peptide fraction, frozen, lyophilized, and ground 

into a powder. A 10 mg/mL solution of keratose peptide fraction dissolved in DI water was sterilized 

through a chloroform evaporation method. Briefly, 10% of the total solution volume of chloroform was 

added to glass bottle. The KOSP solution was then carefully layered atop the chloroform, bottle cap 

loosely secured, and the suspension placed at 4°C for 24 h to allow for evaporation. The sterilized solution 

was then aseptically transferred to a sterile container, being careful to not reintroduce potential 

contaminants or residual chloroform. 

3.2.2 KOSP Microparticle Coating 

Microparticles used in this study were hydrated and sterilized according to manufacturer instructions. 

(Table 3.1) Microparticle characterization was conducted in a non-sterile environment, after 

microparticles underwent the following aseptic coating procedure. This was to ensure comparable coating 

results when transitioning to cell culture. Microparticle size distribution was assessed using brightfield 

imaging and ImageJ analysis. 

Q- and DEAE-Sepharose microparticles were first passed through a 100 µm stainless steel sieve to obtain 

a monodisperse population, weighed in sets of 50 mg into conical tubes, and sterilized in 70% ethanol 

overnight prior to coating. Cytodex-1 carriers were hydrated for 2h in PBS, rinsed, then autoclaved for 30 

mins at 121°C. Cytodex-1 being in solution after sterilization, was aliquoted according to the stock 

concentration for 50 mg and filtered using a sterile 70 µm cell strainer to remove small particles. Between 

all following steps, particles were centrifuged to accelerate the settling process. Using sterile solutions, all 

particles were rinsed three times with a starting buffer composed of 20mM Tris-HCl at a pH of 8. Particles 

were then mixed with sterile KOSP solutions of either 1.0, 5.0, and 10.0 mg/mL at a pH of 8. Coated 

microparticles were then washed three times with PBS to remove unbound peptide, followed by rinsing 

with culture media prior to cell seeding. Volumes were adjusted based upon the mass of microparticles 
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undergoing coating procedures to ensure consistent coating. Bare microparticles (uncoated) were simply 

washed in sterile PBS three times, then rinsed in culture media. 

The release of KOSP from microparticles was determined through the collection of wash supernatants and 

assay using the bicinchoninic acid (BCA) assay to quantify protein content compared to a standard curve. 

All samples were run in at least triplicate. Total recovery of KOSP from the microparticles was achieved 

through eluting solutions of 0.5, 1, or 2 M NaCl at pH of 5.  

Table 3.1 Characteristics of Microparticles in Study  

Microparticle 

Median 

Diameter in 

PBS (µm) 

Material 
Positive charge-

inducing group 

Density 

(g/mL) 
Ionic Capacity 

Q-Sepharose 90 Agarose Quaternary amine 1.1 
0.18-0.24 mmol/mL 

gel 

DEAE-

Sepharose 
90 Agarose 

Diethylaminoethyl 

(DEAE) 
1.1 

0.11-0.16 mmol/mL 

gel 

Cytodex-1 190 Dextran 
Diethylaminoethyl 

(DEAE) 
1.03 

1.4-1.6 mmol Cl-/g 

dry substance 

 

A calculation of protein coating coverage was done following methods from Yang et al. in equations 3 

and 4. [25] Herein, the weight percent (wt%) of material for full coverage is defined based upon the 

material particle diameter, ódô, that of the host particle, óDô, their respective densities, óʍô. 

ύὸϷ
ὔὨ”

Ὀ” ὔὨ”
 (3) 

 ὔ
τὈ Ὠ

Ὠ
 (4) 

3.2.3 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) were used to 

assess changes to microparticle structure and detect the presence of the KOSP coating. Materials were 

imaged using a FEI Quanta 600 FEG Environmental SEM equipped with EDS, through the Virginia Tech 

Nanoscale Characterization and Fabrication Laboratory (NCFL.) Samples were mounted on doubled-

sided carbon tape and sputter-coated with approximately 5 nm of platinum/palladium. Samples were then 

imaged at an accelerating voltage of 5 kV.  

https://ncfl.ictas.vt.edu/equipment/feiquanta600feg.html
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3.2.4 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) was used to characterize changes to the surface chemical 

composition as a result of KOSP coating. Samples were scanned using a PHI Quantera SXM, scanning 

photoelectron spectrometer microprobe using a monochromatic Al KŬ X-ray source with a beam size of 

200 µm. Samples were not exposed to X-rays until measurement was started. Both survey and N (1s) XPS 

spectra were collected. Data were analyzed by PHI MultiPak.  

3.2.5 FTIR Spectroscopy 

FTIR analysis was used to assess KOSP adhesion to microparticles. Dried or lyophilized samples were 

scanned using a diamond-attenuated total reflectance (ATR) accessory on a Nicolet 6700 Fourier 

Transform Infrared (FTIR) Spectrometer. FTIR spectra were recorded with 256 scans at 4.0 cmī1 

resolution. Spectra were normalized to a background spectrum taken with 128 scans before each sample. 

A dry system was used to prevent the interference of atmospheric moisture. Spectra peaks were smoothed 

using a gaussian weighted moving average with a window of 10 nm. Peaks were identified in MATLAB 

using the ófindpeaksô function based upon a minimum prominence of 1% maximum spectrum signal. Peak 

widths were determined through half-prominence reference. Appropriate bands were fit with gaussian 

distributions using the peak height, location, and width. 

3.2.6 Static Microcarrier Culture 

Primary, healthy MSC isolated from abdominal adipose tissue and bone-marrow of 4-week old, female 

Sprague-Dawley rats were purchased from iXCells Biotechnologies. Cells were cultured in basal media 

composed of: ‌-MEM, 1% penicillin streptomycin, and 10% FBS in 100mm tissue culture dishes. 

Cultures were maintained in an incubator at 37°C with 5% CO2 and passaged when cultures reached 80% 

confluency. Following the coating procedure described above, MSC were passaged and mixed with bare 

or coated microcarriers at a density between 12,000- 22,000 cells/ mg particle in a conical tube. This 

density was chosen to achieve a seeding density between  2,700 - 5,000 cells /cm2 similar to 2D culture. 

Thereafter, cells and particles were transferred to ultra-low attachment T25 flasks, at a density of 3 mg 

Cytodex-1 / mL of culture media. Cultures were placed on a Belly Dancer shaker for 5 mins, followed by 

25 mins in the incubator. This agitation and settling period was repeated for a total of 2 hours, or 5 cycles. 

Cultures were maintained as stated previously in media composed of ‌-MEM, 1% penicillin streptomycin, 
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and 10% FBS. Every 3 days, 50% of the media was exchanged, and in some cases, additional particles 

(30% by weight) were added to the suspension. 

3.2.7 alamarBlue Assay 

alamarBlue Cell Viability Assay (ThermoFisher) was used according to the manufacturerôs instructions. 

At each time point (0, 1, 2, 3, 4, 5, 6 days) after seeding at T=0, cell loaded microcarriers were aliquoted 

from the culture flask, strained and divided into replicates. Thereafter, 25µL of alamarBlue reagent was 

added to a triplicate of wells and allowed to incubate for 6 hours prior to reading the fluorescence (585nm) 

on a spectrophotometer. Microcarrier culture values were compared to TCPS seeded cells, which were 

seeded at a concentration similar to the determined aliquot size. The plate was then returned to the 

incubator until the next time point. 

3.2.8 Cell Viability and Cytoskeleton Staining 

Cell viability was assessed through the live-dead staining using calcein AM (live) and ethidium 

homodimer-1 (dead) according to the manufacturerôs protocol (Viability/Cytotoxicity Kit, Molecular 

Probes). Briefly, an aliquot of cell seeded microcarriers was pipetted into a sterile microcentrifuge tube. 

Cells were washed twice with PBS and stained in a 4µM solution of calcein AM/ 4µM ethidium 

homodimer-1 in PBS and incubated for 30 mins at 37°C. Fluorescent images and Z-stacks were captured 

using a Zeiss LSM 800 confocal microscope using an incubation chamber for the duration of the imaging 

session. 

Cell-microcarriers were collected through similar means (described above) then fixed with 4% 

paraformaldehyde (PFA) for 20 min in preparation for F-Actin cytoskeleton staining. Thereafter, cultures 

were washed twice with PBS, permeabilized with 0.1% Triton X-100 for 5 mins, and incubated with 

TRITC-phalloidin (1:40) for 60 mins. Cultures were again washed twice with PBS then stained with 4ǋ,6-

diamidino-2-phenylindole (DAPI, 1:100) for 5 min, washed 3x with PBS, and covered with PBS prior to 

imaging. 

3.2.9 Statistical Analysis 

Statistical analysis consisted of pair-wise comparisons using analysis of variance (ANOVA) followed by 

Tukeyôs post hoc analysis using JMP software (p < 0.05 considered significant.) All outcomes were 

statistically analyzed, save for FITR spectra. 
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3.3 Results 

3.3.1 Microparticle KOSP Coating Characterization 

A summary of the three microparticles considered within the study is provided in Table 3.1. All 

microparticles are non-porous and possess similar density values, making them suited towards suspension 

or stirred culture. Cytodex-1 is the only dextran based particle as well, having on average twice the median 

diameter of Q- or DEAE-Sepharose. Phase microscope images reveal that Cytodex-1 particles are 

optically transparent (Figure 3.2). It was also observed that particles would swell according to the ionic 

strength of the solution. For example, the diameter of Cytodex-1 particles suspended in DI water was 289 

± 29 ʈÍ compared to 197 ± 18 ʈÍ in PBS. (p<0.001) All further listed values are in reference to PBS 

solution. 

Each microparticles was assessed for its suitability as a substrate for protein coating. KOS protein (and 

peptide) has a net negative charge at neutral pH. [3] Leveraging this property and the charge difference 

between the particles, a protein coating could be achieved solely through binding due to electrostatic 

interactions. Q-Sepharose exhibits the strongest positive charge among the particles, owed to its matrix 

bound quaternary amine groups. DEAE-Sepharose and Cytodex-1 both possess a weaker positive charge 

in comparison. Successful KOSP binding to particles is visually confirmed through the progressive change 

in color with increasing protein concentration (Figure 3.3). This color is maintained through washing 

steps, upon addition of media, and several days within culture.  

   

Figure 3.2 Representative images of Q-Sepharose, DEAE-Sepharose, and Cytodex-1 (left to right) at 

10x magnification in PBS. 
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Figure 3.3: Visual indication of KOS peptide binding to microparticles at concentrations: 0 mg/mL, 1 

mg/mL, 5 mg/mL, 10 mg/mL KOSP (left to right) after coating protocol 
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The protein released by microparticles into solution during the coating procedure (or unbound) was 

assessed through the BCA assay (Figure 3.4). After mixing microparticles with KOSP solution, particles 

were centrifuged to remove the unbound fraction (labeled supernatant) and then washed three times with 

PBS. At a 1 mg/mL KOSP coating concentration, Q-Sepharose retained significantly more protein after 

coating (95%) compared to both other particles (65% and 58% for DEAE and Cytodex-1 respectively). 

With increasing protein concentration these trends did not hold; no particle showed superior retention at 

5 mg/mL KOSP. Using a 10 mg/mL KOSP solution, Cytodex-1 retained 64% compared to 58% of both 

other particle types. 

Sodium chloride solutions competitively bind chloride ion to the microparticles and will displace larger 

bound ions such as KOSP. Full recovery of the protein from microparticles was therefore assessed through 

three elution steps using 1 M NaCl solution at a pH=5 (Figure 3.5). Using Q- or DEAE-Sepharose, Ó 97% 

of protein was recovered across all KOSP concentrations. Cytodex-1 was the only microparticle to show 

incomplete elution of KOSP (78% recovery) in the 1 mg/mL condition (p<0.01). 

To ensure consistency in coating, the mass of particles and volumes of solutions were standardized to 

achieve the following coating densities (Table 3.2). A calculation was performed to estimate the amount 

of material necessary to achieve 100% coverage of positively charged microparticles. Using the molecular 

weight cutoff ranges from KOSP extraction and a relationship provided by Fischer et al., KOSP protein 

density and minimum molecular diameter was estimated, assuming spherical geometries for peptide 

molecules. [26] Combining these values with equations 3 and 4, full microparticle coverage could be 

achieved through 0.0202 wt% for Q-/DEAE-Sepharose and 0.0114 wt% for Cytodex-1. Each KOSP 

solution concentration tested resulted in densities nearly 100x greater than necessary for full particle 

coverage (Table 3.2).  
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Figure 3.4 Percent KOSP retention on particles during coating procedure using 1, 5, and 10mg/mL 

coating concentrations. ** p<0.01 compared to all groups, ## p<0.01 compared to DEAE-Sepharose. 

Error bars = +/- SD 
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Figure 3.5 Percent Cumulative Release of KOSP from particles after coating and elution at 1, 5, and 

10mg/mL coating concentrations. ** p<0.01 compared to all groups, ## p<0.01 compared to DEAE-

Sepharose. Error bars = +/- SD 
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Table 3.2 Calculated and Measured KOSP Coating Density 

Calculated 

Coating Density 

KOSP Solution Concentration 1 mg/mL 5 mg/mL 10 mg/mL 

mg KOSP/ mg microparticle 0.04 0.2 0.4 

Measured 

Protein 

Retention After 

Coating Protocol 

mg KOSP / mg Q-Sepharose 0.019 0.065 0.116 

mg KOSP / mg DEAE-Sepharose 0.0156 0.065 0.116 

mg KOSP / mg Cytodex-1 0.0152 0.065 0.128 

 

SEM microscopy provided no visual or structural verification of  KOSP adhesion to Q-Sepharose (Figure 

3.6). Elemental composition by EDS was also unable to differentiate between samples, with no significant 

differences being present between samples. EDS results describe the composition of the bulk material, in 

this case the composition of Q-Sepharose, or agarose itself. Due the high depth of penetration of x-rays, 

several micrometers of material are involved in signal generation. Hypothesizing that the KOSP coating 

was restricted to the surface of particles, samples were investigated using XPS (Figure 3.7). The majority 

of the measured XPS signal originates from the outer 1-10 nm of the sample. [27] Analyzing these outer 

several nanometers of the coated microparticles revealed a single alteration between collected spectra 

within the N1s region. An additional, chemical shifted peak was observed in KOSP conditions. This peak 

indicates a change in Nitrogen binding energy, a result of KOSP surface adhesion.  A small increase in 

carbon (65.3 to 68.3%) and nitrogen (1.0 to 2.3%) was also detected (Table 3.3).  
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Figure 3.6 SEM images of Q-Sepharose: Bare, 1, 5, 10 mg/mL (left to right). EDS data of Q-Sepharose 

elemental composition. No significant differences in element composition were observed based upon 

KOSP coating concentration (KOSP coated samples not shown). 
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Figure 3.7 XPS spectra of Q-Sepharose (top). Overlay of N1s region for KOSP coated Q-Sepharose 

demonstrating additional, chemical shifted peak as a result of KOSP coating (bottom). 
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Table 3.3 Quantitative XPS analysis of Q-Sepharose with and without KOSP coating (Data is shown as 

atomic % elemental composition) 

Atomic %  Q-Sepharose 

1mg/mL 

KOSP 

Coated 

5mg/mL 

KOSP 

Coated 

10mg/mL 

KOSP 

Coated 

C 1s 65.3 68.8 68.8 68.3 

O 1s 31.2 27.0 26.7 27.3 

S 2p 1.0 0.6 0.5 0.8 

N 1s 1.0 1.5 2.3 2.3 

Br 3d 0.9 0.7 0.7 0.5 

Cl 2p 0.5 1.4 1.0 0.8 

Na KLLL  - - < 0.1 < 0.1 

 

Similar ATR-FTIR measurements were made to investigate KOSP adhesion to Cytodex-1. Cytodex-1 is 

composed of dextran, a branched polysaccharide derived from glucose condensation. Its monomers are 

linked through Ŭ-1,6 glycosidic bonds, and d-glucose branches through Ŭ-(1-2), (1-3), and (1-4) linkages. 

These glycosidic bonds and various side chains present unique IR peaks. In particular: (1,6) linkages (1010 

cm-1) with additional bands from the C-O-C bond (916 cmī1 ) and glycosidic bridge (1159 cmī1 ) and the 

C4 position C-O bond (1111 cmī1) are detectable. [28] The IR spectra of Cytodex-1 (as supplied from the 

manufacturer) as well as mixed with PBS and culture media is presented in Figure 3.8. Spectra were 

normalized to the predominant (1,6) glycosidic linkage peak (1010 cm-1) of dextran. Addition of media or 

PBS to Cytodex-1 does not significantly alter the underlying spectra. Media addition does introduce both 

an Amide I and Amide II peak (1640, 1546 cm-1 respectively) and small increases are observed near 

1098cm-1, which could be indicative of the phosphate content of PBS and culture media.  

Due to the protein-polypeptide structure, the vibrational spectrum of keratin is complex. The three amide 

bands are abundantly present in keratin protein, due to the peptide bonds and the C-C polypeptide chain. 

Conformational changes can alter these amide bands. Keratin is also identified based upon its amino acid 

side chains (particularly -CH bonds of aromatic and aliphatic amino acids) and through modifications to 

cystine resulting from different extraction methods. In KOS, cystine oxidation results in cysteic acid (SO3-

) and intermediates, cystine monoxide (S=O), cystine dioxide (SO2), and cystine-S-thiosulphate (S-SO3-

). Untreated human hair presents a broad peak between 1130-1000cm-1 due to a combination of these 

intermediates being present. With oxidative treatment, clearer distinctions arise between sulfonic acid and 

cystine dioxide peaks. Literature values place these bands as a result of:  cysteine-S-thiosulphate (1022 
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cm-1), cystine monoxide (1071 cm-1) cystine dioxide (1121 cm-1), and the symmetric and asymmetric 

stretching of sulfonate groups (1040 and 1171 cm-1 respectively). [29] When comparing KOS and KOSP, 

it is evident that the ratio of cysteic acid to amide bands is significantly altered (Figure 3.8). As both are 

protein samples, spectra were normalized to the Amide I band. Overall, peaks associated with cysteic acid 

and cystine monoxide are elevated in KOSP as compared to KOS. This data suggests that the low 

molecular weight fraction (5-30kDa) obtained during KOS extraction possesses a greater density of 

sulfonate groups. Additionally, a different ratio of CH2 to CH3 bands is observed (1454 and 1390 cm-1 

respectively.)  

Coating of Cytodex-1 with 10 mg/mL KOSP resulted in few distinguishable peaks on the Cytodex-1 IR 

spectra (Figure 3.9). In PBS, the presence of an amide I peak and subtle increase in cysteic acid (1040 

cm-1) are observed with KOSP coating. In culture media, these features are lost, likely masked by the 

increased protein content supplied by the serum-containing media. 
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Figure 3.8 KOS and KOSP IR spectra normalized to Amide I band (top). Dashed lines represent 

contributions from cystine oxidative intermediates. Cytodex-1 IR spectra normalized to predominant 

peak (bottom). Dotted lines represent contributions from glycosidic bonds unique to dextran. 
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Figure 3.9 Cytodex-1 and KOSP coated cytodex-1 IR spectra in PBS (top) and culture media (bottom) 

normalized to predominant peak. Dashed lines represent contributions from cystine oxidative 

intermediates.  
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3.3.2 MSC Microcarrier Static Culture 

Over the course of the study, the MSC seeding protocol was thoroughly investigated and optimized. 

Originally, microparticles were simply mixed with a concentrated cell suspension for 2-3 minutes by 

pipetting before being deposited into TCPS well plates. This method resulted in poor cell-particle 

distribution and cells preferentially adhered to the underlying plastic rather than the microparticles. 

Thereafter, agitation was introduced to promote cell particle collisions and cell attachment during seeding. 

This was first conducted using a magnetic stir bar in glass petri dishes. However, this resulted in excessive 

shear and damage to cells and microparticles. The optimized protocol reported here further utilized ultra-

low attachment flasks (Fisher) for the entirety of expansion. Cells and microparticles were mixed to 

achieve a cell density of 22,000 cells/ mg of particle and agitated for 5 mins using a Belly Dancer shaker 

followed by 25 mins stored in the incubator. The combination of agitation and low attachment surface 

allowed for improved cell adhesion (Figure 3.10). 

Live/ Dead staining was performed to ascertain if any particle platform had negative effects on cell 

viability. A total of 25mg of each microparticle was seeded using 12,000 Healthy AD-MSC /mg, then 

split into 4 wells for different timepoints and replicates. 7 days of culture on microparticles cells showed 

differences in viability and morphology based upon the microparticle (Figure 3.11). AD-MSC on Q-

Sepharose adopted small and rounded cell morphology, as well as exhibiting the lowest viability among 

groups (47 ± 5%). DEAE-Sepharose cultures showed both sparsely and densely populated regions with 

49 ± 2% viability. Cytodex-1 resulted in the highest viability over 7 days (81 ± 5%), with the majority of 

cells well-spread around the circumference of the particles. For the remainder of this study, Cytodex-1 

particles were used exclusively due to the lack of observed cytotoxicity.  
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0.5h post-seeding 1h post seeding 

  
2h post seeding 48h post seeding 

Figure 3.10 Time lapse of cell adherence to bare Cytodex-1 particles: 0.5, 1, 2, and 48h post seeding. 
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Figure 3.11 Representative Live/ Dead staining of AD-MSC after 7 days culture on bare microparticles: 

Q-Sepharose, DEAE-Sepharose, and Cytodex-1 
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Figure 3.12 alamarBlue reduction of AD-MSC and BM-MSC on Cytodex-1 microcarriers 24h post 

seeding, compared to TCPS controls (left). Significance (*) with respect to TCPS control group, (#) with 

respect to  assay controls. alamarBlue reduction of AD-MSC and BM-MSC on bare and 10 mg/mL 

coated Cytodex-1 over 9 days in culture right). ó*ô=p<0.05; ó**ô =p<0.01; ó+ô= p<0.001. Error bars = +/- 

SD 

The effect of KOSP coating on cell viability was assessed through the alamarBlue assay (Figure 3.12). 

Both healthy AD-MSC and BM-MSC were seeded upon 10 mg/mL KOSP coated or bare Cytodex-1 

microcarriers at a density of 12,000 cells/ mg, corresponding to approximately 2,700 cells /cm2. Cell-

microcarriers were transferred to ultra-low attachment T25 flasks, at a density of 3 mg Cytodex-1 / mL of 

culture media, following the seeding protocol mentioned above. At each time point, an aliquot of 

microcarriers was taken from the culture flask (estimated to represent 3 mg worth of microcarriers) and 

passed through a 70 µm cell strainer. The filtrate and strained microcarriers were collected and divided 

into replicates for the alamarBlue assay. At 24h post-seeding, AD-MSC and BM-MSC attached to 

Cytodex-1 microcarriers exhibited 47 ± 16% and 58 ± 9% reduction of the alamarBlue reagent as 

compared to TCPS controls. (p<0.01) The collected microcarrier filtrate yielded a signal comparable to 

assay standards, suggesting that very few cells, if any, were present within the filtrate. Although the 

microcarrier reduction levels are significantly lower than controls, the lack of signal from the filtrate 

suggests that the majority of cells were adhered to microcarriers. Following a similar procedure, the effect 

of 10 mg/mL KOSP coating was investigated using both MSC types over 9 days of culture (Figure 3.12). 

Compared to the Day 0 reduction values, both AD-MSC and BM-MSC proliferated through Day 3, 

followed by diminishing reduction values over the remaining 6 days in culture. Day 9 reduction levels 

were near 60% of Day 0 for all cell types and coatings. The KOSP coated microcarriers demonstrated 
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significantly higher levels of alamarBlue reduction at Day 6 and Day 9 for BM-MSC and AD-MSC 

cultures respectively. As a whole, KOSP coating did not consistently enhance MSC proliferation over the 

course of culture.  

To assess long term viability of MSC on bare and coated microcarriers, healthy rat AD-MSC and BM-

MSC of passage 5 were cultured through similar methods through Day 9 (Figure 3.13). The presence of 

KOSP was not seen to affect cell viability between time points. Moreover, the number of cells per image 

was not seen to be significantly altered between time points. The most notable finding is the reduction in 

AD-MSC cell size after 9 days in microcarrier culture. 

Phalloidin staining allowed for the visualization of the F-actin cytoskeleton of attached AD-MSC (Figure 

3.14). No significant differences were observed between bare and coated microcarriers after 4 days in 

culture, suggesting the KOSP coating did not interfere with cell adhesion processes. 
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Figure 3.13 Live/Dead staining of AD-MSC and BM-MSC after 24h and 9 days of culture on bare and 10 mg/mL KOSP coated 

Cytodex-1 microcarriers
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Figure 3.14 Immunofluorescence images of F-actin (red) and DAPI (blue) of AD-MSC seeded upon 

bare (left) and 10mg/mL KOSP coated Cytodex-1 microcarriers at Day 4 of culture(right). 

3.4 Discussion 

Three different microparticles were investigated as platforms for a KOSP biomaterial coating. Due to the 

size and density of these particles, several characterization techniques such as dynamic light scattering 

and zeta potential measurements were unsuccessful. KOSP was readily able to bind to each particle 

investigated through electrostatic interactions. At low KOSP solution concentrations, Q-Sepharose 

showed the greatest protein retention, whereas at high concentrations, Cytodex-1 was superior (Figure 

3.4). This observation is in part due to the difference in size and strength of charge between both particles. 

Q-Sepharose has a stronger positive charge due to its quaternary amine conjugation. At low KOSP 

concentrations, this property is critical to maintain a tightly bound layer of peptide. At an intermediate 

KOSP concentration, no particle was observed to have superior protein retention after PBS washes, 

indicating a similar amount of protein was adhered to each particle. Finally, at high KOSP concentrations, 

the Cytodex-1 particles, followed by the DEAE-Sepharose were shown to retain more protein than Q-

Sepharose. As a consistent mass of particles was used in these experiments, the less dense Cytodex-1 

would have additional available volume for peptide binding. It was measured that each particle maintained 

approximately 60% of the supplied KOSP after the coating protocol. This sudden release of peptide during 

PBS washes is a result of both shear and the increased ionic strength of solution interacting with the 

positive charge groups. KOSP binding was confirmed through visual inspection of the change in 

microparticle color. Although it was observed that this color change persisted throughout several days in 
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culture, it is expected that the concentration of bound KOSP will progressively decrease with media 

changes. According to a calculation done to estimate the amount of peptide necessary to ensure full surface 

coverage, the 60% of KOSP that remains bound to microparticles prior cell culture is nearly 100x greater 

than that necessary for a confluent molecular monolayer. This suggests that the coating was several 

molecules thick, and that the losses in protein content from microparticles are likely from the outer-most 

layers, that is those molecules experiencing the least electrostatic binding force.  

Efforts to further quantify this coating through SEM and EDS demonstrated that the adsorbed KOSP layer 

was within the nanometer range. XPS analysis was able to detect a chemical shift in the nitrogen binding 

energy of coated Q-Sepharose samples. Generally, a shift indicates a change to the chemical binding of 

that element, altering the binding energy of a core electron. The increase in intensity observed indicates a 

greater degree of nitrogen atoms present in the sample.  

KOSP adsorption to Cytodex-1 was also investigated through ATR-FTIR. First, differences between KOS 

and KOSP were observed primarily in the peaks associated with cysteic acid (1040 and 1171 cm-1), the 

resulting functional group from oxidative extraction of keratin. When normalized to the amide I peak, the 

cysteic acid contribution was greater in the peptide form. Small shoulders related to cystine monoxide and 

cystine dioxide were observed in KOSP and KOS respectively. This finding, as well as changes to the 

CH2 and CH3 IR bands, suggests that KOSP possesses a greater density of sulfonic acid groups, indicative 

of the higher cysteine content of this fraction and/or more complete oxidation during extraction. The 

Cytodex-1 spectrum correlated to several characteristic peaks of the polysaccharide dextran. It is also 

surmised that contributions of DEAE may be present from increased amounts of amine stretching (1020-

1250 cm-1). Few alterations were observed in the Cytodex-1 IR spectrum between bare and coated samples 

in either PBS or media. Most notably, in PBS the KOSP coating could be identified broadly through an 

increase in the amide I and II bands, indicating the presence of protein (Figure 3.9). 

Both AD-MSC and BM-MSC were seeded upon microparticles to assess biocompatibility and the effect 

of KOSP coating on attachment and proliferation. With protocol refinement, cells were consistently able 

to attach and shown to be viable beyond 7 days in culture. Viability staining using fluorescent cell-

permeant dyes indicated that Q- and DEAE-Sepharose resulted in 30% lower viability as compared to 

Cytodex-1 microparticles (Figure 3.11). This finding, coupled with the decrease in cell size on the former 

particles, led to their exclusion from further consideration as a culture platform. This observation is 

hypothesized to be due to the differences in charge density between the microparticles (Table 3.1). 
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Excessive charge density has been a well-documented factor capable of inducing cell death. [16-18] 

Through the alamarBlue assay, it was determined that approximately at 24h, cell-loaded microcarriers 

exhibited about 50% of cells on TCPS (Figure 3.12). This result is dependent upon the accurate seeding 

of TCPS controls and homogenous distribution of cells upon microcarriers. Based upon the cell seeding 

density and concentration of microparticles in the culture flask, an estimate of the number of cells per 

volume of microcarrier suspension was utilized to determine aliquot size. In other words, 16,500 cells 

were seeded on Day 0 on TCPS to later be compared to aliquots containing 0.75 mg of microcarriers, 

anticipated to have been evenly seeded after 24h. KOSP coating was not found to consistently affect MSC 

proliferation over 9 days in culture. However, alamarBlue reduction values were near 60% for each cell 

type after 9 days of culture, as compared to Day 0 values. It should be noted that each timepoint assessed 

corresponded to the 50% media changes. The half replenishment of media was performed both in order to 

minimize disturbance of microcarriers after settling and maintain a concentration of paracrine factors 

within the media. [10]  

Viability staining demonstrated that KOSP coating was not detrimental to MSC viability. Over the course 

of 9 days in culture, it was observed that cell number per particle remained fairly constant whereas cell 

size decreased, especially in AD-MSC cultures. This observation expands upon the previous alamarBlue 

reduction data, suggesting that the reduction by Day 9 was not due to cell death, but rather cell cycle arrest 

or changes to metabolism. Lastly, MSC were able to form attachments to microcarriers, likely through 

focal adhesions. Protein coating did not affect staining results, as evidenced by the development of a 

prominent F-actin cytoskeleton. 
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3.5 Conclusions 

Positive charge carrying microparticles were able to bind KOSP and retain approximately 60% of the 

supplied concentration prior to introduction to cell experiments. The KOSP coating is thought to be a few 

nanometers in thickness. Indications of protein coating were observed through XPS and FTIR analysis. 

Cytodex-1 demonstrated the best cell viability and protein retention using a 10 mg/mL KOSP coating 

solution. KOSP coating was not shown to significantly affect MSC proliferation nor impair cell viability 

across culture in static conditions.  
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Chapter 4: Investigation of Osteogenesis in a Packed Bed Perfusion Bioreactor 

4. Abstract 

Numerous bioreactor systems have been explored to improve MSC expansion and differentiation. The 

positive effects of fluid flow in these systems is attributed to increased oxygen and nutrient transfer, as 

well as mechanical loading applied to cells. Here, we examine the effect of perfusion bioreactor culture 

on the previously described MSC loaded microcarriers. Integration of the peptide coated microcarriers 

into perfusion culture was achieved through adoption of packed bed bioreactor (PBR) system. The study 

aimed to generate bone-like tissue constructs in vitro through an osteoinduction protocol. In the two 

preliminary experiments presented in this study, MSC seeded KOSP-coated microcarriers from static 

cultures were transferred to a perfusion bioreactor for osteoinduction. In Experiment 1, Healthy and Osteo 

AD-MSC were cultured in parallel, separate bioreactors. In Experiment 2, Healthy BM-MSC were 

assessed in conjunction with several protocol modifications. MSC exhibited high cell viability under 

perfusion culture at extended timepoints. IR analysis of the resultant decellularized packed beds suggests 

that Healthy AD-MSC were the only cell group tested that was capable of forming mineralized ECM. 

Taken together, results demonstrate the feasibility of MSC growth and differentiation on microcarrier 

based packed beds, but suggest that AD-MSC from OP rats were unresponsive to both inductive media 

and shear stress related osteogenic cues. 

4.1 Introduction 

Boneôs response to mechanical loading features an adaptive remodeling process, affecting the balance of 

bone formation and resorption in response to applied load. Mechanical stimulation is known to be a 

stimulator of both osteogenesis and angiogenesis. [1] Several studies have demonstrated that altered MSC 

responses to culture within 3D dynamic systems include: rapid cell expansion, better retention of cell 

phenotype, and increased differentiation potential. [1-4] This beneficial response is primarily due to the 

biophysical effect of fluid flow, in addition to increased oxygen and nutrient transfer. [5] Bioreactor 

systems offer a means to produce homogeneously developed tissue constructs that surpass classical 

diffusion limits. [5, 6] 

Packed bed bioreactors (PBR) are a system that has been used extensively for the perfusion culture of 

adherent cells. A large number of packed bed bioreactors and associated operating considerations was 

reviewed by Meuwly et al. [7] These include several different means of cell immobilization such as: glass 

and ceramic beads and polymer-based fiber disks or screens. Several microcarrier systems previously 
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mentioned for MSC expansion have been successfully integrated with PBR. [7] The transition from 

suspension to PBR culture has allowed for higher density cultures, useful in small batch expansion 

processes such as in the case of autologous or allogeneic cell expansion for therapeutic investigation. [8] 

One study by Weber et al. using borosilicate glass spheres in a PBR investigated the expansion and 

collection of a human MSC-telomerase (TERT) cell line. [9] The 300 cm3 volume PBR was reported to 

be capable of generating cultures up to a density of 2.93 x 106 cells/ cm3 with high viability and subsequent 

yield. Although PBR presents several improvements to conventional cell culture, scale-up remains 

challenging due to the formation of axial gradients of nutrients and oxygen. [7] A companion article to 

the Weber et al. publication mathematically described limitations to scale-up. [10] Through computational 

analysis, the authors concluded that the maximal functional volume of a PBR decreases drastically with 

increasing cell density and PBR thickness ratio.  

To assess the effects of shear stress on MSC osteogenesis, a perfusion bioreactor was selected for use with 

KOSP coated microcarrier culture. This bioreactor system was generously provided by the NIH funded, 

P41 Tissue Engineering Resource Center (TERC) at Columbia University, and has been used to publish 

several studies investigating the generation of bone tissue constructs from the culture of human MSC on 

decellularized bone scaffolds under perfusion. [5, 6, 11] It was determined that this system could be 

modified to incorporate packed bed culture within wells, with similar study goals aimed to generate bone-

like tissue constructs. 

4.2 Materials and Methods 

4.2.1 Perfusion Bioreactor System 

The perfusion bioreactor used in this study was loaned from the NIH funded, P41 Tissue Engineering 

Resource Center (TERC) at Columbia University. The bioreactor has been well documented by Grayson 

et al. in studies using decellularized bone scaffolds (approximately 4-10 mm in diameter and 4 mm in 

height.) [5, 6] The bioreactor system is approximately the size of a 10 cm glass Petri dish. It is machined 

from polycarbonate plastic with medical-grade (platinum cured) silicone gaskets separating the individual 

parts. [6]   
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Figure 4.1 Schematic of TERC Bioreactor system and computational flow simulation through channels, 

as presented by Grayson et al. [6] 

4.2.2 Mathematical Model of Pressure Drop and Hydrodynamic Shear Stress  

In order to determine desired operating parameters of the perfusion bioreactor system, each well was 

modeled as a packed bed through the following equations in MATLAB. The system was modeled 

following Poiseuilleôs law for laminar fluids within pipes and treating the bed as a collection of curving 

passages. It was assumed that the fluid was Newtonian, incompressible, and flowed at steady state. The 

pressure drop across the length of the packed bed was estimated using the Ergun equation: 

ɝὖ

ὒ

ρυπρ ‭ ‘ό

‭Ὠ”

ρȢχυρ ‭ό

‭Ὠ
 (5) 

Where ɝὖ is the pressure drop across the bed, ὒ is the height of the packed bed, ‭ is the fractional void 

volume, ό is the superficial velocity, Ὠ is the particle diameter, ‘ is the fluid viscosity, and ” is the 

fluid density. A void volume value of 0.4 was chosen based upon estimates for spherical packing. By 

setting Equation 5 equal to the gravitational force of the particle bed, the minimum fluidization velocity 

was calculated as follows:  
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Where ό is the fluidization velocity, ” the particle density, and g, the acceleration due to gravity. The 

settling velocity of spherical particles was calculated based upon Stokes law. 

ό
” ”ὫὈ

ρψ‘
 (7) 

An estimation of the wall shear stress due to fluid flow was calculated assuming Poiseuille flow within a 

conduit: 

†
ψ‘ό

Ὀ
 (8) 

Where, Ὀ is the conduit channel diameter. The pore diameter of the packed bed was estimated considering 

the bed voidage and particle diameter, described by: 

Ὀ . (9) 

4.2.3 Bioreactor Assembly and Cell Culture 

Bioreactors were assembled according to published protocols. [12] Briefly, bioreactors were assembled 

using a top-down procedure and the screws tightened only enough to prevent leakage. Bioreactors, tubing, 

and tools were autoclave sterilized by exposure to 121ÁC for 20 mins on a ñliquid cycle.ò The ñliquid 

cycleò was recommended due to the slower rates of heating and cooling, mitigating any material warping 

due to expansion and contraction. Within a biosafety cabinet, the bioreactor, tubing, three-way stop-cock 

and 10 mL syringe were all connected. The bioreactor screws were tightened using an Allen wrench. To 

ensure a sealed assembly and remove air bubbles from channels and tubing, 20mL of ethanol was added 

to the bioreactor reservoir and passed through the system using the syringe. This step was conducted to 

aid in channel wetting, reducing the likelihood of air pocket formation. Thereafter, the majority of the 

ethanol was removed and the system flushed with sterile PBS in a similar manner. To effectively confine 

the packed bed to the bioreactor wells, a 120 stainless steel mesh (Alfa Aesar) was press-fit into wells to 

produced ñbasketò shaped meshes. These meshes were autoclaved and fit snugly within sterile bioreactor 

wells.  
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Following the KOSP coating procedure previously described, MSC were passaged and mixed with bare 

or coated microcarriers at a density of 22,000 cells/ mg particle in a conical tube. This value was equivalent 

to conventional 2D culture seeding density (5,000 cells /cm2.) Thereafter, cells and particles were 

transferred to ultra-low attachment T25 flasks, at a density of 3 mg Cytodex-1 / mL of culture media. 

Cultures were placed on a Belly Dancer shaker for 5 mins, followed by 25 mins in the incubator. This 

agitation and settling period was repeated for a total of 2 hours, or 5 cycles. Cultures were maintained as 

stated previously in media composed of ‌-MEM, 1% penicillin streptomycin, and 10% FBS. Every 3 

days, 50% of the media was exchanged.  

At designated timepoints, the 20 mL volume of PBS was carefully removed from sterile bioreactors. MSC-

seeded Cytodex-1 microcarriers were then divided into mesh-lined bioreactor wells according to the 

experimental plan (described below.)  Thereafter, 40 mL of osteoinductive media was added to the 

reservoir. The bioreactor tubing was attached to a MasterFlex L/S peristaltic pump (Cole-Parmer) for the 

culture period. The pump was operated in the reverse direction of intended flow for 10 min, then switched 

to the forward direction for the culture duration. The flow rate was adjusted based upon the experiment. 

Cultures were exposed to osteoinductive media composed of ‌-MEM, 1% penicillin streptomycin, and 

10% FBS supplemented with 10 nM dexamethasone, 50 µg/mL L-ascorbic acid 2-phosphate, and 10 mM 

ɛ-glycerol-2-phosphate. Cultures were maintained for 21 or 28 days, with 20mL media changes every 3-

4 days. Each week media was collected and stored for later analysis at -20°C. 

In experiment #1, two bioreactors were run simultaneously, one using Healthy AD-MSC and the other 

Osteo AD-MS (both at passage 5.) On Day 3 of static AD-MSC microcarrier culture, cell-microcarriers 

were transferred into three bioreactor wells. Each of these cell-seeded bioreactor wells contained 10 mg 

of 10 mg/mL KOSP coated cell-microcarriers, corresponding to a seeding density of 0.22 x 106 AD-MSC 

per packed bed. The other three wells were filled with 10 mg of 10 mg/mL KOSP coated microcarriers. 

In other words, of six total wells in each bioreactor, three wells contained cell-seeded packed beds and 

three contained only microcarrier beds. 

In experiment #2, prior to sterilization, stainless steel meshes underwent silanization in efforts to reduce 

any cell attachment. Mesh ñbasketsò were first cleaned in 100% ethanol. A silane solution consisting of 

5% 3-Aminopropyltriethoxysilane (TCI America) dissolved in 95:5 (v/v) solution of ethanol: H2O was 

prepared and filtered using a 0.2 µm pore size filter. Meshes were submerged in silane solution under 

gentle agitation for 3 hours at room temperature. Afterwards, meshes were rinsed three times in 100% 
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ethanol, once in DI water and dried for 30 mins at 110°C. Silanized meshes were then autoclaved and 

placed into bioreactor wells prior cell seeding. Healthy BM-MSC at passage 5 were used in this 

experiment. On Day 9 of static BM-MSC microcarrier culture, cell-microcarriers were transferred. Each 

bioreactor well contained 5 mg of 10 mg/mL KOSP coated cell-microcarriers, corresponding to a seeding 

density of 0.11 x 106 AD-MSC per packed bed. 

4.2.4 Cell Viability Staining 

The viability of MSC within packed bed culture was assessed through the live-dead staining using calcein 

AM (live) and ethidium homodimer-1 (dead) according to the manufacturerôs protocol 

(Viability/Cytotoxicity Kit, Molecular Probes). For each packed bed, the entire stainless steel mesh was 

removed from bioreactor and placed into a 12-well plate. Thereafter, cells were washed twice with PBS 

and stained in a 4 µM solution of calcein AM/ 4 µM ethidium homodimer-1 in PBS and incubated for 30 

mins at 37°C. Fluorescent images and Z-stacks were captured using a Zeiss LSM 800 confocal microscope 

using an incubation chamber for the duration of the imaging session. Throughout the protocol, solutions 

were carefully pipetted in order to fully submerge the packed bed without disruption of the structure. After 

an initial round of imaging, packed beds were removed from the mesh, and both microcarriers and the 

mesh were imaged separately. 

4.2.5 FTIR Spectroscopy 

ATR-FTIR spectra were collected of decellularized and dried packed beds after 21 or 28 days in 

osteoinductive media. Cultures were decellularized by washing twice with sterile DI water and incubating 

for 5 mins in a solution of 1% Triton X and 45 mM Ammonium Hydroxide. Packed beds were transferred 

into weigh boats and air dried for 48h. Dry samples were scanned using a diamond-attenuated total 

reflectance (ATR) accessory on a Nicolet 6700 Fourier Transform Infrared (FTIR) Spectrometer. FTIR 

spectra were recorded with 256 scans at 4.0 cmī1 resolution. Spectra were normalized to a background 

spectrum taken with 128 scans before each sample. A dry system was used to prevent the interference of 

atmospheric moisture. Spectra peaks were smoothed using a gaussian weighted moving average with a 

window of 10 nm. Peaks were identified in MATLAB using the ófindpeaksô function based upon a 

minimum prominence of 1% maximum spectrum signal. Peak widths were determined through half-

prominence reference. Appropriate bands were fit with gaussian distributions using the peak height, 

location, and width. The average of two spectra for each sample was collected and reported. 
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4.3 Results 

4.3.1 Mathematical Modeling of the Packed Bed 

It is estimated that for the quantities of microcarriers used, the height of the packed bed within the 

bioreactor well reached between 200-400 µm. Assuming a flow rate of 1mL/ min and following the flow 

profile through individual channels of the bioreactor, it was calculated that the superficial velocity through 

the mesh (38.7% open area) into an individual well would reach 69.1 µm/s. Using equation 5, the pressure 

drop across a 0.5mm bed of microcarriers was equal to 0.7871 Pa (Figure 4.2). The superficial velocity 

(approximately 70 µm/s) was found to be higher than the calculated fluidization velocity of 6.8073 µm/s. 

Due to the use of low density Cytodex-1 microparticles, packed beds would likely not remain static upon 

initiation of flow. However, this superficial velocity would not be sufficient to carry particles out of the 

bed structure, due to the particle settling velocity being equal to 531.8 ʈÍ/s. As a result, packed beds were 

anticipated to experience a small degree of agitation upon introduction of flow.  

Wall shear stress was estimated by applying the Hagen-Poiseuille relation for laminar flow through a 

conduit (Figure 4.2). The packed bed was assumed to be described by a series of parallel hollow cylinders, 

with a range of channel diameters. According to equation 9, the packed bed pore size was estimated to be 

75 µm, resulting in a shear stress of 0.0057 Pa. Considering a much smaller pore size of 1 µm, the shear 

stress would reach 0.4312 Pa.  

   

Figure 4.2 Change in Pressure across the length of the packed bed according to the Ergun equation for a 

range of superficial velocity values (left). Estimations of wall shear stress within the packed bed for a 

range of channel diameters between 1-10 µm (right). 
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4.3.2 Perfusion Bioreactor Operation 

Prior to the introduction of cell-microcarriers, the bioreactor system was assembled and peristaltic flow 

tested. Using a solution of food coloring, it was determined that the flow rate between each well of the 

bioreactor was similar. (Figure 4.3). This was repeated utilizing the mesh ñbasketsò and bare Cytodex-1 

microcarriers, eliciting similar flow profiles. When operating the system with high flow rates (> 2 mL/min) 

the microcarrier packed beds began to fluidize. Although this was a visual indication of recirculating flow 

through the system, it was necessary to operate under a lower flow rate to maintain a packed bed structure. 

Over the course of initial cultures, several technical difficulties were encountered. Several experiments 

were prematurely ended due to slow leakage either at the media inlet or beneath the PDMS gasket that 

forms the bioreactor wells. Leakage could, at times, be corrected through tightening of the inlet connection 

and/ or screws to create a stronger seal. When this did not correct the issue, packed bed cultures were 

transferred to another sterile bioreactor for the remainder of the culture period. Air bubbles were another 

obstacle to achieving uniform flow between wells. Trapped air bubbles were observed within channels 

and beneath the mesh layers. In the majority of cases, bubbles could be removed using the connected 

syringe. Air trapped beneath the meshes required careful removal and replacement of the entire packed 

bed from the well. Despite these technical issues, two experiments were successfully completed (discussed 

below).  

   

Figure 4.3 Food coloring dye flow tracing through assembled bioreactor at three timepoints 
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4.3.3 Experiment 1: Healthy and Osteo AD-MSC  

Two bioreactors were prepared for simultaneous culture of Healthy and Osteo AD-MSC on 10 mg/mL 

KOSP coated Cytodex-1 microcarriers (Figure 4.4). As previously described, 22,000 AD-MSC / mg 

microcarrier were cultured in ultra-low attachment flasks. On Day 3, each culture was divided evenly into 

three wells of individual bioreactors. As a result, each packed bed was composed of 10 mg KOSP coated 

microcarriers corresponding to a cell seeding density of 0.22 x 106 AD-MSC per packed bed. These beds 

are composed of an estimated 40,000 microparticles in total. Achieving a uniform flow profile requires 

that all bioreactor wells be filled with structures providing a similar resistance to flow. In order to achieve 

the desired packed bed volume and seeding density, non-cell seeded packed beds were included in an 

alternating pattern. Both the Healthy and Osteo AD-MSC seeded bioreactors were operated at a flow rate 

of 1 mL/min and maintained for 28 days. Over the course of the culture period, air bubbles were a frequent 

hindrance requiring manual intervention every 2-3 days. It is likely that cultures received intermittent and 

unequal perfusion throughout the culture period due to these obstructions. 

Cells in suspension were identified in the collected media changes. This observation indicated that cells 

detached over the course of perfusion. There were too few cells present for effective quantification through 

hemocytometer counting. After 28 days in culture, culture viability was assessed through live/ dead 

staining (Figure 4.5). Initially, samples were kept within the mesh ñbasketsò during imaging to preserve 

the spatial distribution of cells. Surprisingly, a great deal of cell adhesion was discovered along the 

stainless steel threads in both Healthy and Osteo cultures. The microcarrier bed was then transferred from 

the mesh into a well plate to assess cell attachment. Although spatial information was lost, it was observed 

that AD-MSC were Ó 90% viable. The majority of cell bearing microcarriers were densely packed with 

cells. These results indicated that over the course of perfusion culture, AD-MSC migrated or transferred 

microcarriers, likely in response to a nutrient gradient or paracrine signaling.  

ATR-FTIR was used to investigate changes to the microcarrier IR spectra due to bioreactor culture, 

indicative of mineralized matrix deposition (Figure 4.6). Comparison of the non-cell seeded KOSP coated 

Cytodex-1 recovered after 28 day culture demonstrated no significant alterations to the any bands 

associated with cysteic acid or derivatives. Long-term culture did result in an increase in the amide bands, 

likely a result of adsorbed serum from exposure to media. KOSP was concluded to have little contribution, 

if any, to the IR spectrum of Cytodex-1. 
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Figure 4.4 Assembled bioreactor in Experiment 1 prior addition of culture media (top). Red colored 

wells contain AD-MSC seeded KOSP coated microcarriers. Brown colored wells contain KOSP coated 

microcarriers. Image of stainless steel mesh ñbasketsò removed 28 days after culture into a sterile petri 

dish (bottom).  

  
































