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Abstract	  	  
	  

	  

	  

Articular cartilage injury is a major risk factor for the development of 

osteoarthritis, a condition that results in significant patient morbidity and 

substantial cost to the healthcare system. Due to the limited capacity of articular 

cartilage to regenerate, early intervention is required to prevent the progression of 

focal chondral and osteochondral defects to advanced disease and joint 

degeneration. Effective management options are limited at present. Mesenchymal 

stem cell (MSC) transplantation is a promising treatment strategy given the high 

proliferative capacity of MSCs and their potential to differentiate into cartilage-

producing cells. MSCs may be harvested through minimally invasive techniques, 

such as bone marrow aspiration, which do not require joint surgery or extraction 

of cells from healthy cartilage as required by other cell-based strategies. Although 

preclinical and clinical studies have demonstrated that MSCs are capable of 

producing hyaline-like repair tissue and improving functional outcome following 

transplantation into articular cartilage defects, tissue engineering and 

transplantation variables are actively being studied with the goal of optimizing 

this treatment modality. 

 

 The experiments of this thesis focused on the investigation of bone 

marrow-derived MSC (BMSC) isolation and expansion environment, biomaterial 

matrix composition and seeding density, and chondrogenic differentiation 



	   iii 

conditions in BMSC-based cartilage engineering using in vitro and in vivo 

models. The first study involved an assessment of incubator oxygen tension 

during ovine BMSC isolation, expansion and differentiation on in vitro BMSC 

chondrogenesis within porous scaffolds composed of type I collagen or esterified 

hyaluronic acid. Hypoxic culture was shown to augment chondrogenesis. 

Differences in gene expression and construct size were noted between scaffolds, 

although extracellular matrix formation consistent with hyaline-like cartilaginous 

tissue was noted within each scaffold. This was followed by a second study that 

characterized contraction of collagen I scaffolds seeded with human BMSCs that 

were isolated and expanded under different oxygen tensions. During 

chondrogenesis, BMSC-seeded scaffolds increased in size initially and then 

progressively contracted to the end of the 30-day culture period. Scaffold-specific 

and cell-mediated diameter changes were elucidated. Hypoxic isolation and 

expansion significantly reduced scaffold contraction. Thereafter, a third study 

investigated in vitro chondrogenesis of ovine BMSCs within a collagen I scaffold 

following isolation and expansion in either two-dimensional or three-dimensional 

environments. Both protocols yielded cells with hyaline-associated gene 

expression and extracellular matrix molecule production. Optimal scaffold 

seeding densities for chondrogenesis were established. The final study utilized an 

in vivo sheep model with full-thickness articular cartilage defects to assess a novel 

protocol for BMSC transplantation that involved BMSCs that were isolated, 

expanded, seeded within an esterified hyaluronic acid scaffold, and 

chondrogenically primed for a short duration in chondrogenic medium prior to 
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implantation. The impact of oxygen tension during pre-implantation ex vivo 

culture on cartilaginous tissue formation was investigated. Implantation of 

BMSC-seeded scaffolds yielded repair tissues that varied in quality between 

hyaline-like cartilage and fibrocartilage. Defects implanted with cell-seeded 

scaffolds had significantly higher histological scores and repair tissue areas than 

cell-free controls. A consistent effect of oxygen tension was not established across 

animals. 

 

The studies described in this thesis demonstrate methods of optimization 

of BMSC chondrogenesis within in vitro and in vivo models through modulation 

of tissue engineering variables. Although the outcomes of this work are 

promising, further investigation is required to establish techniques that may be 

used in BMSC transplantation protocols to promote the reproducible creation of 

tissue that resembles articular cartilage.  
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Troy	  D.	  Bornes	  

 

 

 

1.1	  	  	  Thesis	  overview	  

Articular cartilage injury is a major risk factor for the development of 

osteoarthritis (OA), a condition that results in significant patient morbidity and 

substantial cost to the healthcare systems of several nations that include Canada, 

the United States of America, the United Kingdom, France, Italy, Spain, and 

Australia [1-19]. It is estimated that 10-25% of the adult population suffers from 

OA, with an increased prevalence noted in older age groups [7-11, 13, 14, 20-22]. 

OA is irreversible and eventually requires joint replacement for alleviation of pain 

and restoration of function as it progresses to end-stage disease [23-26]. Due to 

the limited capacity of articular cartilage to regenerate, early intervention is 

required to prevent the progression of focal cartilage injury to advanced disease 

and joint degeneration [27]. Effective management options are limited at present. 

Consequently, there has been a drive to develop novel tissue engineering 

techniques with the goal of resurfacing defects with bioengineered cartilage that 

recapitulates the properties of hyaline cartilage [28-30]. 
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Transplantation of mesenchymal stem cells (MSCs) is a promising 

strategy given the high proliferative capacity of MSCs and their potential to 

differentiate into cartilage-producing cells [31-33]. MSCs have been historically 

harvested through bone marrow aspiration, which does not require invasive 

surgical intervention or cartilage extraction from other sites as required by other 

cell-based strategies [34]. Biomaterial matrices are commonly used in conjunction 

with MSCs to aid cell delivery and support chondrogenic differentiation, 

extracellular matrix (ECM) formation and three-dimensional (3D) tissue 

development [35]. A number of specific MSC transplantation protocols have 

successfully resurfaced articular cartilage in animals and humans to date [29, 36-

38]. Arthroscopy, histologic staining and imaging have demonstrated that MSCs 

are capable of filling defects with hyaline-like cartilaginous repair tissue in 

clinical trials [38-44]. Positive functional outcomes have been reported at 12-54 

months post-implantation, but future work is required to assess long-term 

outcomes in comparison to other treatment modalities [38, 39, 41, 45, 46]. 

Despite relatively positive outcomes, further investigation is required to establish 

a consensus on technique for treatment of chondral and osteochondral defects 

with respect to cell source, cell isolation and expansion environment, biomaterial 

matrix composition, matrix seeding, in vitro precultivation, and implantation. This 

will allow for optimization of MSC proliferation, chondrogenic differentiation, 

3D tissue formation, bioengineered cartilage integration, and clinical outcome. 
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The objective of this thesis is to provide insight into variables that impact 

MSC transplantation with the goal of optimizing outcomes. The thesis will begin 

with an introduction to articular cartilage anatomy, physiology and injury, and 

current surgical treatment modalities for focal articular cartilage defects. This will 

be followed by a comprehensive review of the current preclinical and clinical 

literature pertaining to MSC-based cartilage engineering and transplantation. A 

series of experiments designed to investigate specific tissue engineering and 

transplantation variables using in vitro and in vivo models will be reported in 

subsequent chapters. 

 

1.2	  	  	  Anatomy	  and	  physiology	  of	  articular	  cartilage	  

Articular cartilage is a type of hyaline cartilage that forms the bearing surface of 

synovial joints and plays a crucial role in joint motion and load transfer [47-49]. 

The minimal friction created between smooth articular cartilage surfaces in 

conjunction with lubricating synovial fluid allows for movement between long 

bones that is unobstructed, pain-free and efficient [47]. On a macroscopic level, 

hyaline articular cartilage is a glossy, semi-transparent connective tissue that lacks 

blood vessels, lymphatic structures and nerves [50, 51]. Articular cartilage varies 

in thickness depending on its location. Within the weight-bearing articular 

surfaces of the human lower extremity, cartilage thickness has been measured at 

1.7-2.7 mm on the femoral condyles, 1.5-3.5 mm on the tibial plateau, 1.1-1.6 mm 

on the tibial plafond, 0.9-1.6 mm on the talus, 1.4-2.4 on the femoral head, and 

1.2-2.3 mm on the acetabulum of the pelvis [52]. 
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Microscopically, hyaline articular cartilage is composed of cells and ECM 

that are organized into a complex 3D structure [50]. The chondrocyte – the 

specialized cell of articular cartilage – produces, organizes and maintains the 

abundant ECM, and these processes are modulated by extracellular cues such as 

mechanical loading and chemical mediators [53-55]. Chondrocytes have a mean 

diameter of 13 µm, but vary in size and shape depending on location [56, 57]. 

With a mean cell volume of 1748 µm3, each chondrocyte controls 104,040 µm3 of 

surrounding ECM territory [57]. Accordingly, there are roughly 10,000 

chondrocytes per mm3 of tissue with only 1-2% of the total volume of articular 

cartilage attributed to cellular volume [57, 58]. Although chondrocytes were once 

thought to be the only cell type in healthy articular cartilage, it is now apparent 

that multipotent progenitor cells with characteristics of MSCs exist within non-

arthritic cartilage in humans and other mammals [59-62]. These cells demonstrate 

homing to cartilage defects following injury [63]. In the setting of OA, progenitor 

cells also presumably migrate into articular cartilage from subchondral bone 

through breaks in the tidemark and through sprouting blood vessels [64, 65].  

 

The ECM of articular cartilage is made up of collagen, proteoglycans, 

hyaluronic acid, and various other proteins. A large amount of water accompanies 

these ECM components [66]. Type II collagen forms a network of macrofibrils 

within articular cartilage that provides strength and tensile stiffness, while types 

IX and XI regulate this network [56]. Types III and VI play roles within the 
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pericellular ECM [67, 68]. Type X is present around hypertrophic chondrocytes 

that reside in the growth plate prior to skeletal maturity and in arthritic cartilage 

[69, 70].  

 

Proteoglycans, formed from glycosaminoglycans (GAGs) and proteins, 

interact with the collagen network and other macromolecules [71]. Aggrecan 

makes up 90% of the total proteoglycan mass in articular cartilage [56]. Within 

large aggregates, aggrecan associates with hyaluronic acid, a non-sulfated GAG 

that serves as a backbone molecule [72]. The fixed negative charge of aggrecan is 

key to the development of osmotic swelling and the resulting compressive 

strength conferred by articular cartilage [73]. Small leucine-rich repeat 

proteoglycans (SLRPs) such as decorin, fibromodulin and lumican regulate and 

protect the collagen network and interact with growth factors, fibrinogen and 

elastin [71]. 

 

Four anatomic layers or zones with characteristic cellular and extracellular 

patterns have been defined within articular cartilage [49, 53, 57, 74]. The 

superficial zone contains a relatively high number of flattened chondrocytes that 

are oriented parallel to the articular surface, and a low proteoglycan content. 

Collagen fibrils run parallel to the surface.  The middle or transitional zone has 

more proteoglycans and less chondrocytes that are round in shape. Collagen 

fibrils occur in radial bundles or layers and are less organized in this zone. The 

deep or radial zone is composed of an abundance of proteoglycans and an even 
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lower density of round chondrocytes that are positioned perpendicularly to the 

articular surface. Radially configured large collagen fibrils are present, and these 

course through the tidemark into the underlying calcified zone to provide an 

anchoring effect. The calcified zone is a thin layer that contains hypertrophic 

chondrocytes and connects the three more superficial zones to subchondral bone. 

The mean combined thickness of the superficial, middle and deep zones has been 

measured at 2.4 mm in human femoral condyles, while the calcified cartilage 

layer and subchondral bone plate were 0.134 mm and 0.190 mm, respectively 

[57]. 

 

1.3	  	  	  Articular	  cartilage	  injury	  and	  post-‐traumatic	  osteoarthritis	  

1.3.1	  	  	  Pathogenesis	  of	  focal	  articular	  cartilage	  injury	  

Joint trauma resulting in an articular cartilage defect leads to a series of 

immediate, acute post-traumatic and chronic events at the cellular and tissue 

levels [75]. Much of our current knowledge pertaining to this process has been 

derived from ex vivo explant models and in vivo animal studies that have utilized 

simulated defects of articular cartilage. At the time of mechanical injury to 

articular cartilage, the collagen network of cartilage ruptures and this leads to 

exposure, swelling and loss of proteoglycans [76-78]. Chondrocyte death in the 

area of injury occurs through necrosis [79-83]. Hemarthrosis develops as blood 

enters the joint through ruptured vessels in the joint capsule, cruciate ligaments, 

synovium, or subchondral bone [84-86]. Leukocytes infiltrate and become 
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activated to produce reactive oxygen species and enzymes such as elastase that 

are capable of proteoglycan degradation [87]. 

 

 The events of the acute post-traumatic period that occur in days-to-weeks 

following injury are variable and depend on whether a focal injury involves 

articular cartilage alone (chondral defect) or both articular cartilage and 

underlying subchondral bone (osteochondral defect) [88]. The reason for this is 

that articular cartilage is avascular, while subchondral bone has a rich blood 

supply [50]. In the context of a focal chondral defect, an inflammatory response 

occurs via vascularized tissues in the joint, such as the synovium, that have 

undergone traumatic insult although the response at the defect site is limited given 

that subchondral bone is intact [89, 90]. Chondrocytes in the area surrounding the 

defect proliferate and increase synthesis of ECM molecules [27, 80, 91]. 

Chondrogenic progenitor cells from adjacent cartilage migrate into the defect site 

and participate in tissue repair [63]. However, this reparative response is 

temporary and often insufficient to resurface the defect [1, 27]. Moreover, 

ongoing cell death occurs through apoptosis in the region surrounding the defect, 

which can increase the size of the defect with time [82, 92]. 

 

 A focal osteochondral defect involves compromise of the subchondral 

bone plate that leads to an inflammatory response and allows for blood and 

marrow containing cells and chemical mediators to enter the defect site [86, 93]. 

Fibrin forms and platelets bind leading to the creation of a fibrin clot [86, 94]. 
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Cells from the bone marrow that presumably include a population of MSCs enter 

the defect site, proliferate, differentiate and form repair tissue [27, 86, 94, 95]. 

After 6 weeks, cartilaginous repair tissue has features of mixed hyaline cartilage 

and fibrocartilage [86, 93, 94, 96-99]. Thereafter, remodeling occurs and repair 

tissue predominantly consists of fibrocartilage [94, 96, 97]. 

  

 In the chronic period following articular cartilage injury, inflammation and 

tissue remodeling occur in a variable fashion [75]. Focal chondral defects that 

lacked repair tissue in the acute post-traumatic period remain empty given that the 

subchondral bone is intact [27]. Some degenerate leading to post-traumatic OA 

[3, 100]. Focal osteochondral lesions that were filled with fibrocartilaginous 

repair tissue either undergo further remodeling to restore the normal articular 

surface or deteriorate to OA [86, 101-103]. Studies that have assessed the natural 

history of articular cartilage injury in humans have demonstrated the spectrum of 

outcomes that exists with chondral and osteochondral defects. 

 

1.3.2	  	  	  Natural	  history	  of	  focal	  articular	  cartilage	  injury	  

Focal articular cartilage injury is a common issue following joint injury. With 

respect to the knee joint, the prevalence of articular cartilage injury has been 

reported to be 60-63% in two large studies involving over 25,000 patients 

assessed with arthroscopy [104, 105]. Widuchowski et al. reported focal chondral 

and osteochondral lesions in 67%, OA in 29%, osteochondritis dissecans in 2% 

and other defects in 1% of patients [104]. Of the patients with focal defects, 90% 
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had a history of knee trauma. Defect size was 0.5 cm2 in 39%, 0.5-1 cm2 in 25%, 

1-2 cm2 in 29%, and >2 cm2 in 7% of patients. Based on the Outerbridge 

classification [106], 36% of patients had lesions of grade III or IV that could be 

considered operative. Other injuries were found in 70% of patients with the most 

common being medial meniscus tear (37%), anterior cruciate ligament (ACL) tear 

(36%) and lateral meniscus tear (17%). 

 

The evolution of focal articular cartilage defects to osteoarthritis has been 

demonstrated in a large-animal study by Schinhan et al. [100]. Simulated full-

thickness cartilage lesions with diameters of 7 mm and 14 mm were created on 

the medial femoral condyles of sheep. The sheep were mobilized and sacrificed 

after either 6 or 12 weeks. After 6 weeks, only minor degenerative changes were 

noted. After 12 weeks, unicompartmental OA was noted on femoral condyles in 

joints that were subjected to 7 mm-diameter defects. Joints that were injured with 

14 mm-diameter defects had femoral condyle OA along with significant 

degenerative changes noted on the tibia and meniscus. 

 

Multiple long-term clinical studies have demonstrated an association 

between traumatic articular cartilage defects and post-traumatic OA [3-5]. 

Maletius et al. retrospectively assessed patients with untreated traumatic articular 

cartilage defects of the knee localized to the weight-bearing zone of the femoral 

condyle based on arthroscopy [3]. At follow-up time of 12-15 years, 71% of 

patients with isolated chondral defects measuring at least one-third of the condyle 
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width had signs of OA on imaging. In contrast, OA was noted in non-operative 

knees in 43% of patients. Stufkens et al. studied a population of patients with 

ankle fractures requiring operative fixation [4]. Significantly worse radiographic 

and functional outcomes were noted at a mean follow-up time of 13 years when 

articular cartilage injury was noted at the time of fixation. Articular cartilage 

lesions on the anterior talus, lateral talus, and medial malleolus were associated 

with clinical signs of osteoarthritis. Messner et al. arthroscopically assessed 19 

patients with post-traumatic chondral lesions, 6 patients with osteochondritis 

dissecans, and 3 patients with non-traumatic chondral lesions of the distal femur 

and tibial plateau [5]. At a mean follow-up duration of 14 years, 21% of patients 

had symptoms during activities of daily living. On radiographic assessment, 57% 

had signs of degenerative changes while 43% specifically had joint space 

narrowing. Gelber et al. followed 1321 medical students over a median of 36 

years [107]. Knee injuries related to fracture, ligamentous injury, cartilage injury, 

gunshot wound, dislocation, and hemarthrosis were noted in 125 participants. The 

cumulative incidence of knee OA was significantly higher in subjects who had a 

history of knee injury (17%) versus those who did not (4%). 

 

A number of long-term osteochondritis dissecans studies also demonstrate 

that without intervention, articular cartilage lesions degenerate to OA [108-110]. 

Twyman et al. followed 21 knees treated with excision or pinning for 

osteochondritis dissecans for a mean of 34 years and noted that 43% had poor 

functional scores [109]. On radiography, 72% of patients with defects localized to 
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the lateral femoral condyle or patellofemoral joint had signs of OA. However, no 

joint space narrowing was noted in participants with medial femoral condyle 

lesions. Anderson et al. treated 20 osteochondral defects of the femoral condyle 

with fragment excision and reported OA in 70% of radiographs at a mean follow-

up of 9 years. Only 25% of patients could participate in strenuous activities. De 

Smet et al. assessed 14 knees treated non-operatively at a mean time of 4 years 

from diagnosis. All patients with either an articular cartilage surface defect or 

osteochondral fracture had poor clinical outcomes. 

 

Other studies have assessed the short-term progression of focal articular 

cartilage defects using magnetic resonance imaging (MRI) [111, 112]. Wang et al. 

performed a longitudinal cohort study of patients who had chondral defects of the 

knee but lacked significant knee pain and previous significant injury [111]. Based 

on MRI performed at baseline and after 2 years, 49% of defects worsened, 42% 

did not change and 9% improved. Biswal et al. retrospectively assessed patients 

who had received serial MRIs for assessment of insults of the knee, most of which 

were related to trauma [112]. After a mean duration of 1.8 years, progression was 

seen in 19%, 28% and 17% of medial tibiofemoral lesions located in the anterior, 

central and posterior aspects of the joint. On the lateral side of the joint, 

progression was noted in 6%, 15% and 15% of lesions in the anterior, central and 

posterior aspects of the joint. Meniscal tears increased the likelihood of defect 

progression as 72% of articular cartilage lesions worsened when there was a 

concomitant meniscus injury, while 15% worsened in the absence of a meniscus 
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injury. With respect to the anterior cruciate ligament (ACL), progression was seen 

in 49% of patients with pathology and 33% of patients with an intact ACL.  

 

 The prevalence of post-traumatic OA was investigated by Brown et al. in 

a study of 662 patients with OA of the lower extremity who were candidates for 

total joint arthroplasty [2]. A significant portion of the all cases of OA was 

considered to be post-traumatic, as 9.8%, 79.5% and 1.6% of patients with knee, 

ankle and hip OA, respectively, had previously sustained a well-defined injury to 

the joint of interest. The overall percentage of OA in all three joints attributed to 

post-traumatic causes was estimated at 12%.  

 

1.3.3	  	  	  Evolution	  of	  focal	  articular	  cartilage	  injury	  to	  post-‐traumatic	  

osteoarthritis	  

The evolution of focal articular cartilage defects to post-traumatic OA is believed 

to involve ongoing inflammation and tissue remodeling which are modulated by 

mechanical stress [75, 113]. The specific cellular basis and order of events have 

not been well defined and are currently under investigation [113]. Several pro-

inflammatory cytokines are elevated in synovial fluid after joint injury [90]. 

Tumor necrosis factor-alpha (TNF-α), interleukin (IL)-1, IL-6, IL-8, and IL-17 

have been implicated in down-regulating ECM molecule synthesis and promoting 

the production of enzymes that degrade articular cartilage [113, 114]. Mechanical 

injury to articular cartilage leads to release of matrix metalloproteinase (MMP)-1, 

MMP-3, MMP-9, MMP-13 and a disintegrin and metalloproteinase with 
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thrombospondin motifs (ADAMTS)-5 by chondrocytes in the region of injury 

[115]. Levels of degradative enzymes are elevated for years following joint injury 

and may lead to a catabolic imbalance that promotes progression to OA [116, 

117]. 

 

A spectrum of outcomes exists following articular cartilage injury as some 

lesions degenerate slowly, while others progress rapidly to OA [111]. Several 

authors have reviewed our current knowledge of the factors that influence the 

development of post-traumatic OA and it is apparent that rigorous investigation 

and definitive conclusions are lacking [1, 75, 113, 118]. Clinical studies 

investigating post-traumatic OA have demonstrated that age is associated with 

degeneration of articular cartilage defects and the risk of OA progression 

following joint injuries [111, 119-121]. One reason for this could be a decreased 

reparative capacity with age that has been noted in an animal model [95]. 

Increased defect size appears to predispose a defect to degenerate based on animal 

studies [99, 100]. Preclinical and clinical studies have demonstrated that joint 

instability related to ligamentous rupture or meniscus injury leads to OA [122, 

123], and increases the likelihood of progression to post-traumatic OA in joints 

with articular cartilage defects [3, 103, 112, 119]. Articular surface incongruity 

following injury has been established as a risk factor for degeneration during the 

investigation of tibial plateau fractures [119, 124]. Defect location, which could 

relate to congruity or load transmission, also appears to play a role in progression 

[112]. For example, in patients with medial femoral condyle cartilage injuries, 
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lesions located in the central region of the condyle were shown to be more likely 

to degenerate than lesions located anterior or posterior to this area [112]. Lastly, 

articular cartilage defects appear to be more likely to progress in males than 

females [111]. 

 

1.4	  	  	  Current	  surgical	  treatment	  strategies	  for	  focal	  articular	  cartilage	  injury	  

The objectives of surgical management of focal articular cartilage defects are to: 

(1) alleviate pain and improve joint function in order to allow patients to perform 

activities of daily living and potentially return to higher levels of activity, and (2) 

restore joint congruity and avoid further injury with the goal of preventing 

progression to symptomatic joint degeneration and OA [125]. Current surgical 

treatment modalities include primary fixation, marrow stimulation, osteochondral 

tissue transplantation using autograft or allograft, cell-free biomaterial matrix 

implantation, and autologous chondrocyte transplantation. These treatment 

modalities have been investigated particularly in the context of focal chondral and 

osteochondral defects of the knee and ankle to date. 

 

1.4.1	  	  	  Primary	  fixation	  

Primary repair involves rigid fixation of large, loose osteochondral fragments 

with headless screws, pins or pegs [125-128]. This technique has been shown to 

yield positive outcomes in patients with acute injuries of the knee and ankle [129-

134]. Successful fixation of chronic fragments has also been reported in the 

context of femoral condyle osteochondral fracture in young patients [135, 136]. 



	   15 

 

1.4.2	  	  	  Marrow	  stimulation	  

Marrow stimulation techniques involve penetration of the subchondral bone plate 

at the base of articular cartilage defects to allow bone marrow contents – 

including endogenous MSCs – from the subchondral bone to enter the defect [86]. 

Several techniques have been employed including Pridie drilling, abrasion 

arthroplasty and microfracture [137]. Microfracture is commonly used today and 

involves debridement of damaged cartilage out of the defect site followed by the 

creation of 1.5-2.0 mm-diameter holes in the subchondral bone with an awl and 

spacing the holes at a distance of 3 mm to create a density of 3-4 holes/cm2 [138]. 

The major downside of this technique is that repair tissue formed predominantly 

consists of fibrocartilage, which has inferior mechanical properties to hyaline 

cartilage [98, 138-141]. Therefore, the procedure is typically used for treatment of 

small defects [125]. 

 

Variable outcomes following marrow stimulation techniques have been 

reported, and this may relate to patient age and pre-injury activity level, and 

defect size, location and depth [142-146]. Gudas et al. assessed microfracture for 

the treatment of chondral and osteochondral lesions of the knee with a mean area 

of 2.8 cm2 in athletes [142]. Participants were assessed at 3 and 10 years post-

procedure and function based on the International Cartilage Repair Society 

(ICRS) and Tegner scores was noted to decrease with time, although the 10-year 

outcome was relatively improved in comparison to pre-operative levels [142]. 
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Outcomes were better for patients with age less than 25 years, chondral defects 

rather than osteochondral defects, and lesions less than 2 cm2 in size.  

Radiographic OA was noted in 48% of patients at the 10-year follow-up, and a 

subsequent surgical procedure was required in 38% of patients. Kon et al. also 

showed reductions in International Knee Documentation Committee (IKDC) and 

Tegner scores at 7.5 years compared with 2 years after microfracture of chondral 

defects with a mean area of 2.5 cm2 in athletes [145].  

 

In contrast to these studies, Steadman et al. assessed a larger general 

population of patients with full-thickness chondral lesions of the knee (mean size 

of 2.8 cm2) treated with microfracture [144]. The majority of subjects had stable 

function and pain based on several scales over time until final follow-up at a mean 

of 11 years. Only 2 of 72 patients required another procedure due to failure in this 

study. Sansone et al. evaluated outcomes over 20 years in patients treated with 

abrasion arthroplasty for full-thickness cartilage lesions of the femoral condyle 

[147]. At 20 years, a positive functional outcome – based on the presence of a 

high Knee Society Score (KSS) or absence of reoperation – was noted in 68% of 

patients. Survivorship at 20 years was 71% for all patients, 90% for patients under 

the age of 50 years and 56% for older patients. Outcomes were significantly better 

in patients with smaller defects (<4 cm2) than larger defects. 

 

The studies available in the ankle literature have relatively shorter follow-

up periods than the knee literature. Becher et al. concluded that function based on 
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the Hannover Scoring System and pain based on the visual analog scale (VAS) 

improved after microfracture of chondral and osteochondral lesions of the talus 

smaller than 2 cm2 and remained stable until final follow-up at 6 years [146]. 

MRI, defect filling and integration occurred in the majority of patients, but the 

quality of tissue was variable. Choi et al. showed similar positive outcomes based 

on the American Orthopaedic Foot and Ankle Society (AOFAS) Ankle-Hindfoot 

Scale and VAS at 4 years from microfracture and abrasion arthroplasty for 

treatment of defects with a mean area of 1 cm2 [148]. 

 

Based on the evidence to date, marrow stimulation produces reasonable 

results in the short- to mid-term with respect to clinical outcome [144-146, 148-

151]. However, after 5-10 years, functional scores decline and there is an 

increased likelihood of failure and signs of degenerative arthritis [142, 145, 151-

153]. At present, this procedure is indicated as a first-line treatment for small 

cartilage defects with areas of <2-3 cm2 in the knee and <1.5 cm2 in the ankle 

[125, 134, 154]. 

 

1.4.3	  	  	  Osteochondral	  autograft	  transplantation	  	  

Osteochondral autograft transplantation (OATS), also described as osteochondral 

autologous transplantation, is performed through transplanting osteochondral 

grafts from healthy, non-weight-bearing surfaces into chondral or osteochondral 

defects [155]. This procedure is routinely performed as a mosaicplasty in which 

multiple osteochondral cylindrical plugs with diameters of 2.5-10 mm are 



	   18 

implanted in a mosaic pattern [125, 156]. The plugs are derived from the 

intercondylar notch or margins of the medial and lateral condyles of the femur 

[157]. Prior to implantation, the defect site is drilled to create a recipient socket 

with vertical walls to facilitate congruency between the plugs and defect [125]. 

The downsides of this technique are donor site injury and donor-recipient 

mismatch [158, 159]. Although the majority of a defect is filled with grafts 

containing hyaline cartilage, the empty spaces left between the cylindrical plugs 

fill with fibrocartilage [150, 154]. 

 

Outcomes following OATS in the knee are positive within a few years of 

surgery but are variable and generally deteriorate with time [159-165]. Marcacci 

et al. showed improved IKDC and Tegner scores post-operatively following 

osteochondral mosaicplasty, although there was a decreasing trend between 2 and 

7 years [159]. Visualization of the defect site using MRI assessment showed 

complete defect filling in 63%, complete cartilage integration in 75% and 

complete bone integration in 96% [159]. Solheim et al. described deterioration in 

Lysholm and VAS pain scores between 12 months and 5-9 post-operative years 

[161]. In a subsequent study, this group reported treatment failure in 45% of 

patients, and a poor Lysholm clinical score in 40% of patients after 10-14 years 

[160]. Similar to these findings, Gudas et al. found better Tegner scores at 3 years 

than 10 years [142]. At the 10-year follow-up, 25% of patients had signs of OA 

on radiography. However, in comparison to microfracture, OATS performed 

significantly better at all time points.  



	   19 

 

Hangody et al. assessed OATS in professional athletes with a mean defect 

area of 2.5 cm2 after 9.6 years and reported good-to-excellent outcomes based on 

several scores in 91% of patients with femoral condyle defects, 86% of patients 

with proximal tibia defects and 74% of patients with patellofemoral defects [165]. 

However, Ollat et al. found that only 30% of patients returned to competitive 

sports following surgery with a mean follow up time of 8 years [162]. 

 

Across studies, improved outcomes with OATS have been associated with 

several patient and treatment characteristics including younger age, male gender, 

smaller defect size (area of <2-3 cm2), pure chondral defect type, medial femoral 

defect location, and fewer number of osteochondral grafts used [159, 160, 162, 

163, 165]. 

 

OATS has also been described for treatment of focal cartilage defects of 

the ankle. Hangody et al. reported good-to-excellent clinical outcomes based on 

the Hannover ankle score at 10 years in 92% of patients treated with OATS for 

cartilage lesions of the talus with an area of 1.2-2.1 cm2 [165, 166]. Valderrabano 

et al. found a satisfaction rate of good-to-excellent in 92% and significantly 

improved AOFAS and VAS pain scores after 6 years in patients with 

osteochondral lesions of the talus with a mean area of 1.4 cm2 [166]. However, 

sports activity scores and ankle dorsiflexion remained decreased. MRI and single 

photon emission computed tomography-computed tomography (SPECT-CT) 
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showed cartilage degenerative changes and discontinuity in the subchondral bone 

plate in 100% of images. At the donor site in the knee, 50% of patients had 

continuous pain at follow up. Gobbi et al. compared OATS to chondroplasty and 

microfracture for treatment of osteochondral lesions of the talus measuring 3.7-

4.5 cm2 in area and did not find a significant difference in AOFAS scores between 

these modalities of treatment at 24 months from the time of surgery [150]. Pain 

intensity was higher in OATS than the other groups. MRI demonstrated full bony 

integration but incomplete chondral integration with the presence of gaps. 

  

The literature to date indicates that OATS leads to good short- and mid-

term outcomes when used for treatment of small articular cartilage defects [159, 

163, 165]. Longer-term outcomes appear to be less positive, although potentially 

better than with marrow stimulation techniques [163]. This procedure is currently 

indicated for small cartilage defects of the knee with areas of <2-3 cm2 in high-

demand patients such as competitive athletes or in patients who have had 

treatment failure following marrow simulation [125]. For treatment of focal 

articular cartilage injury of the talus, OATS is indicated for defect areas of 1.5-3 

cm2 [134, 154]. 

 

1.4.4	  	  	  Osteochondral	  allograft	  transplantation	  	  

Osteochondral allograft transplantation (OCA) involves implantation of an 

allograft composed of viable articular cartilage and non-living subchondral bone 

from another human [167]. Benefits of this procedure include the capability to 
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resurface large cartilage defects with a graft has similar geometry and dimensions 

to the pre-injury native cartilage without the need for autologous tissue harvesting 

that would generate donor-site morbidity [168]. OCA restores the mature 

structure and function of hyaline cartilage to the defect site through the use of a 

cylindrical plug (dowel) or shell graft that is implanted in a press-fit fashion into a 

circular bed of healthy subchondral bone created at the defect site [169, 170]. The 

major downside of OCA is that it is logistically difficult given the need for donor-

recipient size matching, testing for infectious diseases, sterilization, processing, 

and implantation within a short time frame following harvest to ensure 

chondrocyte viability [171]. Furthermore, a variable immune response is elicited 

in recipients although the transplanted graft is generally tolerated without obvious 

rejection [167]. 

 

Most allografts have been implanted fresh following storage at 4°C [172-

174]. In this environment, there is an inverse relationship between storage time 

and outcomes of chondrocyte viability and ECM integrity [175-178]. Therefore, 

fresh allografts must be implanted within 14-28 days of procurement [175-178]. 

Although freezing of tissue allows for longer-term storage, outcomes have been 

shown to deteriorate quickly following implantation of frozen allografts [179, 

180]. Cryopreservation could be a suitable alternative [181, 182]. However, this 

technique is still under investigation and not used widely.    
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The implantation of fresh osteochondral allografts stored for short periods 

at 4°C into articular cartilage defects of the knee has been shown to provide good 

long-term outcomes [170, 173, 174, 183, 184]. In patients diagnosed with 

traumatic osteochondral lesions with a diameter of ≥3 cm (area of ≥7 cm2) and 

depth of ≥1 cm who were not previously treated with another cartilage repair 

procedure, Gross et al. reported 95%, 85% and 74% survival of femoral condyle 

grafts at 5, 10 and 15 years, respectively [174]. At a mean follow-up of 10 years, 

clinical scores on the modified Hospital for Special Surgery (HSS) scale were 

excellent in 61% and good in another 23% of patients, while 48% of radiographs 

had no signs of OA. With respect to tibial plateau grafts, survival was 95%, 80%, 

65%, and 46% at 5, 10, 15, and 20 years, respectively. At a mean follow-up of 12 

years, 86% of patients had good-to-excellent modified HSS scores and 61% of 

patients had no radiographic signs of OA. In another study, this group elucidated 

factors related to graft failure that included patient age over 50 years, concomitant 

(bipolar) defects of the femur and tibia, malaligned knees, and workers’ 

compensation cases [185].  

 

Levy et al. provided a long-term assessment of OCA for a heterogeneous 

group of patients with femoral condyle defects related to osteochondritis 

dissecans, traumatic cartilage injury, fracture and avascular necrosis [173]. The 

majority of patients had previous chondral debridement or marrow stimulation 

procedure. They reported survivorship of allografts with a mean area of 8.1 cm2 

was 82%, 74% and 66% at 10, 15 and 20 years from the time of transplantation. 
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Modified Merle d’Aubigné-Postel, IKDC pain, IKDC function and Knee Society 

function (KS-F) scores all improved significantly following surgery. 

 

Treatment of patellofemoral defects of the knee using allograft 

transplantation as investigated by Jamali et al. [186]. Eight years following 

transplantation with allografts with a mean area of 7.1 cm2, clinical outcome 

based on the modified Merle d’Aubigné-Postel score was improved compared to 

the pre-operative level. Good-to-excellent scores were found in 60% of patients. 

Allograft survival at 10 years was 67%. 

 

Graticelli et al. assessed allograft transplantation as a salvage procedure 

after previous failed cartilage repair surgery of the knee using marrow 

stimulation, OATS and chondrocyte transplantation [170]. Survival of allografts 

with a mean area of 8.5 cm2 was 82% at 10 years and 75% at 15 years. At a mean 

follow-up time of 8.5 years, clinical outcomes were improved compared to pre-

OCA based on modified Merle d’Aubigné-Postel, IKDC, KS-F, and Knee Injury 

and Osteoarthritis Outcome Score (KOOS) scores. In a comparison of primary 

allograft transplantation and allograft transplantation after failure of marrow 

stimulation, there was similar survivorship at 10 years and no difference in pain 

and function [184]. 

 

Allograft transplantation has also been performed for treatment of articular 

cartilage defects of the ankle. Gross et al. evaluated OCA for treatment of 
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osteochondral lesions of the dome or shoulder of the talus (diameter of ≥1 cm and 

depth of ≥0.5 cm) in 9 patients, most of whom had a history of ostechondritis 

dissecans and trauma [187]. Their procedure involved restoration of the affected 

region of each talus with a portion of a size-matched allograft talus.  Fusion of the 

ankle was required in 3 patients due to failure, while 6 patients had a graft in situ 

at 11 years. Within this latter group, 83% of patients tolerated walking for greater 

than an hour and had no pain, and 75% of allografts showed no radiographic 

evidence of resorption, fragmentation or degeneration. Adams et al. assessed 

OCA for treatment of uncontained talar shoulder osteochondral defects in 10 

patients [188]. At a mean follow-up time of 4 years, pain was decreased and 

function improved on the Lower Extremity Functional Scale (LEFS). No patients 

had to undergo arthroplasty or arthrodesis for failure. 

 

Ahmad et al. used cylindrical OCA plugs and compared these to OATS 

for treatment of osteochondral lesions of the talus with an area ≥1.5 cm2 [189]. 

After 1 year, Foot and Ankle Ability Measures (FAAM) and VAS pain scores 

were not significantly different between the groups. Giannini et al. utilized 

bipolar fresh osteochondral allograft (BFOA) for treatment of unilateral ankle 

arthritis involving combined lesions of the talus and distal tibia [190]. At a mean 

follow-up of 31 months, 19% of patients had excellent results and 34% had good 

results based on AOFAS scores. Failure of this treatment modality occurred in 

19% of patients. 
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In summary, allograft transplantation has produced good long-term results 

in the treatment of large articular cartilage defects of the knee [170, 173, 174, 183, 

184]. Evidence also exists to suggest that it is a promising modality of treatment 

for large ankle defects [187, 189]. At present, OCA is indicated for treatment of 

knee lesions with an area of >2-3 cm2 [125], and talus lesions with an area of >1.5 

cm2 or diameter of >1-1.5 cm [134, 154, 187, 191]. Defects of the talar shoulder 

are routinely treated with allograft transplantation given the anatomic complexity 

that may be difficult to recreate and outcomes that are poor with other modalities 

[191, 192]. OCA is also routinely used as a salvage procedure following failure of 

the other cartilage repair techniques including marrow stimulation, OATS and 

chondrocyte transplantation [125].  

 

1.4.5	  	  	  Biomaterial	  matrix	  implantation	  	  

Biomaterial matrices have been developed to mimic biochemical and biophysical 

properties of native osteochondral tissue, attract and situate endogenous cells and 

support the creation of 3D repair tissue [35, 193, 194]. Implantation of a matrix 

without concomitant cell transplantation is a relatively new modality of treatment 

for articular cartilage defects that has been assessed in the short- to mid-term to 

date.  

 

 Multilayer scaffolds used for treatment of osteochondral lesions have been 

designed with the goal of fostering the creation of separate chondral and osseous 

repair tissues within a defect site. Presumably, cells such as MSCs and growth 
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factors within subchondral marrow permeate the scaffold through breaks in the 

subchondral bone plate [195]. Two cell-free scaffolds, the TruFit plug and 

MaioRegen matrix, have been used clinically and investigated in multiple studies 

[194].  

 

The TruFit plug is an acellular, cylindrical, synthetic bilayer scaffold 

composed of polylactic-co-glycolic acid (PLGA), polyglycolic acid (PGA) and 

calcium sulfate [195, 196]. Dell’Osso et al. utilized 1-2 TruFit plugs with 

diameters of 7-11 mm in the treatment of osteochondral lesions of the femoral 

condyle [197]. At 4 years, functional outcomes based on the Lysholm Knee 

Scoring Scale were significantly better than pre-operative levels. MRI showed 

progressive changes post-operatively at the defect site with time between 12 and 

48 months suggestive of integration of the scaffold and formation of repair tissue. 

Gelber et al. treated chondral and osteochondral defect of the femoral condyles 

and trochlea with 1-4 TruFit plugs (diameter of 5-11 mm) per defect and followed 

patients to a mean of 45 months [198]. KOOS, Short Form 36 Health Survey (SF-

36) and VAS pain scores were significantly better following surgery. Less 

improvement was noted in patients with larger defects. MRI assessment at 24 

months from the time of surgery showed complete defect filling in only 9% of 

defects with heterogeneous cartilaginous repair tissue noted. The subchondral 

bone plate was not restored in 84% of defects, while all defect displayed 

subchondral changes of edema, cysts, granulation tissue, or sclerosis. Dhollander 

et al. treated patients with articular cartilage lesions of the femoral condyle, 
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patella or trochlea with mean area of 0.83 cm2 with 1-2 TruFit plugs per lesion 

and followed them over 3 years [199]. VAS pain and KOOS scores improved 

significantly following surgery, although 30% of patients had treatment failure 

that warranted revision surgery. Magnetic resonance observation of cartilage 

repair tissue (MOCART) scores decreased over 24 months from the time of 

surgery, which suggested deterioration of the repair tissue. 

 

The MaioRegen matrix is an acellular trilayer scaffold with a superficial 

chondral layer composed of type I collagen, middle tidemark layer consisting of 

60% type I collagen and 40% hydroxyapatite, and deep osseous layer containing a 

mineralized blend of 30% type I collagen and 70% hydroxyapatite [200]. Kon et 

al. treated chondral and osteochondral defects of the femoral condyle, trochlea, 

patella, and tibial plateau with a mean area of 3.2 cm2 with this scaffold and 

followed patients for 5 years [201]. Function based on IKDC and Tegner scores 

improved from pre-operative levels to post-operative levels at 2 and 5 years. 

There was significant improvement in the MOCART score and subchondral bone 

status between 2 and 5 years. Based on MRI at 5 years, 78% of defects were 

completely filled, 70% of defects had scaffolds that were completely integrated, 

and 61% of defects contained homogeneous repair tissue. Repair tissue was 

isotense relative to native cartilage in 65-70% of defects, which suggested the 

presence of cartilaginous tissue. However, intact subchondral lamina and bone 

were demonstrated in a minority of patients.  
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Biomaterial matrices have also been implanted in association with 

microfracture in a technique termed autologous matrix-induced chondrogenesis 

(AMIC) [30]. The rationale of this procedure is that endogenous MSCs within 

subchondral marrow enter the defect site through holes created in the subchondral 

plate and are contained at the defect site by a biomaterial membrane or populate a 

3D scaffold that fills the defect site [202]. MSCs are thought to be directed to 

differentiate into cartilage-producing cells through local cues and stimulus from 

the biomaterial [203]. In the initial description of AMIC by Benthien and 

Behrens, a mixture of commercially available fibrin glue and autologous serum 

was used to adhere a collagen membrane to the defect site after microfracture was 

performed [30]. To date, matrices used have included a collagen I/III membrane 

(Chondro-Gide), a PGA scaffold treated with hyaluronan (chondrotissue) and a 

hyaluronic acid scaffold (Hyalofast composed of HYAFF) [30, 202, 204, 205].  

 

Gille et al. used AMIC in the treatment of full-thickness articular cartilage 

defects of the femoral condyle, patella and trochlea with a mean area of 4.2 cm2 

[203]. Improvement in Lysholm, Tegner, Cincinnati and IKDC scores was noted 

within 24 months of the procedure compared to pre-operative levels, but there 

was a trend of decreased scores thereafter up to 36-48 months. MRI showed bone 

marrow lesions in 47% and greater than 50% defect fill was noted in 67% of 

defects. Two other studies demonstrated improvement in clinical outcomes at 2 

years following AMIC for treatment of articular cartilage defects with an average 



	   29 

area of 2-2.3 cm2 [205, 206]. MRI in both studies showed inconsistent defect 

filling with heterogeneous repair tissue and subchondral bone abnormalities.  

 

The BST-CarGel system is an AMIC procedure in which a matrix 

composed of chitosan gel and peripheral blood is implanted into a defect 

following microfracture [140]. In a randomized controlled trial, Stanish et al. 

reported superior defect fill and repair tissue quality on MRI at 12 months with 

BST-CarGel in comparison to microfracture alone for treatment of femoral 

condyle articular cartilage defects with areas of 2-2.5 cm2 [140]. Clinical 

outcomes based on the Western Ontario and McMaster Universities Osteoarthritis 

Index (WOMAC) were significantly improved following surgery for both BST-

CarGel and microfracture with no difference between these groups. Methot et al. 

reported macroscopic and histological outcomes from a subset of patients that 

underwent elective second-look arthroscopy and osteochondral biopsy at 13 

months from the time of surgery [207]. Defects treated with BST-CarGel had 

significantly higher ICRS macroscopic scores and histological subscores for 

surface characteristics and cell viability than defects treated with microfracture 

alone. Repair tissue derived from BST-CarGel was more organized than repair 

tissue derived from microfracture based on polarized light microscopy scoring. 

 

AMIC has also been used in the treatment of articular cartilage lesions of 

the ankle [208, 209]. Kubosch et al. treated osteochondral lesions of the talar 

shoulder with a mean area of 2.4 cm2 by debriding damaged cartilage and necrotic 
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subchondral bone, microfracturing sclerotic bone areas, recreating the outline of 

the shoulder with cancellous bone graft, and implanting a collagen I/III membrane 

using fibrin glue [210]. After a mean of 40 months from the time of surgery, 

AOFAS and VAS pain scores were significantly improved. Defect sizes of ≥3 

cm2 were associated with worse outcomes. MRI assessment showed complete 

defect filling with hypertrophy in 62% of defects, while 15% had complete filling 

to the level of adjacent cartilage. The T2 relaxation time of repair tissue was not 

significantly different than native cartilage, which suggested the presence of 

hyaline-like tissue. 

 

Based on short- to medium-term clinical studies that have been performed, 

cell-free matrix implantation appears to be a suitable treatment option for small 

articular cartilage lesions. Future investigation is required to compare matrix 

implantation to modalities of treatment such as microfracture and cell 

transplantation that have been more rigorously tested to date. Although promising, 

the indications for multilayer scaffold implantation and AMIC are currently 

unclear. 

 

1.4.6	  	  	  Autologous	  chondrocyte	  transplantation	  

Autologous chondrocyte transplantation (ACT), also commonly referred to as 

autologous chondrocyte implantation (ACI), was first described by Brittberg et al. 

and involves biopsy of healthy hyaline cartilage, ex vivo chondrocyte isolation 

from this cartilage, expansion of chondrocytes within tissue-culture flasks, 
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implantation of chondrocytes into an articular cartilage defect, and coverage of 

the implanted cells with a sutured, autologous periosteal flap [28]. A variation of 

this technique involves implantation of chondrocytes into a defect and coverage 

with a collagen membrane – such as the bilayer collagen I/III membrane 

(Chondro-Gide) – to avoid the donor site morbidity and hypertrophic repair tissue 

associated with the transplanted periosteum [211].  

 

In second-generation ACT, a collagen membrane is used as a carrier for 

implantation of chondrocytes rather than as a cover for these cells [212, 213]. Ex 

vivo isolated and expanded chondrocytes are cultured on the membrane for 

multiple days and implanted as part of the construct [213]. Membranes may be 

bilayer, as in the case of the collagen I/III membrane produced by Verigen 

(MACI), with one side engineered to promote cell adherence that is placed 

towards the defect and another side with a smooth surface facing the joint [214, 

215]. Third-generation ACT involves cultivation and implantation of 

chondrocytes on a 3D biomaterial matrix [214, 216]. Presumably a 3D matrix 

promotes defect filling at the time of implantation and supports 3D tissue 

formation [214]. Several matrices have been used for third-generation ACT 

including a collagen I scaffold (Neocart), collagen I gel (CaReS), collagen-

chondroitin sulfate scaffold (Novocart), agarose-alginate gel (Cartipatch), 

esterified hyaluronic acid scaffold (HYAFF in Hyalograft C), and polymer-based 

scaffold consisting of polyglycolic acid/polylactic acid and polydioxanone 

supplemented with fibrin glue (BioSeed-C) [35, 194, 217]. Second- and third-
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generation ACT methods are collectively referred to as matrix-associated, matrix-

assisted or matrix-induced ACT/ACI (MACT/MACI) [213].  Given that the cell-

scaffold constructs in MACT are typically implanted and supported with fibrin 

glue rather than sutures, implantation can be performed through a mini-

arthrotomy or via arthroscopy [216].  

 

Characterized chondrocyte implantation (CCI) is a technical variation of 

ACT and MACT with the goal of optimizing the source of chondrocytes used for 

transplantation [218]. In this protocol, multiple populations of chondrocytes are 

isolated, expanded, subjected to a gene expression assay, and assessed with a 

score capable of predicting the capacity to form stable hyaline-like cartilage in 

vivo [219]. The selected population of chondrocytes is then implanted using 

conventional ACT or MACT methods [218, 220]. 

 

There is a growing body of evidence to suggest that ACT and MACT are 

effective options for surgical management of chondral and osteochondral lesions 

of the knee and ankle. Specifically, long-term outcomes are available from studies 

assessing first-generation ACT [40, 221, 222], and mid-term outcomes have been 

reported for MACT [223-225]. 

 

ACT for chondral and osteochondral lesions of the knee produced positive 

functional outcomes in the majority of patients when assessed at long-term 

follow-up of 10-20 years in several studies [221, 222, 226-228]. During this time 
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period, treatment failure occurred in 9-25% of patients [221, 222, 226, 228]. 

Minas et al. treated articular cartilage lesions of the knee with a mean area of 8.4 

cm2 with ACT and found significant improvements in function based on modified 

Cincinnati, KSS, SF-36, and WOMAC scores at a mean follow-up time of 12 

years [221]. Graft survival was 79%, 71% and 71% at 5, 10 and 15 years 

following ACT. Patients less than 30 years of age had a 15-year graft survival of 

84%, while patients aged 30-45 years and older than 45 years had reduced graft 

survival of 68% and 66%, respectively. Peterson et al. treated articular cartilage 

lesions of the knee with a mean area of 5.3 cm2 with ACT and found significant 

improvements in function based on Lysholm, Tegner, and Brittberg-Peterson 

scores at a mean follow-up time of 13 years [227]. Moradi et al. assessed 

osteochondral lesions with mean area of 4.3 cm2 at 1 year and 10 years from the 

time of ACT [222]. Tegner scores increased between these two time points, while 

other scores including Lysholm, IKDC and SF-36 trended downward. Mosely et 

al. treated articular cartilage lesions of the knee with a mean area of 5.2 cm2 with 

ACT and found clinical improvement based on the modified Cincinnati Score in 

69%, no change in 13% and failure in 17% of patients by 10 years [227]. Of the 

patients that had positive outcomes after 1-5 years, 13% did not sustain 

improvement by 6-10 years. 

 

Based on the long-term ACT studies of the knee, several factors have been 

shown to negatively impact outcome following ACT including increased age, 

increased duration of symptoms, previous treatment with marrow stimulation, 
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defect location at the patellofemoral joint (versus tibiofemoral joint), presence of 

kissing lesions, and increased defect size [221, 226, 227, 229]. With respect to 

defect size, Minas et al. divided patients into defect areas of 1-5, 5-10, 10-15, and 

>15 cm2 [221]. Implant survival at 15 years was significantly worse in defects 

>15 cm2 (38%) than in defects ≤15 cm2 (75%). 

 

Tissue quality following knee ACT has been assessed in multiple studies 

using MRI and histological analysis [222]. On MRI, Moradi et al. found complete 

defect filling in 52%, homogeneous repair tissue in 29%, repair tissue that was 

isotense to native cartilage in 29%, complete integration of repair tissue with 

surrounding cartilage in 24%, and subchondral lamina intactness in 67% [222]. 

Defect filling correlated with Tegner scores but not Lysholm or IKDC scores. 

Vasiliadis et al. used delayed gadolinium-enhanced MRI and reported that quality 

of repair tissue at a mean of 13 years post-ACT was similar to surrounding native 

cartilage, although intralesional osteophytes, subchondral cysts and significant 

bone marrow edema were noted in 64%, 39% and 14% [230]. There was no 

correlation between MRI values and KOOS outcomes. Peterson et al. found 

hyaline-like cartilaginous tissue in the majority of biopsy specimens from ACT-

derived repair tissue of the knee [229]. A correlation between histologic quality of 

repair tissue and clinical outcome was found. 

 

MACT for treatment of articular cartilage lesions of the knee has been 

assessed in a number of mid-term studies [153, 224, 231, 232]. Kon et al. 
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performed MACT on defects of the femoral condyle and trochlea (2.2 cm2 mean 

area) using an esterified hyaluronic acid scaffold (HYAFF in Hyalograft C) and 

found improved IKDC scores at 5 years from the time of surgery [153]. There 

was 100% graft survival in 40 patients. Using the same scaffold, Nehrer et al. 

reported increased IKDC, Lysholm and modified Cincinnati scores 5 years after 

MACT for treatment of knee defects with a mean area of 4.4 cm2 [231]. Survival 

was 95% at 3 years and 90% at 5 years for primary MACT. In contrast, secondary 

indications of MACT such as complex defects and salvage led to significantly 

lower survival of 64% at 3 years and 0% at 5 years. Feruzzi et al. treated femoral 

condyle articular cartilage defects with a mean size of 5.9 cm2 using arthroscopic 

MACT with Hyalograft C [224]. IKDC scores increased post-operatively and 

remained stable by 5 years. There were no treatment failures. MRI demonstrated 

well-integrated repair tissue in 93% of patients at final follow-up. Low signal 

intensity was noted on T2 images suggestive of hyaline-like tissue. This was 

confirmed with histological assessment performed on biopsied repair tissue from 

10 patients that showed the presence of hyaline-related proteoglycans and type II 

collagen. Nawaz et al. reported improved modified Cincinnati, VAS pain and 

Stanmore functional scores at a mean follow-up duration of 6 years following 

MACT with a collagen I/III membrane for treatment of femoral condyle and 

patellofemoral defects [232]. Graft survivals of ACT and MACT in this study 

were equivalent at 78% at 5 years and 51% at 10 years. 
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Several groups have compared different generations of ACT in the 

treatment of knee lesions with variable outcomes reported [215, 224, 233, 234]. 

Zeifang et al. compared first-generation ACT to MACT with a polymer scaffold 

(BioSeed-C) [233]. First-generation ACT had better clinical outcomes at 12-24 

months based on the Lysholm and Guilquist scores, while IKDC, SF-36 and 

Tegner scores were not different between groups. MACT led to superior 

MOCART scores at 6 months. Ergellet et al. compared the same treatment groups 

and found that clinical outcomes were similar at 2 years [234]. However, a higher 

number of revision procedures were required in patients treated with first-

generation ACT. Bartlett et al. compared ACT involving transplantation of 

chondrocytes behind a sutured collagen I/III membrane (Marticel) to MACT 

involving implantation of chondrocytes on a bilayer collagen I/III membrane 

(MACI by Verigen) [215]. MACT led to non-significantly higher modified 

Cincinnati scores and less graft hypertrophy at 12 months, but appeared to 

produce inferior repair tissue quality based on arthroscopic and histologic 

assessment. Ferruzi et al. compared first-generation ACT to arthroscopic MACT 

with a hyaluronic acid scaffold (HYAFF in Hyalograft C) [224]. Patients who 

received MACT improved earlier on and had significantly better clinical 

outcomes on the IKDC scale at 6-18 months, but functional outcomes were 

similar between ACT and MACT thereafter to 5 years. MRI and histological 

analysis showed that both ACT and MACT produced repair tissue consistent with 

hyaline cartilage. 
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Chondrocyte transplantation has been compared to marrow stimulation by 

microfracture in the treatment of articular cartilage defects of the knee and shown 

to lead to favorable outcomes. Vanlauwe et al. compared ACT using 

characterized chondrocytes with microfracture in the treatment of femoral 

condyle lesions with areas of 1-5 cm2 and found similar outcomes at 5 years 

[235]. At 5 years, ACT produced better outcomes based on the KOOS in patients 

who had surgery within 3 years of symptom onset. However, in patients with 

longer durations between symptom onset and surgery, there was not a significant 

difference between groups.  Basad et al. compared MACT using a collagen 

membrane (MACI by Verigen) to microfracture in the treatment of large lesions 

of the femoral condyle and patella (4-10 cm2) [236]. After 2 years, outcomes 

based on Lyholm, Tegner and ICRS scales were significantly better with MACT.  

 

Kon et al. compared MACT using a hyaluronic acid scaffold (HYAFF in 

Hyalograft C) to microfracture for treatment of articular cartilage defects of the 

femoral condyles or trochlea (mean area of 1.9-2.5 cm2) in two studies [153, 237]. 

In the first study involving active patients, IKDC scores were significantly higher 

at 5 years with MACT in comparison to microfracture [153]. Furthermore, return 

to sports was stable between 2 and 5 years for MACT, while this outcome 

deteriorated between the two time points for microfracture. In the second study 

involving competitive soccer players, MACT led to similar IKDC scores at 2 

years between groups. At 7.5 years, IKDC scores were significantly better in 
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patients treated with MACT and outcomes worsened in the microfracture group at 

this time point. 

 

Chondrocyte transplantation also appears to lead to superior outcomes in 

comparison to OATS (mosaicplasty) for the treatment of the knee. Bentley et al. 

compared first-generation ACT to OATS for treatment of articular cartilage 

lesions of the femur, patella and tibial plateau with a mean area of 4 cm2 [226]. At 

10 years, functional outcome based on the Cincinnati score was significantly 

improved following ACT in comparison to OATS. Failure of treatment was noted 

in 17% of patients treated with ACT and 55% of patients treated with OATS.  

 

Chondrocyte transplantation appears to be a suitable treatment modality 

for articular cartilage defects of the ankle. Positive clinical outcomes based on 

several scores including the AOFAS ankle-hindfoot score, VAS pain score, 

Hannover ankle rating score, and Tegner score have been reported at a mean 

follow-up duration of 5-10 years following ACT [40, 238, 239] and 3-7 years 

following MACT of talus lesions with mean areas of 1.6-3.1 cm2 [40, 225, 240-

242]. In the longer-duration studies, no deterioration was noted in functional 

outcome [40, 239, 240]. Characteristics associated with worse outcomes include 

increased patient age, previous intervention and defect depth >5 mm [239-242]. 

With respect to tissue quality, MOCART scores improved with time following 

ACT and MACT [240]. MRI T2 mapping and histological assessment 
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demonstrated the presence of hyaline-like cartilaginous repair tissue following 

ACT and MACT in the majority of defects [239-242]. 

 

Based on the long-term outcomes reported for ACT and mid-term 

outcomes reported for MACT, chondrocyte transplantation is a cell-based option 

for treating articular cartilage defects that results in the creation of hyaline-like 

cartilaginous repair tissue and improved outcomes post-operatively [40, 221-225]. 

ACT and MACT are indicated for articular cartilage lesions >2-3 cm2 in the knee 

and >1.5 cm2 in the talus [125, 154]. There are several drawbacks of chondrocyte 

transplantation that should be considered in treatment planning. Two invasive 

surgical procedures are required to allow for cartilage harvesting, ex vivo 

chondrocyte isolation and expansion, and implantation [28]. Therefore, this 

protocol is time consuming and expensive [40]. Low chondrocyte yield may be an 

issue given the limited proliferative capacity of mature cells [243, 244]. With 

prolonged ex vivo cell expansion, chondrocytes lose the capacity to generate 

hyaline-like extracellular matrix (ECM) due to de-differentiation and chondrocyte 

senescence may occur, which reduce the potential of transplanted cells to generate 

desirable hyaline-like cartilaginous repair tissue [244-253]. 

 

1.4.7	  	  	  Current	  treatment	  algorithms	  

Articular cartilage repair procedures in the knee are guided by defect size and 

patient characteristics [125]. Primary repair is used for treatment of osteochondral 

fragments that are amenable to fixation with an area of >1 cm2 [125, 127, 128]. 
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When primary repair is not possible, treatment with another modality is 

considered. For small defects with an area of <2-3 cm2, marrow stimulation is the 

first-line treatment [125, 138]. OATS can be used for small defects of the knee in 

high-demand patients or in those who have failed marrow simulation [125, 155]. 

Cell-free matrix implantation and AMIC may be suitable options for defects of 

this size in the near future once more evidence is established [140, 199, 201, 205]. 

Larger defects of the knee with areas >2-3 cm2 are treated with ACT/MACT or 

allograft transplantation [125, 174, 221]. The limit of chondrocyte transplantation 

is unknown, although there is evidence to suggest that massive lesions with areas 

>15 cm2 are not treated adequately with ACT and warrant allograft 

transplantation [221]. Allografts are also used in the setting of uncontained 

defects, deep defects with bone loss and following failure of ACT/MACT [125]. 

Other procedures for knee malalignment, ligament insufficiency and meniscal 

injury are performed concomitantly or in a staged fashion with cartilage repair 

procedures [125]. 

 

 In the treatment of defects of the ankle, primary repair is performed when 

fixable osteochondral pieces >1 cm2 are present [126, 154]. Other modalities are 

considered if primary repair is not possible. For small defects with areas of <1.5 

cm2, marrow stimulation is the first-line treatment [154]. Larger defects of the 

ankle with areas >1.5 cm2 are treated with cell or tissue transplantation. 

Specifically, OATS is limited to defects with areas of 1.5-3 cm2, while ACT and 

allograft transplantation may be used for larger defects [134, 154]. Allograft 
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transplantation is particularly recommended for lesions with anatomic 

complexity, such defects of the talar shoulder, and for kissing lesions involving 

the talus and distal tibia [134, 192]. 

 

1.4.8	  	  	  Limitations	  to	  current	  treatment	  algorithms	  

Although positive outcomes have been reported using this treatment algorithm, 

several issues exist with the established modalities of treatment. Marrow 

stimulation is not appropriate for large defects given that it results in resurfacing 

with fibrocartilage, which presumably does not adequately restore joint congruity 

and load distribution in joints with larger critical sized defects [98, 138-141]. 

OATS produces donor site morbidity and offers only short-term benefits as 

outcomes deteriorate with time [158, 159]. ACT requires a lengthy and costly 

protocol of two operative procedures and an ex vivo culture period that is limited 

by chondrocyte de-differentiation and senescence [244-253]. Allograft 

transplantation is logistically difficult given the need for donor-recipient size 

matching, testing for infectious diseases, sterilization, processing, and 

implantation within a short time frame following harvest to ensure chondrocyte 

viability [171].  

 

1.5	  	  	  Mesenchymal	  stem	  cell	  transplantation:	  an	  emerging	  strategy	  

Given the issues associated with current articular cartilage repair techniques, there 

has been a drive to develop novel tissue engineering techniques with the goal of 

resurfacing defects with bioengineered tissue that recapitulates the properties of 
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hyaline cartilage. MSC transplantation is a cell-based strategy in its early stages 

that has the potential to resurface articular cartilage defects while avoiding the 

downsides of ACT and MACT. MSCs have an enhanced proliferative capacity 

and may be reproducibly differentiated into chondrocytes [32]. Cell harvesting 

does not require an invasive procedure that destroys articular cartilage at another 

site [254]. Current evidence suggests that MSCs offer a promising alternative to 

present-day treatment modalities for articular cartilage defects [255]. 
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2.1	  	  	  Introduction	  to	  mesenchymal	  stem	  cells	  

Mesenchymal stem cells (MSCs) – also commonly referred to as mesenchymal 

stromal cells and mesenchymal stromal stem cells – are spindle-shaped cells 

capable of rapid proliferation and found within a number of tissues including bone 

marrow, synovial tissue, blood, adipose tissue, and periosteum [32, 256, 257]. 

There is evidence to suggest that MSCs reside in a perivascular location in vivo 

and differentiate based on local cues in order to repair injured mesenchymal 

tissues [258, 259]. Their multi-lineage potential has been illustrated in vitro with 

differentiation into chondrogenic, osteogenic, adipogenic, and myogenic 

pathways [32, 260]. Mediators capable of promoting MSC chondrogenesis, such 
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as transforming growth factor-beta (TGF-β) and dexamethasone, have been 

elucidated using simplified models [261]. 

 

In 2006, the Mesenchymal and Tissue Stem cell Committee of the 

International Society for Cellular Therapy (ISCT) proposed the minimal criteria 

required to define a cell as a human MSC [262]: 

 

1.   Adherence to tissue-culture plastic in standard culture conditions 

2.   Expression of cell surface antigens cluster of differentiation (CD)105, 

CD73 and CD90, and lack of expression of CD45, CD34, CD14 or 

CD11b, CD79α or CD19, and human leukocyte antigen (HLA)-DR 

3.   Multipotent differentiation to osteoblasts, adipocytes and chondroblasts in 

vitro 

 

This set of criteria was produced to create consistency among scientists and to 

promote standardization of experimental practice. However, the definition of an 

MSC will likely change as our knowledge of MSCs grows. It is now apparent that 

heterogeneous subpopulations of cells demonstrating characteristics of MSCs 

exist with variability in plastic adherence, cell surface markers and differentiation 

capacity. Cells consistent with MSCs may be isolated by means other than 

conventional plastic adherence [263, 264]. Various cell surface antigens such as 

CD271, CD146, STRO-1, and SSEA-4 have been identified that are present 

within fractions of MSCs [265]. Differentiation capacity into chondrogenic, 
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osteogenic and adipogenic lineages varies between MSCs from different sources 

and MSCs isolated using different methods [256, 266]. 

 

2.2	  	  	  Cartilage	  engineering	  from	  bench	  to	  bedside	  

2.2.1	  	  	  In	  vitro	  studies	  

MSC chondrogenesis can be induced within simple in vitro models consisting of 

cell monolayers or cell aggregates, pellets, micromasses, or transwell cultures 

containing multiple layers of cells and matrix [32, 267-269]. High-density 

aggregation was achieved through the use of centrifugation and situates cells in a 

three-dimensional (3D) environment that fosters cellular interaction, mimicking 

cell condensation of mesenchymal cells during embryonic cartilage development 

and chondrogenic ECM formation [32, 261]. Alternatively, various biomaterials 

have been used as matrices on which MSCs are differentiated. MSCs embedded 

within collagen, agarose, alginate, chitosan and hyaluronic acid (HA) gels form 

aggregates of tissue that contain chondrocytes and cartilaginous ECM [270-274]. 

MSC-seeded porous scaffolds composed of collagen, HA, silk, decellularized 

cartilage ECM, polyglycolic acid (PGA), polylactic acid (PLA) and 

polylacticglycolic acid (PLGA) create tissue that histologically resembles hyaline 

cartilage [275-279]. 

 

2.2.2	  	  	  Ex	  vivo	  explant	  studies	  

Chondral and osteochondral explant models allow for cartilage repair tissue 

formation to be assessed within simulated defects in controlled in vitro 
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environments. Porcine MSCs embedded in agarose gel implanted within chondral 

explants showed an abundance of type II collagen and glycosaminoglycan (GAG) 

matrix after 6 weeks of culture [271]. Similarly, human MSCs embedded in 

alginate gel and implanted within osteochondral explants for 4 weeks had 

collagen II gene expression and GAG production consistent with hyaline cartilage 

[270]. MSC-seeded gels displayed minimal integration with surrounding explant 

cartilage after 6 weeks of culture [271]. This may in part be due to the absence of 

sufficient remodeling time or in vivo factors, such as mechanical stimulation, 

required for integration to occur [280]. 

 

2.2.3	  	  	  Preclinical	  animal	  studies	  

Animal models have provided preclinical in vivo assessment of MSCs in the 

treatment of articular cartilage defects. Starting with the work of Wakitani et al. in 

1994 [29], MSC-based techniques have yielded positive outcomes in regenerating 

articular cartilage in several small-animal studies involving rabbits [281-298] and 

rats [299, 300]. Various MSC injection and transplantation protocols have been 

used to treat simulated, focal chondral and osteochondral defects in large animals 

such as sheep, goats, dogs, pigs, and horses [36, 274, 301-314]. These large-

animal studies are summarized in Table 2.1. 
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Table	  2.1	  	  	  Large-‐animal	  studies	  assessing	  mesenchymal	  stem	  cells	  in	  the	  

treatment	  of	  articular	  cartilage	  defects	  
Article Model Defect Implanted 

construct 
Follow

-up 
Key findings 

Guo et al. 
(2004) 
[301] 

28 
sheep 

Medial 
femoral 
condyle 
osteochondral 
defects; 
cylindrical (8-
mm diameter) 

Implantation of 
isolated BM-
derived MSCs 
seeded on a TCP 
scaffold; 
compared to cell-
free scaffolds and 
empty defects 

6 
months 

Macroscopic: smooth, integrated tissue in 
MSC group; histological: proteoglycan 
and type II collagen consistent with 
hyaline cartilage in MSC group, 
compared with fibrocartilage in cell-free 
group; subchondral osseous regeneration; 
biochemical: GAG quantity in MSC 
group was 89% of native cartilage  
 

Wayne et 
al. (2005) 

[36] 

10 
dogs 

Medial and 
lateral 
femoral 
condyle 
osteochondral 
defects; 
cylindrical (6-
mm diameter) 

Implantation of 
isolated BM-
derived MSCs 
suspended in 
alginate and 
seeded on a PLA 
scaffold; 
precultivated for 3 
wk; compared to 
cell-free scaffolds 
 

1.5 
months 

Macroscopic: improved coverage of 
defects in MSC group; histological: 
mixture of hyaline and fibrocartilage 
integrated with surrounding tissue; 
higher quality tissue in MSC group 
compared with cell-free group; no 
mineralization noted within osseous 
defects; mechanical: lower resistance to 
compression than native cartilage 
 

Ando et al. 
(2007) 
[302] 

9 
piglets 

Medial 
femoral 
condyle 
chondral 
defects; 
cylindrical 
(8.5-mm 
diameter) 

Implantation of 
isolated, 
allogeneic 
synovial tissue 
MSCs derived 
from piglets and 
cultured in a 3D 
scaffold-free TEC; 
compared to 
empty defects 

6 
months 

Macroscopic: greater defect coverage in 
TEC group; subchondral erosion in the 
empty defects; histological: smooth, 
integrated tissue containing 
proteoglycans and type II collagen in the 
TEC group; empty defects showed signs 
of OA; higher ICRS scores in the TEC 
group; mechanical: similar viscoelastic 
properties between TEC and native 
cartilage 
 

Lee et al. 
(2007) 
[303] 

27 
mini-
pigs 

Medial 
femoral 
condyle 
chondral 
defects; 
cylindrical 
(8.5-mm 
diameter) 

Injection of 
isolated BM-
derived MSCs 
with HA (Synvisc) 
followed by HA 
weekly x2 wk; 
compared to HA 
alone  
 

3 
months 

Macroscopic: greater defect coverage in 
the MSC+HA group; histological: 
hyaline-like cartilage noted in MSC+HA 
group; minimal defect filling in HA 
group; improvement in Wakitani 
histologic score with MSCs 

Saw et al. 
(2009) 
[304] 

 

15 
goats 

Femoral 
trochlea 
chondral 
defects; 
cylindrical (4 
mm diameter) 

Injection of 
BMDC collection 
with HA 
(Hyalgan) weekly 
for 3 wk starting 1 
wk after 
subchondral 
drilling; compared 
to drilling with or 
without HA 
 

6 
months 

Macroscopic: greater defect coverage in 
the BMDC+HA group; histological: HA 
group had some proteoglycans and type 
II collagen mixed with type I collagen; 
BMDC+HA group had superior 
proteoglycan and type II collagen 
content; cell morphology was improved 
in the BMDC+HA group  
 

Zschar-
nack et al. 

(2010) 
[274] 

10 
sheep 

Medial 
femoral 
condyle 
osteochondral 
defects; 
cylindrical (7-
mm diameter) 

Implantation of 
isolated BM-
derived MSCs in 
type I (rat) 
collagen gel either 
immediately 
following seeding 
or after 2 wk of 
precultivation 

6 
months 

Macroscopic: precultivation group 
produced more homogenous hyaline-like 
cartilage; histological: significantly better 
O’Driscoll and ICRS scores in the 
precultivation group compared with non-
precultivated group, specifically with 
respect to surface features, integration, 
cell distribution, and mineralization; 
mechanical: precultivated tissue was firm 
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Table	  2.1	  	  	  Large-‐animal	  studies	  assessing	  mesenchymal	  stem	  cells	  in	  the	  

treatment	  of	  articular	  cartilage	  defects	  (continued)	  
Article Model Defect Implanted 

construct 
Follow

-up 
Key findings 

Shimo-
mura et al. 

(2010) 
[305] 

7 pigs 
6 

piglets 

Medial 
femoral 
condyle 
chondral 
defects; 
cylindrical 
(8.5-mm 
diameter) 

Implantation of 
isolated synovial 
tissue MSCs 
derived from 
piglets and 
cultured in a 3D 
scaffold-free TEC; 
compared to 
empty defects 
 

6 
months 

Macroscopic: greater defect coverage in 
TEC group; histological: good 
integration of tissue that stained well for 
proteoglycans in the TEC group versus 
signs of OA in empty defects; higher 
ICRS scores in the TEC group; 
mechanical: similar properties between 
TEC and native tissue 
 

Wegener 
et al. 

(2010) 
[306] 

9 sheep Medial 
femoral 
condyle 
chondral 
defects; 
cylindrical (8-
mm diameter) 

Implantation of 
BM cells in fibrin 
glue seeded on a 
PGA scaffold; 
secured to 
subchondral bone 
by PLGA darts; 
compared to no 
cells 
 

3 
months 

Macroscopic: BM-seeded scaffolds had 
improved regeneration compared to cell-
free scaffolds; histological: variation 
noted with fibrous tissue in some and 
hyaline-like cartilage in other BM cell-
seeded scaffolds; O’Driscoll score was 
similar between cell-free and cell-seeded 
scaffolds 
 

Fortier et 
al. (2010) 

[307] 

12 
horses 

Lateral 
trochlear 
ridge 
chondral 
defects (15-
mm diameter) 
 

Implantation of 
BMDCs mixed 
with thrombin; 
compared to MFX 

8 
months 

Macroscopic: BMDCs had improved 
regeneration compared to MFX; 
histological: ICRS scores were higher 
with BMDCs than MFX; good staining 
for proteoglycans and collagen II with 
BMDCs; MRI: T1p mapping showed 
increased GAG and T2 mapping showed 
improved collagen orientation with 
BMDCs 
 

Marquass 
et al. 

(2011) 
[308] 

9 sheep Medial 
femoral 
condyle 
osteochondral 
defects; 
cylindrical (7-
mm diameter) 

Implantation of 
isolated BM-
derived MSCs in 
type I (rat) 
collagen gel 
implanted either 
immediately 
following seeding 
or after 2 wk of 
precultivation; 
compared to 
MACT 

12 
months 

Macroscopic/histological: significantly 
better O’Driscoll and ICRS scores with 
precultivated MSCs compared with both 
non-precultivated MSCs and MACT, 
specifically with respect to surface 
quality, matrix quality and integration; 
type II collagen content was superior in 
precultivated group; MRI: precultivated 
MSCs were similar to MACT but 
significantly better than non-
precultivated MSCs on the MOCART 
score 
 

McIlwraith 
et al. 

(2011) 
[309] 

10 
horses 

Medial 
femoral 
condyle 
chondral 
defects (1 
cm2) 

Injection of 
isolated BM-
derived MSCs 
with HA (Hyvisc) 
into the knee joint 
1 mo after MFX; 
compared to cell-
free HA injection 
and MFX 

12 
months 

Macroscopic: greater repair tissue area 
with MSCs, but no difference in volume; 
histological: no difference in surface, 
structure, integration, cellular 
architecture, and subchondral 
regeneration; contradictory proteoglycan 
and aggrecan staining; biochemical: 
equivalent GAG; mechanical: tissue 
derived from MSCs was firmer; MRI: no 
difference 
 

Ando et al. 
(2012) 
[310] 

6 
piglets 

Medial 
femoral 
condyle 
chondral 
defects; 
cylindrical 
(8.5-mm 
diameter) 

Implantation of 
isolated, 
allogeneic 
synovial MSCs 
and cultured in a 
3D scaffold-free 
TEC; compared to 
empty defects 

6 
months 

Histological: tissue containing 
proteoglycans in the TEC group; empty 
defects were partially coverage with 
fibrous tissue and showed signs of OA; 
higher O’Driscoll scores in the TEC 
group; mechanical: similar properties 
between TEC and native cartilage 
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Table 2.1   Large-animal studies assessing mesenchymal stem cells in the 

treatment of articular cartilage defects (continued) 
Article Model Defect Implanted 

construct 
Follow

-up 
Key findings 

Zhang et 
al. (2012) 

[311] 

20 
mini-
pigs 

Femoral 
trochlea 
chondral 
defects; 
cylindrical (6-
mm diameter) 

Implantation of 
BMDCs or 
isolated, expanded 
BM-derived 
MSCs in type II 
collagen (porcine) 
hydrogel; 
compared to cell-
free gels  
 

2 
months 

Macroscopic: good defect filling with 
both MSCs and BMDCs; irregularity 
with cell-free gels; histological: hyaline-
like cartilage with both MSCs and 
BMDCs; O’Driscoll score was greater in 
the MSC group at 4 wk, but equivalent 
between the BMDC and MSC groups at 
8 wk 

Bekkers et 
al. (2013) 

[312] 

8 goats Medial 
femoral 
condyle 
chondral 
defects; 
cylindrical (5-
mm diameter) 

Implantation of 
chondrons and 
BM-derived 
MSCs suspended 
in fibrin glue; 
compared to MFX 

6 
months 

Macroscopic: improved defect filling 
with MSC+chondrons in comparison to 
MFX; histological: O’Driscoll score was 
significantly higher in the 
MSC+chondron group; biochemical: 
GAG content and GAG/DNA in the 
repair tissue was greater in the 
MSC+chondron group than the MF 
group 
 

Kamei et 
al. (2013) 

[313] 

16 
mini-
pigs 

Patella 
chondral 
defects; 
cylindrical (6-
mm diameter) 

Magnetic 
accumulation of 
injected 
ferumoxide 
labeled MSCs; 
compared to 
gravity-focused 
MSCs 
 

3 
months 

Arthroscopic: improved smoothness and 
integration with magnetic accumulation; 
histologic: superior integration and type 
II collagen content with magnetic 
accumulation; improved scoring on the 
Wakitani scale 

Nam et al. 
(2013) 
[314] 

18 
goats 

Medial 
femoral 
condyle 
chondral 
defects; 
cylindrical (5-
mm diameter) 

Injection of 
isolated BM-
derived MSCs 
weekly (x 3wk) 
starting 2 wk after 
subchondral 
drilling; compared 
to drilling alone 

6 
months 

Macroscopic: Smooth, integrated tissue 
with MSCs vs. partial, irregular filling 
with drilling alone; histological: 
O’Driscoll score was significantly higher 
in the MSC group; improved 
proteoglycan and type II collagen content 
with MSCs; biochemical: higher GAG 
quantity with MSCs 

 

Table 2.1 abbreviations 

3D, three-dimensional; BM, bone marrow; BMDC, bone marrow-derived cell; DNA, 

deoxyribonucleic acid; GAG, glycosaminoglycan; HA, hyaluronic acid; ICRS, International 

Cartilage Repair Society; MACT, matrix-associated autologous chondrocyte transplantation; 

MFX, microfracture; MOCART, Magnetic Resonance Observation of Cartilage Repair 

Tissue; MSC, mesenchymal stem cell; OA, osteoarthritis; PGA, polyglycolic acid; PLA, 

polylactic acid; PLGA, polylactide co-glycolide; TEC, tissue-engineered construct; wk, 

week(s); y, year(s) 

 

 

Intra-articular injection of MSCs into rabbit knees containing femoral 

trochlea osteochondral defects led to resurfacing with fibrous tissue that 
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failed to remodel into hyaline cartilage over 24 weeks [288]. In contrast, 

MSCs implanted directly into the defect site produced cartilage-like tissue 

that remodeled with time to produce both cartilage and bone components 

similar to surrounding native osteochondral tissue. In another study, MSCs 

injected in conjunction with HA into porcine knees with partial-thickness 

chondral defects led to good defect coverage with hyaline-like cartilage at 12 

weeks post-injection [303]. HA alone produced minimal defect filling in this 

time frame.  

 

Other groups have performed MSC injection in association with 

subchondral drilling or microfracture [304, 309, 314]. Serial MSC injections 

performed weekly for three weeks after subchondral drilling for treatment of 

simulated chondral defects within the distal femur of goats produced integrated 

repair tissue consistent with hyaline cartilage after six months [314]. In a similar 

model, Saw et al. used bone marrow aspirate cell collections injected weekly with 

HA [304]. They found improved content of proteoglycan and type II collagen 

within femoral trochlea chondral defects that received cell injection in comparison 

to those that received only HA. In contrast to these findings, McIlwraith et al. 

found no difference between HA and an HA-MSC combination in several 

histologic parameters, MRI evaluation, and GAG quantity at one year in horses 

that received an injection and microfracture [309]. Possible reasons for 

inconsistent outcomes include variation in the number of injections, length of 

follow-up and species. 
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One potential drawback of intra-articular injection involves cell 

dispersion, associated lack of focus of injected contents into a defect site, and the 

potential for an insufficient amount of seeded cells required for regeneration. The 

use of magnetic labeling of cells and an external magnet has been proposed as a 

minimally invasive method to deliver injected MSCs to defects. In mini-pig 

knees, ferumoxide labeled MSCs were directed over patella chondral lesions by 

magnet for 10 minutes following injection and produced superior arthroscopic and 

histologic scores to an injection directed by gravity [313]. 

 

 Various constructs for implantation have been proposed in the preclinical 

literature. A scaffold-free, 3D tissue-engineered construct derived from 

monolayers containing differentiated MSCs has been investigated [305, 310]. 

Over six months, constructs implanted within porcine femoral condyle chondral 

defects created repair tissue with a superficial fibrous layer and deep hyaline-like 

cartilaginous layer [305].  

 

 Transplantation of MSC-seeded matrices composed of collagen, PLA, 

PGA, PLGA, polycaprolactone (PCL), fibrin, chitosan, alginate, silk, 

demineralized bone matrix, and tricalcium phosphate (TCP) was successfully 

performed in several other small- and large-animal studies [29, 281-285, 287, 

290, 292, 293, 295-297, 299, 306, 315]. Defect resurfacing with hyaline-like 

cartilaginous tissue was reported in the majority of cases at 1-6 months post-
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implantation with more integrated, mature tissue found at later time points. Some 

groups also noted the presence of bone regeneration within the osseous 

component of osteochondral defects [283, 284, 293, 297, 301]. 

 

Implantation of matrices seeded with MSCs that were precultivated or 

predifferentiated in vitro for 2-3 weeks prior to implantation is an alternative 

protocol that has been assessed in three other studies [36, 274, 308]. Zscharnack 

et al. showed that precultivated MSC-seeded collagen gels implanted within 

sheep osteochondral defects produced superior repair tissue to non-precultivated 

MSC-seeded gels based on International Cartilage Repair Society (ICRS) 

histologic scoring at six months post-implantation [274]. Marquass et al. had 

similar findings after one year and also showed that precultivated MSCs had 

better histologic outcomes than matrix-associated chondrocyte transplantation 

(MACT) [308]. 

 

Bone marrow marrow-derived cell (BMDC) collections produced by 

centrifugation and made up of nucleated cell fractions that contain MSCs have 

been assessed by Fortier et al. and Zhang et al. [307, 311]. Fortier et al. mixed 

BMDCs with thrombin to create an implantable clot and compared this to 

microfracture in the treatment of equine trochlear ridge chondral defects [307]. 

Macroscopic and histological outcomes were superior with BMDC 

transplantation. Hyaline-like cartilaginous repair tissue containing proteoglycans 

and type II collagen was noted. Zhang et al. compared BMDCs to isolated, 
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expanded MSCs seeded with collagen II gels [311]. After two months, each cell 

type produced histologically and macroscopically equivalent hyaline-like 

cartilage repair tissue within porcine femoral trochlea chondral defects. 

 

Co-transplantation of chondrons and MSCs suspended within fibrin glue 

into goat femoral condyle chondral defects was assessed in another study [312]. 

This technique showed superior defect filling, O’Driscoll histologic scoring and 

biochemical GAG quantity in comparison to microfracture. However, co-

transplantation was not compared with MSC or chondrocyte transplantation alone. 

 

Animal studies have yielding positive preclinical results that have 

provided support and direction for MSC-based therapies in humans. Specific 

techniques such as MSC injection, and transplantation of both isolated MSCs and 

BMDCs have been taken into a clinical realm. Other techniques such as scaffold-

free tissue-engineered constructs, magnetically guided MSC injection, co-

transplantation, and MSC precultivation have only been reported in the animal 

literature to date.  

 

2.2.4	  	  	  Clinical	  Studies	  

There is a growing body of clinical evidence supporting MSC transplantation as 

an effective treatment for traumatic articular cartilage injury (Table 2.2). Cells 

derived from autologous bone marrow aspirates from the iliac crest have been 

used for treatment of focal, traumatic chondral and osteochondral defects of the 
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femoral condyle [39, 254, 316-321], femoral trochlea [41, 43, 46, 317], talus [38, 

40, 45, 322, 323], tibial plateau [41], and patella [41, 43, 46, 317]. Other studies 

have addressed the use of this technique in managing other defect types such as 

osteochondral lesions arising from osteochondritis dissecans [44, 324], septic 

arthritis [325] and unicompartmental OA [37]. One group has reported use of 

MSCS derived from synovium for treatment of femoral condyle defects for 

treatment of articular cartilage defects of the femoral condyle [326]. 

 

Following aspiration, MSCs were isolated and expanded within the 

laboratory for 2-3 weeks and implanted alone [317, 324, 326] or in association 

with biomaterial matrices [39, 43, 316, 318]. Alternatively, in other studies, 

BMDCs – also described as bone marrow concentrate (BMC)  [319, 320] or bone 

marrow aspirate concentrate (BMAC) in the literature [41] – were separated using 

centrifugation systems [38, 40, 41, 45, 254, 319, 320]. Presumably, these 

collections contained a variety of cell types from the bone marrow space, some of 

which were MSCs. BMDCs were immediately implanted in conjunction with 

matrices into defects in the same operative period as the aspiration.  Matrices used 

in these studies included platelet-rich fibrin gel [38, 40, 41, 46, 254, 316, 321], 

fibrin glue [319, 320], collagen gel and paste [38-40, 43, 45, 322], and scaffolds 

composed of collagen [39, 41, 43, 318, 319, 321], HA [38, 40, 45, 254, 321-323], 

and PGA-HA [320]. In most cases, MSCs or BMDCs were seeded onto scaffold 

or gel matrices for implantation. Combinations of scaffolds and cell-containing 

gels or glue were commonly described [38-40, 43-46, 150, 254, 319, 320, 322, 
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323]. Some protocols involved the implantation of cells within gel followed by 

coverage with biomaterial membranes [41, 46, 319, 320]. Cell-matrix constructs 

were implanted on the same day of scaffold seeding [38, 40, 44, 45, 150, 254] or 

following a few days of in vitro culture in an attempt to promote cell adherence to 

scaffolds prior to implantation [39, 43]. Some groups used fibrin glue [317] and 

overlying periosteal flaps [37, 39, 43, 316, 317, 324] or synovium [43] to stabilize 

implanted constructs. 

 

Based on the available short-term and mid-term evidence, implantation of 

MSCs or BMDC collections containing MSCs appears to be a successful 

treatment for focal traumatic chondral and osteochondral defects (Table 2.2). 

Functional outcomes improved with time to 24-54 months of mean follow-up 

following implantation in the majority of patients with focal chondral and 

osteochondral lesions of the knee [41, 43, 46, 254, 317-321, 326]. With respect to 

lesions of the talus, functional outcomes improved post-operatively to a mean 

follow-up of 29-53 months [38, 40, 45, 322, 323]. Two studies reported a peak in 

the American Orthopaedic Foot and Ankle Society (AOFAS) score at 24 months 

from BMDC transplantation with a downward trend thereafter to final follow-up 

at 48-72 months [45, 322], while two other studies by this group demonstrated a 

peak at 36 months that remained stable to 48 months [40, 323]. Longer-term 

evidence is available from Wakitani et al. supporting the safety of MSC 

transplantation up to 137 months post-transplantation surgery, although other 

outcomes were not assessed [328]. 
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Table	  2.2	  	  	  Clinical	  studies	  assessing	  mesenchymal	  stem	  cells	  in	  the	  treatment	  

of	  traumatic	  articular	  cartilage	  defects	  
Article Subjects  Defects Implanted/ injected 

constructs 
Follow

-up 
Key findings 

Kuroda et 
al. (2007), 
case report 
(Level IV) 

[39] 
 
 

1 M  
(age 31 
y) 

1 medial 
femoral condyle 
chondral defect 
(6.0 cm2) from 
trauma 

Implantation of 
isolated BM-derived 
MSCs within 
porcine type I 
collagen gel on a 
collagen scaffold; 
covered by a 
periosteal flap 

12 
months 

Arthroscopic: firm, smooth repair 
tissue; histological: hyaline-like 
cartilage covered superficially by 
fibrous tissue; MRI: focal chondral 
and subchondral irregularities; 
clinical: return to previous level of 
activity 
 

Wakitani 
et al. 

(2007), 
case series 
(Level IV) 

[43] 

3: 2 M, 1 
F (age 
32-45 y) 

5 femoral 
trochlea (0.7-
4.2 cm2) and 4 
patella chondral 
defects (1.0-1.7 
cm2); defects in 
2/3 participants 
from trauma 

Implantation of 
isolated BM-derived 
MSCs within bovine 
type I collagen gel 
on a porcine 
collagen scaffold; 
covered by a 
periosteal flap or 
synovium; 
adjunctive 
subchondral drilling 
 

18 
months 

Arthroscopic: firm, smooth tissue; 
histological: atypical cartilage; 
MRI: complete coverage of defects 
but quality unclear; clinical: 
improvement of symptoms and 
return to work; IKDC 
improvement 

Giannini et 
al. (2009), 
case series 
(Level IV) 

[38] 

48: 27 M, 
21 F 
(mean 
age 28.5 
± 9.5 y) 

48 talar dome 
osteochondral 
defects 
(2.07 ± 0.48 
cm2); 35 from 
trauma; 
previous MFX, 
debridement or 
ACT in 15 

Implantation of 
BMDCs suspended 
within 
collagen/platelet 
paste or seeded on 
HA (HYAFF-11) 
scaffold 

29 
months 

Arthroscopic: smooth tissue in 
some, hypertrophic in others; all 
integrated with firmness of native 
cartilage; histological: mixed with 
some hyaline quality; MRI: newly 
formed tissue in all lesions; 
clinical: improvement in AOFAS 
scores with time and return to 
sports with no difference between 
scaffold types; worse outcomes 
with previous surgery 
 

Buda et al. 
(2010), 

case series 
(Level IV) 

[254] 
 

20: 12 M, 
8 F 
(mean 
age 28.5 
± 9.5 y) 

16 medial 
femoral condyle 
and 6 lateral 
condyle 
osteochondral 
defects (no area 
provided); 18 
traumatic and 2 
OCD defects 

Implantation of 
BMDCs seeded on a 
HA (HYAFF-11) 
scaffold 
supplemented with 
platelet-rich fibrin; 
adjunctive meniscus 
repair or 
debridement, ACL-
R, or HTO 
 

29 
months 

Histological: collagen II noted 
throughout repair tissue with focal 
proteoglycan content consistent 
with hyaline-like cartilage; MRI: 
variable signal intensity that 
correlated with KOOS score; 
clinical: improvement in IKDC 
and KOOS scores post-operatively 
 

Giannini et 
al. (2010), 
Prospect-

ive, 
compar-

ative study 
(Level III) 

[40] 
 

81: 47M, 
34F 
(mean 
age 30 ± 
8 y); 
 

25 
BMDC; 
10ACT; 

46 
MACT  

81 talar dome 
osteochondral 
defects (>1.5 
cm2) from 
trauma 

Implantation of 
BMDCs seeded on a 
HA (HYAFF-11) 
scaffold 
supplemented with 
platelet-rich fibrin 

39 
months 

Arthroscopic: good defect 
coverage; histological: hyaline-like 
cartilage noted; MRI: complete 
integration in 76% and 
homogenous tissue in 82% of all 
cases with hypertrophy in 3 
BMDC and 2 ACT patients; 
clinical: improvement in AOFAS 
scores after surgery with no 
difference between BMDC-
scaffold implants, ACT and 
MACT; lower overall cost for 
BMDC transplantation compared 
to ACT/MACT 
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Table	  2.2	  	  	  Clinical	  studies	  assessing	  mesenchymal	  stem	  cells	  in	  the	  treatment	  

of	  traumatic	  articular	  cartilage	  defects	  (continued)	  
Article Subjects  Defects Implanted/ injected 

constructs 
Follow

-up 
Key findings 

Haleem et 
al. (2010), 
case series 
(Level IV)  

[316] 

5: 4 M, 1 
F (mean 
age 25.4 
y) 

5 femoral 
condyle 
chondral defects 
(3-12 cm2); 2 
traumatic, and 3 
OCD defects (1 
OA from 
neglected OCD) 
 

Implantation of 
isolated BM-derived 
MSCs within 
platelet-rich fibrin 
glue; covered by a 
periosteal flap 

12 
months 

Arthroscopic: smooth tissue; MRI: 
complete defect filling with good 
congruity in 3/5 patients; clinical: 
improvement in Lysholm and 
RHSSK scores with return to 
sports; worse outcomes in 1 patient 
with pre-operative OA 

Nejadnik 
et al. 
(2010), 
prospect-
ive study 
(Level III)  
[317] 
 

 

72: 38 M, 
34 F 
(mean 
age 44.0 
± 11.4 y) 
 
36 
MSCs; 
36 ACT 

13 patella, 4 
femoral 
trochlea, 12 
femoral 
condyle, and 7 
multiple knee 
chondral defects 
(4.6 ± 3.5 cm2) 
in MSC group; 
14 traumatic, 20 
OA and 2 other 
defects 

Implantation of 
isolated BM-derived 
MSCs; covered by a 
periosteal flap; 
adjunctive partial 
meniscectomy, 
patellar realignment, 
ACL-R, or HTO 

24 
months 

Arthroscopic: smooth tissue in 
most cases; histological: aggrecan 
and collagen II content consistent 
with hyaline cartilage; clinical: 
greater improvement in SF-36 
Physical Role Functioning in 
MSCs vs. chondrocytes; 
equivalent IKDC, Tegner and 
Lysholm score improvement 
following both MSC and 
chondrocyte transplantation; 
superior outcomes in males vs. 
females  
 

Gobbi et 
al. (2011), 
case series 
(Level IV)  
[41] 
 

 

15: 10 M, 
5 F 
(mean 
age 48 y, 
range 32-
58 y) 
 

7 patella, 6 
femoral 
trochlea, 4 
medial tibial 
plateau, 6 
medial femoral 
condyle, and 1 
lateral condyle 
chondral defects 
(9.2 ± 6.3 cm2); 
all defects from 
trauma; 6 
patients had 
multiple defects 

Implantation of 
BMDCs mixed with 
batroxobin 
(Plateltex Act) to 
produce a clot; 
covered by a type 
I/III collagen matrix 
(Chondro-Gide); 
adjunctive ACL-R, 
HTO or patellar 
realignment 

24 
months 

Arthroscopic: smooth, integrated 
tissue in all cases; no hypertrophy; 
histological: variability with 
properties of hyaline and 
fibrocartilage; MRI: complete 
defect filling in 80%, integration in 
93%, and no hypertrophy in all 
patients; clinical: improvement in 
all scores (VAS, KOOS, Tegner, 
Marx, IKDC and Lysholm) 
following surgery; patients with 
single lesions and smaller lesions 
had better outcomes 
 

Kasemkij
wa-ttana et 
al. (2011), 
case series 
(Level IV)  
[318] 

 

2 M (age 
24-25 y) 
 

2 lateral femoral 
condyle 
chondral (2.2-
2.5 cm2) 

Implantation of 
isolated BM-derived 
MSCs seeded on a 
type I collagen 
scaffold 
supplemented with 
fibrin glue; covered 
by a periosteal flap; 
adjunctive ACL-R, 
meniscal repair 
 

30 
months 

Arthroscopic: good defect fill, 
integration and firmness; clinical: 
significant improvement in IKDC 
score and KOOS post-operatively 

Saw et al. 
(2011), 
case series 
(Level IV)  

[327] 

5: 1 M, 4 
F (mean 
age 39.4 
y, range 
19-52 y) 

3 focal defects: 
1 lateral femoral 
condyle (2 cm2), 
1 patella (8.8 
cm2), 1 femoral 
trochlea (0.5 
cm2); 2 OA 
defects  

Injection of 
peripheral blood-
derived MSCs with 
HA weekly (x5) 
starting 1 wk after 
subchondral drilling; 
adjunctive HTO or 
lateral patellar 
release; pre-
injection GCSF 

18 
months 

 

Arthroscopic: good filling in focal 
defects; range from devoid areas to 
smooth repair tissue in OA defects; 
histological: intense proteoglycan 
staining; type I collagen in 
superficial area with predominance 
to type II collagen in deep area; 
chondrocytes in subchondral drill 
holes 
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Table	  2.2	  	  	  Clinical	  studies	  assessing	  mesenchymal	  stem	  cells	  in	  the	  treatment	  

of	  traumatic	  articular	  cartilage	  defects	  (continued)	  
Article Subjects  Defects Implanted/ injected 

constructs 
Follow

-up 
Key findings 

Gigante et 
al. (2012), 
case report 
(Level IV)  

[319] 

1 M (age 
37 y) 

1 medial 
femoral condyle 
chondral defect 
(3 cm2) from 
trauma 

Implantation of 
BMDCs within 
fibrin glue (Tisseel) 
and coverage with a 
collagen membrane 
(MeRG) after 
arthroscopic MFX 
(CMBMC) 
 

24 
months 

 

MRI: good defect filling with 
tissue that was isointense relative 
to native cartilage; no signs of 
bone edema; clinical: return to 
activity and asymptomatic 

Enea et al. 
(2013), 
case series 
(Level IV) 

[320] 

9: 5 M, 4 
F (mean 
age 48 ± 
9 y) 

6 medial 
femoral condyle 
and 3 lateral 
condyle 
chondral defects 
(2.6 ± 0.5 cm2); 
previous 
meniscectomy, 
debridement or 
ACL-R 

Implantation of 
BMDCs within 
fibrin glue and 
coverage with a 
PGA-HA membrane 
(Chondro-tissue) 
after arthroscopic 
MFX (CMBMC); 
adjunctive 
meniscectomy, 
osteochondral 
fixation, or trochlea 
resurfacing 
 

22 
months 

Arthroscopic: 1 normal, 3 nearly 
normal and 1 abnormal on ICRS 
CRA; histological: hyaline-like 
cartilage repair tissue; MRI: 
complete defect filling in all; mild 
subchondral irregularities in all; 
hypertrophy in 1 patient; clinical: 
improvement in IKDC and 
Lysholm scores compared to pre-
operative scores; no change in 
Tegner score from pre-injury; one 
failure 
 

Giannini et 
al. (2013), 
case series 
(Level IV)  
[45]  

 

49: 27 M, 
22 F 
(mean 
age 28.1 
± 9.5 y) 

49 talar dome 
osteochondral 
defects (2.2 ± 
1.2 cm2); 36 
traumatic 
defects with 
unknown 
etiology in 
others; previous 
debridement, 
MFX, ACT or 
BMDCs in 17 
 

Implantation of 
BMDCs within 
collagen/platelet 
paste or seeded on 
HA (HYAFF-11) 
scaffold 
supplemented with 
platelet gel 

48 
months 

MRI: complete defect filling in 
45%, hypertrophy in 45%, 
integration in 65%, subchondral 
disruption in 65% of cases; 78% of 
repair area had hyaline quality; 
clinical: improvement in AOFAS 
scores  with maximal value at 24 
mo; decreased at 36-48 mo; 
decreased AOFAS associated with 
fibrocartilage quality; return to 
pre-injury sports in 78% 
 

Saw et al. 
(2013), 
RCT 
(Level II)  

[257] 

49: 17 M, 
32 F 
(mean 
age 38 ± 
7 y); 
 
25 
MSC+H
A; 24 HA 
 

49 chondral 
defects of the 
knee (57% 
patella, 29% 
trochlea, 12% 
femoral 
condyle, and 
8% tibial 
plateau) 

Injection of 
peripheral blood-
derived MSCs and 
HA weekly (x5) 
starting 1 wk after 
subchondral drilling 
and then weekly 
(x3) at 6 months; 
pre-injection GCSF 

24 
months 

Arthroscopic: smooth defect 
filling; histological: ICRS II score 
was significantly better in 
MSC+HA group; MRI: improved 
cartilage morphology, defect 
filling and integration in MSC+HA 
group; clinical: improvement in 
IKDC scores with no difference 
between MSC+HA and HA 

Buda et al. 
(2013), 
case series 
(Level IV)  
[321] 

 

20: 12 M, 
8 F 
(mean 
age not 
reported) 

14 medial 
femoral 
condyle, 4 
lateral condyle 
and 2 both 
condyle 
osteochondral 
defects (no area 
provided); 18 
traumatic and 2 
OCD defects 

Implantation of 
BMDCs seeded on a 
HA (HYAFF-11) or 
collagen (IOR-G1) 
scaffold 
supplemented with 
platelet-rich fibrin; 
adjunctive meniscus 
repair or 
debridement, ACL-
R, or HTO 

29 
months 

Histological: collagen II noted 
throughout repair tissue with 
proteoglycan content consistent 
with hyaline-like cartilage; MRI: 
MOCART correlated with KOOS 
score; clinical: improvement in 
IKDC and KOOS scores post-
operatively 
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Table	  2.2	  	  	  Clinical	  studies	  assessing	  mesenchymal	  stem	  cells	  in	  the	  treatment	  

of	  traumatic	  articular	  cartilage	  defects	  (continued)	  
Article Subjects  Defects Implanted/ injected 

constructs 
Follow

-up 
Key findings 

Buda et al. 
(2014), 
case series 
(Level IV)  

[322] 

64: 34 M, 
30 F 
(mean 
age 30.5 
± 10.5 y) 

64 talar dome 
osteochondral 
defects (5.3 ± 
0.7 cm2); 50 
traumatic 
defects with 
unknown 
etiology in 
others; previous 
debridement, 
MFX, or ACT 
in 17 
 

Implantation of 
BMDCs within 
collagen/platelet 
paste (Spongostan1) 
or seeded on HA 
(HYAFF-11) 
scaffold 
supplemented with 
platelet gel 

53 
months 

MRI: area of defect related to 
percentage of maximal possible 
improvement in AOFAS at each 
follow-up; clinical: improvement 
in AOFAS scores with maximal 
value at 24 mo; AOFAS scores 
decreased gradually at 36-72 mo 
(significance not established); 
return to high-impact sports in 
77% at a mean of 12 mo; scaffold 
type did not impact AOFAS scores 

Buda et al. 
(2015), 
retro-
spective 
compar-
ative study 
(Level III) 

[323] 

80: 52 M, 
28 F 
(mean 
age 30.2 
± 9.7 y) 
 
40 
BMDCs; 
40 
MACT 
 

40 talar dome 
osteochondral 
defects (1.8 ± 
0.6 cm2) in 
BMDC group; 
31 traumatic 
defects with 
unknown 
etiology in 
others 

Implantation of 
BMDCs seeded on 
HA (HYAFF-11) 
scaffold 
supplemented with 
platelet gel 

48 
months 

MRI: T2 values in range of hyaline 
cartilage in 85% with BMDCs and 
75% with MACT; MOCART 
similar between groups; clinical: 
both groups had AOFAS increase 
and peak at 36 mo and remained 
stable to 48 mo with no difference 
between groups; rate of return to 
sports was slightly higher 
following BMDC transplantation 
 

Gobbi et 
al. (2015), 
prospect-
ive 
compar-
ative study 
(Level III)  

[46] 

37: 19 M, 
18 F 
(mean 
age 43.1-
45.5 y) 
 
18 
BMDCs; 
19 
MACT 
 

18 
patellofemoral 
chondral defects 
in BMDC 
group, 8 single 
and 10 multiple 
(10.5 ± 6.0 cm2 
total area per 
patient with 5.5 
cm2 per lesion); 
13 traumatic 
and 5 
degenerative 
defects 
 

Implantation of 
BMDCs mixed with 
batroxobin 
(Plateltex Act) to 
produce a clot; 
covered by an HA 
(HYAFF-11) 
scaffold; adjunctive 
ACL-R, HTO or 
patellar realignment 

54 
months 

Arthroscopic: smooth surface, 
stable graft with good integration 
at 13-14 mo; histological: 
proteoglycan and collagen II 
staining in the majority of BMDCs 
and MACT; MRI: >50% defect 
filling in 81% of patients with 
BMDCs and 76% with MACT; no 
deterioration between 2 y and final 
follow-up; clinical: improvement 
in IKDC, KOOS and VAS scores 
in both groups following surgery 
with no difference between groups 
other than IKDC subjective score 
that was better with BMDCs 
 

Sekiya et 
al. (2015), 
case series 
(Level IV) 
[326] 

 

10: 5 M, 
5 F 
(median 
age 30.5 
± 10.5 y) 

10 femoral 
condyle 
chondral and 
osteochondral 
defects (median 
2 cm2); all 
traumatic; 
previous 
meniscectomy 
in 2, ACL-R in 
1 

Implantation of 
synovium-derived 
MSCs; adjunctive 
removal of fragment 
or ACL-R during 
arthroscopy to 
harvest synovium 

52 
months 

Arthroscopic: cartilage defect 
appeared improved in all; 
histological: proteoglycan staining 
in some tissue with fibrocartilage 
features in other tissue; MRI: 
filling scores improved after the 
procedure; clinical: Lysholm 
scores increased after the MSC 
transplantation 

 
 

Table 2.2 abbreviations 

ACT, autologous chondrocyte transplantation; ACL-R, ACL reconstruction; AOFAS, American 

Orthopaedic Foot and Ankle Society; BM, bone marrow; BMDC, bone marrow-derived cell; F, 

female; GCSF, granulocyte colony stimulating factor; CMBMC, covered microfracture and bone 
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marrow concentrate; HA, hyaluronic acid; HSS, Hospital for Special Surgery; HTO, high tibial 

osteotomy; ICRS, International Cartilage Repair Society; ICRS CRA, Cartilage Repair 

Assessment (arthroscopy); IKDC, International Knee Documentation Committee; KOOS, Knee 

Injury and Osteoarthritis Outcome Score; M, male; MACT, matrix-associated autologous 

chondrocyte transplantation; MFX, microfracture; MRI, magnetic resonance imaging; MSC, 

mesenchymal stem cell; OCD, osteochondral dissecans; PGA-HA, polyglycolic acid-hyaluronic 

acid; RCT, randomized controlled trial; RHSSK, Revised Hospital for Special Surgery knee; SF-

36, Short Form 36; VAS, Visual Analogue Scale; y, year(s) 

 

 

These positive outcomes contrast with those from patients with more 

advanced degenerative disease. In one study focusing on the management of 

unicompartmental OA of the knee, outcomes were equivalent between the MSC 

transplantation group and cell-free control group in 24 patients who underwent 

concomitant high tibial osteotomy [37]. Furthermore, one participant with OA in 

another case series had worse clinical scores post-operatively than others with 

focal defects [316].   

 

MRI and arthroscopy have shown that repair tissue derived from MSC and 

BMDC transplantation contains hyaline-like cartilage and integrates within 

surrounding native tissue within 24 months of implantation [38, 45, 46, 254, 318-

321, 326] (Table 2.2). Cartilage quality correlated with clinical outcomes [45, 

254, 321] as did implant-defect congruity and the amount of defect filling [316]. 

In some cases, hypertrophic cartilage has been noted on arthroscopy, but healthy 

repair tissue was found upon arthroscopic debridement of this tissue [38]. Lack of 

complete filling and non-congruent resurfacing of defects have been reported in a 

minority of cases [316]. In osteochondral lesions, subchondral bone appears to 
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require longer periods of time than cartilage for remodeling. Giannini et al. found 

abnormal subchondral structure and separated osteochondral interfaces on MRI at 

24 months following treatment of osteochondral lesions of the talus [45]. 

 

Histological analysis of repair tissue biopsies has been consistent with 

MRI and arthroscopic findings [38, 39, 41, 46, 254, 319-321, 326] (Table 2.2). A 

number of groups have reported intense proteoglycan staining surrounding 

differentiated chondrocytes [38, 41, 46, 254, 320, 321]. Furthermore, repair tissue 

often contained a moderate to large amount of collagen II with lesser amounts of 

collagen I on immunohistochemistry that supported the presence of hyaline-like 

cartilage phenotype [38, 39, 41, 46, 317, 322]. Fibrocartilage or mixed repair 

tissue has also been described, but in a relatively smaller number of patients [39, 

43, 320, 326]. Periosteal flap coverage and subchondral drilling were used in 

these studies and are potential contributing factors. 

 

Four clinical studies have compared MSC or BMDC transplantation to 

autologous chondrocyte transplantation (ACT) or matrix-associated ACT 

(MACT) [40, 46, 317, 323]. Similar positive outcomes were noted on most 

clinical scales, although differences were noted on certain parameters. 

Specifically, Nejadnik et al. reported better physical role functioning on the Short 

Form 36 (SF-36) scale with MSC transplantation relative to ACT for treatment of 

knee defects, while International Knee Documentation Committee (IKDC), 

Lysholm and Tegner scores were similar [317]. Giannini et al. reported no 
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differences in AOFAS score between ACT, MACT and BMDC transplantation 

for treatment of talus defects [40]. Buda et al. had similar findings of no 

difference on AOFAS scores between MACT and BMDC transplantation [323]. 

However, BMDC transplantation led to increased numbers of patients returning to 

sports and less retiring from sports. Gobbi et al. reported significantly better 

IKDC subjective scores with BMDC transplantation, although IKDC objective, 

Knee Injury and Osteoarthritis Outcome Score (KOOS) and visual analog scale 

(VAS) pain scores were not different between BMDC transplantation and MACT 

for treatment of patellofemoral defects [46]. 

 

In these studies, MRI, arthroscopic and histologic findings indicated that 

MSCs and chondrocytes were capable of resurfacing defects with hyaline-like 

cartilaginous repair tissue that integrated into surrounding cartilage [40, 46, 317, 

323]. Buda et al. found a higher presence of features consistent with hyaline 

cartilage and a lower presence of features consistent with fibrocartilage following 

BMDC transplantation in comparison to MACT based on MRI T2 mapping [323]. 

Gobbi et al. reported >50% defect fill on MRI in 81% of patients treated with 

BMDC transplantation and 75% of patients treated with MACT [46]. Integration 

to native cartilage was 94% and 88% in these groups, respectively.  

 

Although implantation of MSC-based constructs has been the focus of 

clinical literature to date, one group has reported outcomes following intra-

articular injection of MSCs for the treatment of focal chondral defects [257, 327]. 
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In a randomized controlled trial, autologous peripheral blood MSCs were injected 

with HA weekly for five weeks after subchondral drilling and subsequently for 

another three weeks at six months into the knees of patients with lesions of the 

femoral condyle, tibial plateau, patella, and femoral trochlea. Histologic 

assessment at 18 months showed the presence of hyaline-like cartilage in patients 

who received MSCs. Furthermore, ICRS II histologic scores were significantly 

better in participants who received MSCs and HA versus those who received HA. 

However, IKDC clinical scores were equivalent between these two groups at 24 

months. 

 

2.3	  	  	  Tissue	  engineering	  and	  transplantation	  variables	  

The goal of MSC transplantation is to create repair tissue with properties of 

hyaline cartilage that integrates into surrounding native osteochondral tissue while 

limiting local and systemic adverse effects. Three general MSC transplantation 

protocols currently exist (Figure 2.1). The one-step BMDC transplantation 

protocol consists of bone marrow aspiration, separation of a nucleated cell 

population containing MSCs amongst other cells, seeding of these cells on a 

scaffold, and implantation all within a single operative period [38, 40, 41, 45, 

254]. A second protocol involves isolation of MSCs within the laboratory, in vitro 

expansion, and scaffold seeding shortly before implantation [39, 43, 316-318]. 

The scaffold may be seeded at the time of implantation or a within a few days of 

implantation a short in vitro culture period to promote MSC adherence to the 

biomaterial [39]. The final protocol utilizes isolated, expanded MSCs that are 
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seeded onto a scaffold and precultivated – or predifferentiated – in vitro over 2-3 

weeks to promote chondrogenesis prior to implantation [36, 274, 308]. 

 

BMDC transplantation and non-precultivated, isolated and expanded MSC 

transplantation have both resulted in the creation of hyaline-like cartilage based 

on arthroscopy, histology and imaging, and yielded positive outcomes in clinical 

studies [38-41, 43, 45, 316-318]. To our knowledge, implantation of precultivated 

MSC-matrix constructs has not been studied clinically to date, but was shown to 

produce hyaline-like cartilage tissue in large-animal in vivo studies [36, 274, 308]. 

Although successful resurfacing has been performed with all three transplantation 

protocols, each carries specific advantages and disadvantages that are described in 

Table 2.3. 

 

At present, studies comparing these protocols in humans are lacking, but 

have been performed in animal models. Zhang et al. found no difference at two 

months between BMDCs and expanded MSCs seeded on collagen gels implanted 

within femoral trochlea chondral defects in mini-pigs [311]. Marquass et al. 

showed that precultivated MSC-seeded collagen gels produced superior repair 

tissue after one year to non-precultivated MSCs within distal femur osteochondral 

defects in sheep [274, 308]. 

Regardless of the specific transplantation protocol used, MSC-based 

therapies require a number of steps that may be optimized to improve MSC yield, 

chondrogenesis, repair tissue integration, and ultimately clinical outcome. These 
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steps may include cell collection, MSC isolation and expansion, matrix seeding, 

precultivation into cartilaginous tissue, and surgical implantation. 

 
 

 
 

Figure	  2.1	  	  	  Mesenchymal	  stem	  cell	  transplantation	  constructs	  and	  protocols. (A) In bone 

marrow-derive cell (BMDC) transplantation, the bone marrow aspirate is centrifuged to create a 

BMDC concentrate that contains MSCs within a pool of other cells and chemical mediators. 

BMDCs are then seeded onto a scaffold and implanted within a cartilage defect. Mesenchymal 

stem cell (MSC) transplantation involves isolating MSCs from a bone marrow aspirate by plastic 

adherence and expansion in plastic tissue culture flasks. (B) MSCs are then seeded onto a scaffold 

and implanted or (C) precultivated in vitro to promote chondrogenesis prior to implantation. 

 

 

2.3.1	  	  	  Collection	  of	  tissue	  containing	  mesenchymal	  stem	  cells	  

MSCs are present within a number of tissues that may serve as potential harvest 

sites (Table 2.4). To date, needle aspiration of pelvic bone marrow has been the 

method of choice for MSC-based treatment of human articular defects [38, 40, 41, 

43, 45, 254, 316-318, 320, 329]. The use of peripheral blood MSCs has also been 
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reported clinically [257, 327]. Synovial, periosteal and adipose tissues are other 

sources that have been assessed in vivo in the animal literature with relevance [29, 

289, 305]. Synovial MSCs appear to have improved chondrogenic capacity 

relative to MSCs from bone marrow and periosteum based on in vitro assessment 

[256], although this advantage has not been reproduced in vivo in two rabbit 

studies [289, 292]. Adipose tissue offers the advantage of abundant availability, 

but adipose MSCs have a lower chondrogenic potential than MSCs from bone 

marrow, synovium and periosteum [256]. Bone marrow- and periosteum-derived 

MSCs have a heightened osteogenic potential [256]. Although this may be not 

ideal for cartilage engineering, it could be advantageous in osseous regeneration 

within osteochondral lesions. While present-day techniques utilize autologous 

MSCs in transplantation, MSC tissue banking and allogeneic transplantation 

could one day provide an alternative strategy [330]. However, further 

investigation is required to support allogeneic use of MSCs due to recent work 

suggesting that both undifferentiated and chondrogenic-differentiated MSCs 

cause immunoreaction [331]. 

 

2.3.2	  	  	  Isolation	  and	  expansion	  of	  mesenchymal	  stem	  cells	  

Following the collection of bone marrow or other MSC-containing tissues, 

isolation and expansion of MSCs is performed under either two-dimensional (2D) 

or 3D conditions. In the conventional 2D method, tissue is placed in serum-

containing medium within plastic tissue-culture flasks and incubated for a number 

of days [32]. Mononucleated cells (MNCs), some of which are MSCs, may be 

quantified and plated at 10,000-250,000 cells per cm2 [32, 261, 317, 332]. MSC 
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isolation occurs through adherence of MSCs to plastic, as other cell types are non-

adherent and discarded when culture medium is changed. Cell replication is 

monitored through the level of confluence observed by microscopy. Once 

confluence is achieved, trypsin and ethylenediaminetetraacetic acid (EDTA) are 

used to disrupt adherence, and MSCs are re-plated within a larger number of 

flasks [261]. This process is repeated through multiple passages to allow for 

expansion to occur. Although a greater number of passages yields a larger number 

of total MSCs available for implantation, long-term expansion should be avoided 

given that proliferation decreases and eventually stops with cellular senescence 

[333-338]. Furthermore, sustained 2D expansion on tissue-culture plastic leads to 

altered differentiation potential with reduced chondrogenic capacity and a 

propensity for cells enter an osteogenic pathway [333, 334, 339, 340]. 

Consequently, MSCs are usually expanded through a maximum of 2-3 passages in 

tissue-culture flasks.  

 

Three-dimensional (3D) isolation and expansion of BMSCs has been 

proposed as a method of mimicking the natural bone marrow microenvironment 

and maintaining multipotency [266, 341]. Cell collections containing MNCs are 

seeded within 3D biomaterials for isolation and expansion [266, 342]. Although 

this method is in its early stages and currently under investigation, the available in 

vitro evidence suggests that MSCs derived from 3D isolation and expansion have 

superior chondrogenic differentiation capacity in comparison to 2D-isolated and 

expanded MSCs [266]. 
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Given that only a small percentage of MNCs in bone marrow are MSCs 

(0.001-0.02%), expansion is necessary and must be optimized to ensure that an 

adequate yield of pure MSCs is available and the MSCs used for implantation are 

capable of chondrogenic differentiation [32, 343, 344]. Fibroblast growth factor-

two (FGF-2) within culture medium increases MSC growth rate and maintains 

multipotency [345, 346]. Furthermore, FGF-2 has been shown to increase 

collagen and proteoglycan gene expression and GAG production [347, 348]. 

Hypoxic incubation during MSC expansion also augments chondrogenic potential 

[332]. GAG synthesis and gene expression of collagen II and sex determining 

region Y-box nine (SOX9) significantly increased in MSC pellet cultures 

expanded under 3% oxygen compared with those expanded under 21% oxygen 

[332]. Bioreactors may be used to improve yield as these provide efficient 

nutrient exchange and allow for increased cell densities during expansion [343]. 

Lastly, given that substrate stiffness has been shown to affect differentiation 

capacity of MSCs [349-351], there is a potential to optimize chondrogenesis by 

modulating substrate properties during MSC isolation and expansion. 

 

2.3.3	  	  	  Biomaterial	  matrix	  selection	  and	  seeding	  

Biomaterial matrices provide a framework for MSC proliferation and 

differentiation, and consolidate MSCs into 3D structures capable of filling 

defects. The majority of preclinical and clinical studies to date have used matrices 

(Tables 2.1 and 2.2). Gels or pastes composed of collagen or platelet-rich fibrin 

are moldable substances that hold the cells suspended [38, 39]. Porous scaffolds 
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made of materials such as collagen and HA serve as malleable, sponge-like 

structures that adhere MSCs at the time of seeding [36, 39]. Cell-seeded scaffolds 

with multiple layers engineered for osteochondral lesions have shown positive 

results in animal studies [283]. A tri-layer scaffold composed of collagen and 

hydroxyapatite has been tested in humans, but was used as a cell-free scaffold 

without co-implantation of MSCs [352]. There is potential for use of this product 

in conjunction with MSCs in the future. Combinations of MSC-embedded gels 

and scaffolds have been used in some in vivo studies [37, 38, 45, 320]. 

 

	  
Table	  2.3	  	  	  Current	  mesenchymal	  stem	  cell	  transplantation	  protocols	  

 
Construct Protocol Advantages Disadvantages 

Bone marrow-
derived cell 
(BMDC)-seeded 
scaffold 
[38, 40, 41, 45, 
254, 311] 

Bone marrow aspiration, 
separation of nucleated 
cell population (BMDC) 
by centrifugation, 
scaffold seeding, and 
implantation of BMDC-
scaffold construct into 
the AC defect site 
 

•   Accessory cells/GFs 
create a natural 
microenvironment 

•   One step procedure 
with aspiration and 
implantation in the 
same surgery 
 

•   Low number of MSCs 
•   Cells other than MSCs 

could promote 
immunorejection in 
allogeneic 
transplantation 

Mesenchymal 
stem cell 
(MSC)-seeded 
scaffold 
[39, 43, 274, 
301, 308, 316-
318] 

Bone marrow aspiration, 
in vitro MSC isolation 
by adherence to plastic 
flasks, in vitro expansion 
of MSCs, scaffold 
seeding with MSCs, and 
implantation of MSC-
scaffold construct into 
the AC defect site 

•   High MSC numbers are 
available due to 
expansion 

•   Isolation allows for 
purification of MSCs 
and potentially reduced 
likelihood of rejection 
in allogeneic transplant 

•   Mid-range time 
consumption 
 

•   In vitro expansion may 
increase the risk of 
contamination 

•   MSCs have the 
capacity to become 
bone without in vitro 
cueing prior to 
implantation (bone 
may be beneficial in 
osteochondral lesions) 
 

Precultivated 
MSC-seeded 
scaffold 
[36, 274, 308] 

Bone marrow aspiration, 
MSC isolation by 
adherence to plastic 
flasks, expansion of 
MSCs in vitro, scaffold 
seeding with MSCs, in 
vitro precultivation in 
medium promoting 
chondrogenesis, and 
implantation of a 
cartilage tissue construct 
into the AC defect site 

•   High MSC numbers are 
available due to 
expansion 

•   Chondrogenesis is 
stimulated  

•   Increased mechanical 
stability of the 
implanted construct 

•   Early neo-tissue 
remodeling occurs in 
vitro and may be 
accounted for at the 
time of implantation 

•   In vitro expansion and 
cultivation may 
increase the risk of 
contamination 

•   Highest time and 
resource consumption 

•   No clinical assessment 
to date 

 
Table 2.3 abbreviations 

BMDC: bone marrow-derived cell; GF: growth factor; MSC: mesenchymal stem cell 
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MSC seeding density has not been routinely reported to date in clinical 

studies. One reason for this is that some trials have used BMDCs, only a few of 

which are MSCs, rather than pure isolated MSCs [44]. In the in vivo animal 

literature, MSC densities of 10-48 million cells per cm3 of scaffold have been 

used [36, 281, 283]. The optimal number of MSCs to be seeded per unit volume is 

currently unknown.  

 

 
	  
Table	  2.4	  	  	  Clinically	  relevant	  sources	  of	  mesenchymal	  stem	  cells	  for	  cartilage	  

engineering	  
 

 

Table 2.4 abbreviations 

BMDC: bone marrow-derived cell; MSC: mesenchymal stem cell 

 

 

Source In vivo assessment Advantages Disadvantages 
Bone 
marrow 
 

Clinical and preclinical  
[29, 36, 38-41, 43, 45, 254, 
274, 281, 283, 284, 287, 
289, 295, 296, 301, 303, 
304, 306, 308, 309, 312-
314, 316-318, 328]  

•   Most rigorous 
investigation and 
strongest supporting 
evidence 

•   Ease of collection by 
needle 

•   Long-term safety 
reported 
 

•   Propensity to form 
osseous tissue (could 
be beneficial for 
osseous regeneration in 
osteochondral lesions) 

Peripheral 
blood 

Clinical and preclinical  
[257, 297, 327] 

•   Ease of collection by 
needle 

•   Paucity of literature 
comparing this source 
to others 

•   Paucity of clinical 
literature in 
comparison to bone 
marrow 
 

Synovial 
tissue 

Clinical and preclinical  
[286, 288-290, 292, 298, 
300, 302, 305, 326] 

•   Greatest chondrogenic 
capacity noted based 
on in vitro study 

•   Paucity of clinical 
literature in 
comparison to bone 
marrow  
 

Periosteum Preclinical  
[29, 292] 

•   Equivalent 
chondrogenic capacity 
to bone marrow 

•   Propensity to form 
osseous tissue 

•   Clinical assessment is 
lacking 
 

Adipose 
tissue 

Preclinical  
[282, 285, 292] 

•   Abundance of tissue 
•   Widespread anatomic 

availability 

•   Reduced chondrogenic 
capacity 

•   Clinical assessment is 
lacking 
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2.3.4	  	  	  Cell-‐seeded	  biomaterial	  matrix	  implantation	  

Standard open or arthroscopic surgical approaches to the knee or ankle are used to 

access chondral and osteochondral defects during implantation procedures [38, 

39, 44, 150]. Damaged articular cartilage is debrided down to subchondral bone 

and the edges are trimmed until a rim of healthy articular cartilage is evident [39, 

317, 324]. In the setting of full-thickness chondral defects, microfracture or 

drilling of intact subchondral bone has been used by some groups in an attempt to 

stimulate the influx of cells and mediators into the repair zone [37, 43, 316, 319, 

320], while other groups have left subchondral bone intact [39, 324, 353]. 

Subchondral bone is already disrupted in osteochondral lesions. Therefore careful 

debridement of malacic bone may be performed until healthy bone is reached 

[38]. 

 

At the time of implantation, matrices or cell-matrix constructs may be 

resized with punches or scalpels to fit within the margins of the defect [38]. 

Implantation orientation may be relevant in scaffolds engineered with separate 

porous and non-porous sides [37, 281].  

 

Fibrin glue or autologous platelet-rich fibrin gel may be deposited within 

the defect and overlying the MSC-matrix construct to augment implant fixation 

[44, 281, 316, 317].  Sutures may be used to anchor cell-seeded scaffolds to 

surrounding native cartilage [353]. Autologous periosteal flaps or biomaterial 

membranes have also been used to prevent leakage of MSCs from cell collections 
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implanted alone [317, 324] or embedded within collagen or fibrin gel [37, 39, 

316, 319, 320]. Periosteal flaps have been shown to form superficial fibrous caps 

that cover hyaline cartilage repair tissue [39]. In general, they are not 

recommended for use in scaffold-associated cell-based therapies, but may be used 

to contain implanted MSCs within defect areas when scaffolds are not used [317]. 

 

2.3.5	  	  	  Precultivation	  of	  matrix-‐associated	  cells	  

Various in vitro culture techniques have been elucidated that may be used to 

promote the creation of bioengineered hyaline-like cartilage within precultivated 

MSC-scaffold constructs. Chemical mediators such as TGF-β and dexamethasone 

are placed with culture media for chondrogenic induction [261]. Several factors, 

including bone morphogenetic proteins (BMP-2, 4 and 6) and insulin-like growth 

factor (IGF-1) may be used in addition to TGF-β and dexamethasone to amplify 

chondrogenesis [278, 354]. Ascorbic acid serves as a cofactor in the 

hydroxylation of amino acids in collagen, and is also routinely used within 

chondrogenic culture medium [355].  

 

Biomaterial properties such as stiffness and composition affect 

differentiation and may be used to drive chondrogenesis [349, 350]. Reduced 

stiffness of collagen-GAG scaffolds was shown to increase chondrogenesis-

associated SOX9 gene expression, while increased stiffness was shown to 

increase osteogenesis-associated Runt-related transcription factor-two (RUNX2) 

expression in MSCs cultured in vitro in medium with no differentiation 
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supplements [350]. Furthermore, SOX9 gene expression was augmented in 

collagen-HA scaffolds relative to collagen-chondroitin sulphate scaffolds [350]. 

Incubator oxygen tension during precultivation may be used to modulate 

chondrogenesis. Hypoxic exposure was found to increase ECM deposition on 

scaffolds and gene expression of collagen II, aggrecan and SOX9 in pellet 

cultures [356]. Co-culture of MSCs with chondrocytes promotes the creation of 

cartilage through chondrocyte-enhanced MSC chondrogenesis [357]. Pellet co-

culture of human MSCs and chondrocytes increased GAG deposition and 

expression of type II collagen while enhancing MSC-induced chondrocyte 

proliferation [357]. Cartilage formation may be augmented by mechanical 

stimulation during cultivation through either hydrostatic pressure or ultrasound. 

Hydrostatic pressure in constant and cyclic forms increased sulfated GAG matrix 

deposition by chondrocytes cultured on collagen scaffolds [358]. Furthermore, 

low-intensity ultrasound improved histological chondrogenic morphology, GAG 

and collagen II content, as well as gene expression of type II collagen, aggrecan 

and SOX9 [273, 359]. 

 

Bone marrow-derived MSCs have the propensity to enter an osteogenic 

pathway, a property that is not ideal for articular cartilage engineering [339]. 

During precultivation, osteogenesis may be dampened using a variety of methods. 

Parathyroid hormone-related protein (PTHrP) has been shown to reduce collagen 

X gene expression and alkaline phosphatase (ALP) activity [360]. Hypoxic 

culture of MSCs significantly suppressed expression of collagen X relative to 
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normoxic culture [332]. Lastly, co-culture of MSCs with chondrocytes reduced 

osteogenesis based on osteocalcin quantification, and Von Kossa and Alizarin 

Red staining [361]. 

 

2.4	  	  	  Current	  recommendations	  and	  future	  directions	  

MSC-based therapy through injection or implantation is a promising treatment for 

traumatic chondral and osteochondral defects.  

	  

2.4.1	  	  Injection	  protocol	  

MSC injection offers the advantage of minimal invasiveness, but dispersion of 

injected MSCs and lack of focus of these cells into defects make this method less 

appealing than direct implantation techniques. Several preclinical studies have 

been performed, but only one group has assessed MSC injection clinically to date 

[257]. The current literature supports performing microfracture or subchondral 

drilling in conjunction with weekly injections of MSCs and HA over the course of 

multiple weeks [257, 304, 314]. This protocol presumably increases the likelihood 

of defect seeding with MSCs from both injection and subchondral marrow 

sources. 

	  

2.4.2	  	  Transplantation	  protocols	  

MSCs may be implanted alone or in conjunction with a biomaterial matrix. MSCs 

implanted and covered with a periosteal flap in a procedure analogous to ACT 

produced good outcomes based on one clinical study [317]. The majority of the 
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current clinical and preclinical literature has focused on matrix-associated 

transplantation of MSCs. Three general construct types have been implanted, 

including biomaterial scaffolds seeded with either BMDCs [38] or isolated and 

expanded MSCs [39], and precultivated constructs derived from MSCs cultured in 

vitro on scaffolds prior to implantation. [274]. All three protocols are capable of 

resurfacing focal articular cartilage defects with hyaline-like cartilage that 

integrates with surrounding tissue [39, 41, 274], while each has unique advantages 

and disadvantages. At present, all may be considered as potential treatment 

options. BMDC-scaffold implantation and non-precultivated isolated, expanded 

MSC-scaffold implantation have led to positive functional, arthroscopic, 

histologic and radiographic outcomes at 12-54 months in patients with traumatic, 

focal chondral and osteochondral defects of the knee and ankle [38, 39, 41, 43, 

254, 316, 317]. No clinical studies have compared these two protocols, although 

one preclinical study found equivalent histologic outcomes [311].  The third 

protocol, precultivated MSC-scaffold construct implantation, has only been 

investigated in preclinical models but should be considered for clinical 

implementation given that it produced superior repair tissue in comparison to non-

precultivated MSC-scaffold constructs over 6-12 months in two sheep studies 

[274, 308]. 

	  

2.4.3	  	  Articular	  cartilage	  defect	  characteristics	  

It is currently unclear whether defect characteristics should dictate the 

transplantation protocol used. Both full-thickness chondral and osteochondral 
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defects have been treated successfully with the current modalities, but several 

important differences exist between these defect types. In the setting of full-

thickness chondral lesions, the subchondral bone is intact and there is no diffusion 

of subchondral marrow contents (MSCs, accessory cells and growth factors) into 

the defect site. Some groups have therefore recommended bone marrow 

stimulation techniques, such as microfracture and subchondral drilling, to be 

performed as an adjunct to MSC/BMDC-scaffold implantation [43, 329]. 

However, other groups have not used these techniques [38, 40, 45, 254, 317] 

possibly because the repair tissue derived from microfracture or subchondral 

drilling may produce fibrocartilage that is mechanically inferior to hyaline 

cartilage [98]. However, histologic assessment following combined arthroscopic 

microfracture and BMDC transplantation – described as the covered 

microfracture and bone marrow concentrate (CMBMC) technique by Gigante et 

al. – showed the presence of hyaline-like cartilage tissue [319, 320]. 

 

Osteochondral defects are deeper defects that involve subchondral plate 

disruption and diffusion of subchondral marrow contents into the defect site. 

These defects require more complex regeneration of separate layers of cartilage 

and bone. Tissue consistent with hyaline cartilage has been found following MSC 

transplantation [38, 45, 254]. Subchondral bone regeneration has also been 

reported, but restoration requires an extended period of time relative to cartilage. 

Specifically, 29 months following treatment of femoral condyle osteochondral 

defects, Buda et al. noted cartilage surface intactness in 70%, isointense cartilage 
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tissue in 65%, but subchondral lamina and bone intactness in only 30% of 

participants on MRI [254]. Similarly, at 24 months following treatment of talus 

osteochondral defects, Giannini et al. reported cartilage surface intactness in 40%, 

isointense cartilage tissue in 70%, but subchondral lamina and bone intactness in 

only 10% and 35%, respectively [45].  

 

2.4.4	  	  Mesenchymal	  stem	  cells	  versus	  chondrocytes	  

Detailed comparisons between MSC transplantation and other modalities of 

treatment for traumatic articular cartilage defects are lacking in the current 

literature. Chondrocyte transplantation (ACT/MACT), the current gold standard 

of cell-based treatment, has shown positive outcomes up at 10-20 years [227], 

while MSC/BMDC transplantation has only been assessed up to 12-54 months. In 

our review, one preclinical large-animal study and four clinical studies were 

found that directly compared MSC transplantation to chondrocyte transplantation 

[40, 308, 317]. Marquass et al. reported superior histologic findings in repair 

tissue derived from precultivated MSCs in comparison to ACT at one year post-

implantation in sheep [308].  Clinically, Nejadnik et al. found similar positive 

functional outcomes on IKDC, Tegner and Lysholm scales between MSC 

implantation and ACT in the treatment of knee defects, but noted significantly 

higher physical role functioning on the SF-36 in patients treated with MSCs 

[317]. Gobbi et al. reported significantly better IKDC subjective scores with 

BMDC transplantation in comparison to MACT, although several other scores 

were not different following treatment of patellofemoral defects [46] Giannini et 
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al. noted similarly improved AOFAS scores with both BMDC and chondrocyte 

transplantation following treatment of talus defects, while Buda et al. found 

increased return to sports with BMDC [40, 323]. Further comparative evaluation 

is required to assess MSC transplantation relative to chondrocyte implantation. 

 

MSC transplantation may reduce the likelihood of low chondrocyte yield 

and chondrocyte de-differentiation associated with chondrocyte transplantation 

[243, 246, 340]. Chondrocyte senescence is a concern with ACT and MACT [250, 

251, 362], and although MSCs also undergo senescence over prolonged periods of 

proliferation, adequate MSC yields for transplantation may be attained at a stage 

during which there is still significant residual proliferative capacity [339]. 

Chondrocyte transplantation requires two invasive surgical procedures, one for 

cell collection and one for implantation [227]. In contrast, MSC transplantation 

only requires one surgical procedure at the time of implantation [43]. MSC 

collection may be performed through minimally invasive needle aspiration [39]. 

Consequently, MSC transplantation may be less expensive than ACT/MACT. 

Giannini et al. found that the total cost of arthroscopic matrix-associated BMDC 

transplantation was half of the cost of arthroscopic MACT and one-third of the 

cost of open ACT [40].  

 

2.4.5	  	  Guidelines	  

Based on the findings of in vitro, preclinical and clinical studies performed, 

several technical steps may be optimized in MSC transplantation to promote cell 
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numbers, chondrogenesis, repair tissue integration, and clinical outcome. With 

respect to cell collection, autologous bone marrow has been used in the majority 

of clinical studies to date and is the current preference [38-41, 43, 45, 254, 316-

318]. However, synovial MSCs appear to have superior chondrogenic capacity 

and should be considered [256]. Furthermore, adipose tissue is abundantly 

available [285]. In MSC isolation, plastic adherence is used [261]. Expansion may 

be augmented using serum-containing medium supplemented with FGF-2 and 

incubation under hypoxic conditions [332, 345]. Several matrix types are 

appropriate for MSC transplantation. At present, 3D scaffolds composed of 

collagen or hyaluronic acid are the standard [39, 254]. Scaffolds composed of 

multiple layers are an option in the setting of osteochondral lesions [283]. 

Precultivation of MSC-scaffold constructs should be performed in serum-free 

medium containing TGF-β and dexamethasone supplemented with other 

mediators such as ascorbic acid, IGF-1 or BMPs [261, 278, 354]. Hypoxic 

incubation, co-culture with chondrocytes, mechanical stimulation with ultrasound, 

and dynamic culture within a bioreactor are other precultivation optimizing 

techniques that may be considered [273, 332, 343, 357]. Implantation is 

performed through either open or arthroscopic techniques. Fibrin glue or 

autologous platelet-rich fibrin gel may be used to stabilize implanted constructs 

[316, 318]. At present, there is insufficient evidence to support the use of marrow 

stimulation (i.e. subchondral drilling or microfracture) or periosteal flaps in MSC 

transplantation. 
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2.5	  	  	  Thesis	  development	  and	  objectives	  

MSC transplantation is an emerging cell-based strategy for the treatment of 

traumatic chondral and osteochondral defects of the knee and ankle. Although 

there is currently no established consensus on protocol, multiple technical 

variations have successfully produced hyaline-like cartilaginous repair tissue. 

Clinical studies to date have reported good function in the majority of patients at 

12-54 months following MSC implantation. Despite these positive findings, there 

is room for optimization of MSC transplantation with the goal of improving the 

quality of neo-cartilage developed.  

 

 In this thesis, several studies were performed to investigate variables of 

bone marrow-derived MSC (BMSC)-based cartilage engineering within in vitro 

and in vivo models. In Chapter 3, the impact of incubator oxygen tension during 

ovine BMSC isolation, expansion and differentiation on BMSC chondrogenesis 

within clinically approved porous scaffolds composed of type I collagen and 

esterified hyaluronic acid was investigated. Chapter 4 involved characterization of 

contraction during chondrogenesis of a porous collagen I scaffold seeded with 

human BMSCs that were isolated and expanded under different oxygen tensions. 

In Chapter 5, isolation and expansion environment and cell seeding density of a 

collagen I scaffold were assessed using ovine BMSCs in an in vitro model. 

Chapter 6 utilized an in vivo sheep model with full-thickness articular cartilage 

defects to assess a novel protocol for BMSC transplantation that involved BMSCs 

that were isolated, expanded, seeded within hyaluronic acid scaffolds, and 
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chondrogenically primed using a short culture period in chondrogenic medium 

prior to implantation. The impact of oxygen tension during pre-implantation 

culture on cartilaginous repair tissue formation was also investigated. 
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Chapter	  3	  
	  

Hypoxic	  Culture	  of	  Bone	  Marrow-‐
Derived	  Mesenchymal	  Stromal	  Stem	  
Cells	  Differentially	  Enhances	  In	  Vitro	  
Chondrogenesis	  within	  Cell-‐Seeded	  
Collagen	  and	  Hyaluronic	  Acid	  Porous	  
Scaffolds	  
	  

Troy	  D.	  Bornes,	  Nadr	  M.	  Jomha,	  Aillette	  Mulet-‐Sierra,	  and	  Adetola	  B.	  Adesida	  

	  

This	  chapter	  has	  been	  published	  in	  part	  as:	  
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3.1	  	  	  Introduction	  

Bone marrow-derived mesenchymal stromal stem cells (BMSCs) are a promising 

cell-based option for treating articular cartilage defects [41, 43, 45, 254, 318, 

320]. Clinical and preclinical studies have shown variable outcomes following 

BMSC transplantation for treatment of focal chondral and osteochondral defects 

[363]. Repair tissues consistent with hyaline cartilage, fibrocartilage and mixed 

tissue have been reported [41, 45, 254]. Clinical scores correlate with quality of 
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cartilaginous repair tissue based on magnetic resonance imaging (MRI) and 

histological analysis [45, 254, 320]. Therefore, culture conditions capable of 

improving cell and tissue phenotype are currently under investigation.  

 

 Incubator oxygen tension is a culture variable that has gained attention 

based on the posited role of oxygen in musculoskeletal tissue development and 

cellular microenvironments. There is evidence to suggest that hypoxia promotes 

chondrogenic differentiation of BMSCs during prenatal limb development [364]. 

Furthermore, BMSCs exist in hypoxic bone marrow spaces, while chondrocytes 

reside within avascular hyaline cartilage and are bathed in hypoxic synovial fluid 

[365, 366].  

 

The positive impact of hypoxia on BMSC proliferation has been 

demonstrated based on cell count, nucleoside incorporation, and colony-forming 

capability [332, 367-370]. During prolonged expansion periods, stem cell 

characteristics such as rapid proliferation and multipotency are maintained with 

hypoxic incubation [367, 368], while senescence is delayed [253]. Hypoxic 

incubation during BMSC isolation and expansion [332, 369-372] and BMSC 

differentiation [332, 368-371, 373] have separately been associated with 

improved in vitro chondrogenesis within pellet, micromass and hydrogel models. 

Three studies have compared the impact of hypoxic isolation/expansion to 

hypoxic differentiation on chondrogenesis and variable improvements in gene 
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expression and cartilaginous extracellular matrix (ECM) formation were found 

with hypoxic exposure during each distinct culture period [332, 370, 373].  

 

Although hypoxic enhancement of BMSC chondrogenesis has been 

studied extensively in pellet, micromass and hydrogel models, this effect has not 

been elucidated in detail in porous scaffolds. Porous scaffolds composed of 

natural and synthetic materials allow cells to permeate, adhere and organize 

within a three-dimensional environment, and deposit ECM to form tissue [374].  

As a result, they serve as a suitable model for studying three-dimensional 

cartilage formation in vitro. [363]. Moreover, porous scaffolds composed of 

collagen or hyaluronic acid (HA) are commonly used in clinical BMSC 

transplantation [41, 45, 194, 254, 318]. At present, it is not known whether 

hypoxic culture improves chondrogenesis of BMSCs seeded on three-dimensional 

porous scaffolds.  Accordingly, the first objective of this study was to assess the 

effect of oxygen tension during distinct isolation/expansion and differentiation 

culture periods on chondrogenesis within BMSC-seeded porous scaffolds. The 

impact of porous scaffold material on the modulation of chondrogenesis with 

oxygen tension has not been elucidated. Therefore, the second objective of this 

study was to investigate differences in chondrogenesis between BMSCs seeded 

and cultured on a collagen I porous scaffold and an esterified HA porous scaffold. 

It was hypothesized that hypoxic incubation during isolation/expansion and 

differentiation culture periods would improve BMSC chondrogenesis within each 

scaffold. 



	   85 

 

3.2	  	  	  Methods	  

3.2.1	  	  	  Bone	  marrow	  aspiration	  and	  mononucleated	  cell	  counting	  	  

Bone marrow-derived cell collections for this study were obtained from iliac crest 

aspirates from six skeletally mature, female Suffolk sheep (mean age ± standard 

error of the mean [SEM] of 3.3 ± 0.8 years). Characteristics of each sheep are 

summarized in Table 3.1. General anesthesia for the aspiration procedure was 

attained through sedation with intravenous dexmedetomidine (5 µg/kg) and 

ketamine (2 mg/kg) followed by endotracheal intubation and administration of 

gaseous isoflurane (2-4% in oxygen). The sheep were then positioned in lateral 

decubitus position and the posterolateral pelvic surgical site was clipped and 

prepared with 10% wt/vol povidone-iodine solution (Betadine, Purdue Pharma 

L.P., Stamford, USA). A small incision was made over the posterior ilium and an 

11-gauge Jamshidi needle (Cardinal Health Canada, Vaughan, Canada) was 

inserted onto the iliac crest near the posterior superior iliac spine and through 

cortical bone into the marrow space. Bone marrow aspirate (mean volume ± SEM 

of 33 ± 2 ml) was collected and mixed immediately with 8 ml of heparin (10,000 

units/10 ml; Pharmaceutical Partners of Canada, Richmond Hill, Canada). 

Aspirates were then filtered with a cell strainer (100-µm pore size; Becton 

Dickinson Canada, Mississauga, Canada). The number of mononucleated cells 

(MNCs) in each aspirate was determined by crystal violet nuclei staining and cell 

counting using a hemocytometer.  
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Table	  3.1	  	  	  Bone	  marrow	  donor	  information	  
 

Donor Gender Age (years) Mass (kg) 

Z28 Female 2.0 66 

Z01 Female 2.2 71 

Z33 Female 2.3 81 

Y19 Female 3.2 63 

Y08 Female 3.3 94 

T10 Female 7.0 74 

 

 

3.2.2	  	  	  Isolation	  and	  expansion	  of	  bone	  marrow-‐derived	  mesenchymal	  

stromal	  stem	  cells	  

Bone marrow aspirate collections containing 8 ×107 MNCs were seeded within 

each 150-cm2 tissue culture flask. Culture medium composed of alpha-minimal 

essential medium (α-MEM) supplemented with 8.8% vol/vol heat-inactivated 

fetal bovine serum (FBS), penicillin-streptomycin-glutamine, 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES), and sodium pyruvate (all from Life 

Technologies, Burlington, Canada) was pipetted into each flask (Appendix 1). 

Fibroblast growth factor-2 (FGF-2; Neuromics, Edina, USA) was added at a 

concentration of 5 ng/ml in order to maintain cell multipotency [346]. Nucleated 

cells were allowed to adhere and grow for 7 days before the first media change 

under normoxia (ambient 21% oxygen) or hypoxia (low 3% oxygen) at 37°C in a 

humidified incubator containing 5% carbon dioxide. Flasks from the hypoxic 

incubator experienced short periods (<5 minutes) of normoxic exposure during 

media changes. Thereafter, the media were changed twice per week until 80% cell 
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confluence was obtained. Adherent BMSCs were detached using 0.05% wt/vol 

trypsin-ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich, Oakville, 

Canada) and expanded under the same oxygen tension (normoxia or hypoxia) as 

during isolation until P2 prior to scaffold seeding. Hereafter for brevity, BMSCs 

described by expansion oxygen tension alone (normoxia-expanded and hypoxia-

expanded BMSCs) will refer to BMSCs that were isolated and expanded under 

normoxia and hypoxia, respectively. 

 

3.2.3	  	  	  Colony-‐forming	  unit	  fibroblastic	  assay	  

A colony-forming unit fibroblastic (CFU-F) assay was conducted to determine the 

effect of oxygen tension on colony forming characteristics of BMSCs, and to 

calculate the proportion of plastic-adherent cells (BMSCs) derived from bone 

marrow aspirates containing a known number of MNCs. Bone marrow aspirates 

containing 1 ×105 MNCs from each donor were plated in triplicate within 100 

mm-diameter sterile petri dishes (Becton Dickinson Canada Inc.) and cultured as 

described for expansion conditions under normoxia (21% oxygen) or hypoxia (3% 

oxygen) using α-MEM supplemented with 8.8% vol/vol heat-inactivated FBS, 

penicillin-streptomycin, HEPES, sodium pyruvate, and 5 ng/ml FGF-2. After the 

first week, the non-adherent cell population was removed by aspiration and 

culture media were replenished twice each week. During media changes, hypoxia 

cultivated cells experienced a short period (<5 minutes) of exposure to normoxia. 

The total duration of culture time used for each donor (mean ± SEM of 16.3 ± 0.5 

days) was equivalent to the time required to attain 80% BMSC confluence at P0 
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and subsequent detachment and splitting to P1 for expansion in T150 flasks (see 

Isolation and expansion of bone marrow-derived mesenchymal stromal stem 

cells). For each donor, the culture times for petri dishes placed in hypoxic and 

normoxic conditions were identical. After the CFU-F culture period finished, the 

petri dishes were fixed with 10% wt/vol buffered formalin (3.8% wt/vol 

formaldehyde), washed using phosphate-buffered saline (PBS; Life Technologies) 

and stained with 0.25% wt/vol crystal violet solution (Sigma-Aldrich). During 

analysis, each stained cell collection was assessed and considered to be a colony 

only if: (1) the cell collection was stained strongly with crystal violet; (2) the 

periphery of the collection was circular and well defined with respect to the 

surrounding area of the plate that was not stained; and (3) the diameter of the 

stained cell collection was measured to be ≥2 mm. The number of BMSC colonies 

in each dish was recorded as well as the diameter of each colony. 

 

3.2.4	  	  	  Bone	  marrow-‐derived	  mesenchymal	  stromal	  stem	  cell	  

proliferation	  

Total cell counts of trypsinized BMSCs at P0, P1 and P2 were calculated using 

trypan blue staining and hemocytometer counting of small aliquots of BMSCs in 

expansion medium. The number of colonies noted in each CFU-F assay was used 

to determine the number of BMSCs isolated per 1 ×105 MNCs plated for each 

donor, and this was extrapolated to calculate the number of BMSCs arising from 8 

×107 MNCs plated in each T150 culture flask during P0 expansion. Population 

doublings were determined using the method described by Solchaga et al. [346]. 
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3.2.5	  	  	  Trilineage	  differentiation	  potential	  of	  bone	  marrow-‐derived	  

mesenchymal	  stromal	  stem	  cells	  

Osteogenic differentiation was performed by plating 5 ×103 BMSCs/cm2 within 

wells of a six-well plate (Becton Dickinson Canada Inc.) and culturing these in 

2.5 ml of osteogenic medium for 21 days at 37°C in a humidified hypoxic 

incubator (3% oxygen and 5% oxygen). Osteogenic medium consisted of 

Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 mg/ml D-glucose, 

110 µg/ml sodium pyruvate, 8.9 mM HEPES, 89 units/ml penicillin, 89 µg/ml 

streptomycin, 260 µg/ml L-glutamine (all from Life Technologies) supplemented 

with 8.8% vol/vol heat-inactivated FBS, 100 µM ascorbic acid 2-phosphate, 10 

nM dexamethasone, and 10 mM beta (β)-glycerophosphate (Sigma-Aldrich). 

Media changes were performed twice per week. Following the culture period, the 

contents of each well were fixed with 10% wt/vol buffered formalin (3.8% wt/vol 

formaldehyde), stained for 30 minutes with 1% wt/vol Alizarin Red S (Sigma-

Aldrich) with an adjusted pH of 4.2, washed with distilled water over 60 minutes, 

and stored at 4°C in 70% vol/vol glycerol (Fisher Scientific Chemical Division, 

Fair Lawn, USA). Images were captured using an Omano OM159T biological 

trinocular microscope (Microscope Store, Virginia, USA) fitted with an Optixcam 

Summit Series 5MP digital camera and Optixcam software, and assembled in 

Photoshop (Adobe Systems, San Jose, USA). 
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 Adipogenic differentiation was performed on BMSCs plated at 5 ×103 

BMSCs/cm2 within wells of a six-well plate (Becton Dickinson Canada). Plated 

BMSCs were initially cultured in basic culture medium of 2.5 ml of DMEM 

containing 4.5 mg/ml D-glucose, 110 µg/ml sodium pyruvate, 8.9 mM HEPES, 89 

units/ml penicillin, 89 µg/ml streptomycin, 260 µg/ml L-glutamine supplemented 

with 8.9% vol/vol heat-inactivated FBS (all from Life Technologies). 

Adipogenesis was then induced over 3 days in 2.5 ml of basic culture medium 

supplemented with 1 µM dexamethasone, 0.5 ml insulin-transferrin-selenium 

(ITS)+1, 100 µM indomethacin, and 500 µM isobutyl-1-methylxanthine (IBMX; 

Sigma-Aldrich Corp.), followed by 1 day of culture in 2.5 ml of basic culture 

medium supplemented with only 0.5 ml ITS+1. This 4-day cycle was then 

repeated three times, followed by culture for 7 days in 2.5 ml of basic culture 

medium supplemented with only 0.5 ml ITS+1. All culture was performed in a 

hypoxic humidified incubator (3% oxygen and 5% carbon dioxide). Following the 

culture period, the contents of each well were fixed with 10% wt/vol buffered 

formalin (3.8% wt/vol formaldehyde), stained for 60 minutes with 0.3% wt/vol 

Oil Red O (Sigma-Aldrich), washed with distilled water, and assessed 

immediately for staining. Oil Red O solution was prepared by creating a 0.5% 

wt/vol solution of Oil Red O (Sigma-Aldrich) in isopropanol (Fisher Scientific 

Chemical Division), and then diluting this to 0.3% wt/vol in an equivalent volume 

of distilled water. Microscopic images were captured in an identical fashion to 

osteogenic culture products. 
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 Chondrogenic differentiation was verified using a pellet culture system. 

BMSCs were suspended in chondrogenic medium consisting of DMEM 

containing 4.5 mg/ml D-glucose, 110 µg/ml sodium pyruvate, 9.6 mM HEPES, 96 

units/ml penicillin, 96 µg/ml streptomycin, 279 µg/ml L-glutamine (all from Life 

Technologies) supplemented with 365 µg/ml ascorbic acid 2-phosphate, 100 nM 

dexamethasone, 1× ITS+1 premix (Sigma-Aldrich), and 10 ng/ml transforming 

growth factor-beta three (TGF-β3; Neuromics; Appendix 1). A total of 5 ×105 

BMSCs were spun within 1.5-ml sterile conical polypropylene microfuge tubes 

(Enzymax LLC, Kentucky, USA) at 1500 rpm for 5 minutes to form spherical cell 

pellets. Pellets were then submersed in 500 µl of chondrogenic medium and 

cultured in a hypoxic humidified incubator (3% oxygen and 5% carbon dioxide) 

for 21 days. Pellets experienced a short period (< 5 minutes) of exposure to 

normal oxygen tension during media changes. Following the culture period, 

BMSC pellets were processed and stained for histological analysis of 

cartilaginous proteoglycans (see Histological and immunohistochemical analyses 

of extracellular matrix contents). 

 

3.2.6	  	  	  Porous	  scaffold	  seeding	  and	  chondrogenic	  differentiation	  of	  bone	  

marrow-‐derived	  mesenchymal	  stromal	  stem	  cell-‐seeded	  scaffolds	  

Cylindrical collagen scaffolds (3.5-mm thickness; 6-mm diameter) were created 

using a biopsy punch on sheets of porous, type I collagen sponge (125 × 100 × 3.5 

mm3 dimension; 115 ± 20 µm pore size; Integra LifeSciences, Plainsboro, USA). 

Cylindrical HA scaffolds (2-mm thickness; 6-mm diameter) were created using a 
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biopsy punch on sheets esterified HA (HYAFF) non-woven mesh (20 × 20 × 2 

mm3 dimensions; 10-20 µm-diameter fibers with varying inter-fiber spaces [202, 

375]; Anika Therapeutics, Abano Terme, Italy). Scaffold seeding was performed 

at a consistent density of 1 ×107 BMSCs/cm3, which corresponded to 989,602 

BMSCs seeded per collagen scaffold and 565,487 BMSCs seeded per HA 

scaffold. This seeding density was used given that health articular cartilage has 

been shown to contain around 1 ×107 cells/cm3 [57]. 

 

During seeding, BMSCs at P2 were re-suspended in chondrogenic culture 

medium (see Trilineage differentiation potential of bone marrow-derived 

mesenchymal stromal stem cells). Total cell counts were calculated from trypan 

blue staining and hemocytometer counting of small aliquots of BMSCs. BMSCs 

were micropipetted onto each scaffold within a 20-µl chondrogenic medium 

suspension. HA scaffolds were pre-soaked with 20 µl of chondrogenic medium to 

promote dispersion of the cell suspension over the scaffold during seeding.  

Seeded scaffolds were then incubated at 37°C for 15 minutes followed by 

addition of 100 µl of chondrogenic medium to the base of each scaffold. 

Thereafter, constructs were incubated for an additional 30 minutes to promote cell 

adhesion. All constructs, including cell-free scaffolds (control group) and those 

seeded with either normoxia- or hypoxia-expanded BMSCs, were subsequently 

immersed in 1 ml of chondrogenic medium and cultured statically at 37°C within 

humidified incubators containing 5% CO2 and either 21% oxygen (normoxia) or 

3% oxygen (hypoxia). Media were changed twice weekly thereafter. 
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3.2.7	  	  	  Oxygen	  tension	  experimental	  groups	  

To determine the effect of oxygen tension during isolation/expansion and 

differentiation on in vitro chondrogenesis within BMSC-seeded scaffolds, 

BMSCs from five donors (Z28, Z01, Z33, Y19, and T10) with a mean age (± 

standard error of the mean [SEM]) of 3.3 ± 0.9 years were seeded onto collagen 

and HA scaffolds and cultured in chondrogenic medium for 14 days. The 

experimental set-up is illustrated in Figure 3.1. The treatment groups included: 

Hyp/Hyp (isolation and expansion under hypoxia, and differentiation under 

hypoxia), Hyp/Nrx (isolation and expansion under hypoxia, and differentiation 

under normoxia), Nrx/Hyp (isolation and expansion under normoxia, and 

differentiation under hypoxia), and Nrx/Nrx (isolation and expansion under 

normoxia, and differentiation under normoxia). Following culture, the tissue-

engineered constructs were assessed with reverse-transcription quantitative 

polymerase chain reaction (RT-qPCR) for gene expression, histological staining 

of ECM proteoglycans, collagen II immunohistochemistry, and biochemical 

quantification of glycosaminoglycan (GAG) and deoxyribonucleic acid (DNA). 

 

3.2.8	  	  	  Reverse-‐transcription	  quantitative	  polymerase	  chain	  reaction	  

analysis	  of	  chondrogenic	  genes	  

Total RNA was extracted from constructs using TRIzol Reagent (Life 

Technologies) after grinding with a pestle. In order to mitigate changes in gene 

expression, constructs under hypoxia and normoxia were immediately transferred 



	   94 

into TRIzol Reagent following removal from respective incubators. Total RNA 

(100 ng) in a 40-µl reaction was reverse transcribed to cDNA using GoScript 

Reverse Transcription System (Promega, Madison, USA) primed in the presence 

of oligo(dT) primers (1 µg). Quantitative PCR was performed with a DNA Engine 

Opticon II Continuous Fluorescence Detection System (Bio-Rad) using 

HotGoldStar Taq polymerase and SYBR Green detection (Eurogentec North 

America, San Diego, USA). Primer sequences (Table 3.2) were created using 

information from the National Center for Biotechnology Information (NCBI, 

Bethesda, USA) database and custom-designed using the Primer Express software 

(Applied Biosystems, Foster City, USA). All primers were obtained from 

Invitrogen (Life Technologies). Gene (messenger ribonucleic acid [mRNA]) 

expression levels for each primer set were normalized to the expression level of 

ovine beta-actin (β-actin) by the 2-ΔΔC(T) method [376].  

 

RT-qPCR products were subsequently sequenced to confirm that 

expression levels were based on appropriate sequences for each gene. For 

sequencing, RT-qPCR products were purified using a QIAquick Gel Extraction 

Kit (Qiagen Canada, Toronto, Canada), combined with each primer – forward and 

reverse primers separately – and sequenced using the Sanger method (The 

Applied Genomics Centre, University of Alberta, Edmonton, Canada). The 

resulting traces were read using FinchTV Software Version 1.5 (Geospiza, 

Seattle, USA) and matched to corresponding regions within characterized gene 
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sequences using the nucleotide Basic Local Alignment Search Tool (BLAST, 

NCBI). Sequencing analysis is included within Appendix 1.     

 

 

 

Figure	  3.1	  	  	  In	  vitro	  cartilage	  engineering	  from	  bone	  marrow-‐derived	  mesenchymal	  stromal	  

stem	  cell-‐seeded	  porous	  scaffolds. Bone marrow-derived mesenchymal stromal stem cells 

(BMSCs) were isolated by plastic adherence from bone marrow aspirates and expanded in tissue 

culture flasks to passage two within defined expansion medium containing fetal bovine serum and 

fibroblast growth factor-two under either normoxic (21% oxygen) or hypoxic (3% oxygen) 

incubator conditions. Thereafter, BMSCs were seeded at 10 million cells/cm3 onto clinically 

approved, cylindrical, porous scaffolds composed of collagen or hyaluronic acid. BMSC-scaffold 

constructs were subsequently cultured under either normoxia or hypoxia for 14 days within serum-

free chondrogenic medium containing transforming growth factor-beta three and dexamethasone. 

 

3.2.9	  	  	  Histological	  and	  immunohistochemical	  analyses	  of	  extracellular	  

matrix	  contents	  

Pellets and scaffold-based constructs were removed from media, fixed in 10% 

wt/vol buffered formalin (3.8% wt/vol formaldehyde), processed into paraffin 

wax, and sectioned at a thickness of 5 µm. Sections were stained with 0.1% 
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wt/vol safranin O to reveal proteoglycan matrix depositions, and counterstained 

with 1% wt/vol fast green. Other sections from scaffold-based constructs were 

treated with chondroitinase (Sigma-Aldrich Corp.) at 0.2 units per section and 

incubated with an antibody against collagen II (II-II6B3 from Developmental 

Studies Hybridoma Bank at University of Iowa, Iowa City, USA; 1:50 dilution).  

 

 

Table	  3.2	  	  	  Ovine	  primer	  sequences	  used	  in	  reverse-‐transcription	  polymerase	  
chain	  reaction	  analysis	  

 
Gene Primer sequences  NCBI Reference 

β-actin (ACTB) 5’-CGGCGGGACCACCAT-3’ Forward NM_001009784.1 

5’-GCAGTGATCTCTTTCTGCATCCT-3’ Reverse 

Aggrecan (ACAN) 5’-TGGAATGATGTCCCATGCAA-3’ Forward XM_004018048.1 

5’-GCCACTGTGCCCTTTTTACAG-3’ Reverse 

COMP (COMP) 5’-CCTAACTGGGTGGTGCTCAAC-3’ Forward XM_004009150.1 

5’-CTGGGTCGCTGTTCATCGT-3’ Reverse 

Collagen I (COL1A1)  5’-CGCCCCAGACCAGGAATT-3’ Forward XM_004012773.1 

5’-GTGGAAGGAGTTTACAGGAAGCA-3’ Reverse 

Collagen II (COL2A1) 5’-ACCTCACGTCTCCCCATCA-3’ Forward XM_004006408.1 

5’-CTGCTCGGGCCCTCCTAT-3’ Reverse 

Collagen X (COL10A1) 5’-CAGGCTCGAATGGGCTGTAC-3’ Forward XM_004011185.1 

5’-CCACCAAGAATCCTGAGAAAGAG-3’ Reverse 

SRY-Box 9 (SOX9) 5’-GCTGCTGGCCGTGATGA-3’ Forward XM_004013527.1 

5’-GGGTCGCGCGTTTGTTT-3’ Reverse 

 

 

Immune-localized antigens were visualized with horse anti-mouse IgG 

biotinylated secondary antibody (Vectastain, Vector Laboratories Inc., 

Burlingame, USA) and an aminoethylcarbazole (AEC)-based peroxidase labeling 

kit (Enzo Life Sciences, Farmingdale, USA). Images were captured using an 
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Eclipse Ti-S microscope (Nikon Canada, Mississauga, Canada) fitted with NIS 

Elements Basic Research Imaging Software Version 4.20 (Nikon Canada, Inc.) 

and assembled in Photoshop (Adobe Systems, San Jose, USA). 

 

3.2.10	  	  Biochemical	  analysis	  of	  glycosaminoglycan	  and	  deoxyribonucleic	  

acid	  quantity	  	  

In vitro cultured BMSC-scaffold constructs were rinsed in PBS and digested in 

proteinase K (1 mg/ml in 50 mM Tris with 1 mM EDTA, 1 mM iodoacetamide 

and 10 mg/ml pepstatin A; all from Sigma-Aldrich Corp.) for 16 hours at 56°C. 

Sulfated glycosaminoglycan (GAG) content was measured by 1,9-

dimethylmethylene blue binding (Sigma-Aldrich Corp.) using chondroitin sulfate 

(Sigma-Aldrich Corp.) as the standard. Deoxyribonucleic acid (DNA) content was 

determined using the CyQUANT Cell Proliferation Assay Kit (Life Technologies) 

with supplied bacteriophage λ DNA as the standard. 

 

3.2.11	  	  Analysis	  of	  cell-‐scaffold	  construct	  size	  

To characterize changes in diameter with culture time, BMSC-seeded scaffolds 

(five per donor) were photographed with a high-quality digital camera after 7 and 

14 days of in vitro chondrogenic culture. Each image was evaluated for diameter 

changes as previously described [377, 378]. The diameter of each scaffold was 

measured in four separate planes with ImageJ software (National Institutes of 

Health, Bethesda, USA), and the resulting mean diameter was expressed as a 

percentage change from the initial diameter at the time of seeding [377]. 
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3.2.12	  	  Statistical	  analysis	  

Analyses were performed using SPSS Statistics 22 (IBM, Armonk, USA) and 

significance was concluded when p<0.05. Proliferation analyses utilized a 

repeated measures analysis of variance (ANOVA) for BMSC count and doublings 

over time, while a t-test was used for assessment of these parameters on specific 

culture days. CFU-F analysis involved a Mann-Whitney U test for assessment of 

colony count and diameter. For analyses of gene expression and biochemical 

quantities, a Kruskal-Wallis one-way ANOVA was used to determine differences 

between the four experimental groups with pairwise (post-hoc) comparisons, 

while a Mann-Whitney U test was used for pooled analyses. For analysis of 

construct diameter, a repeated measures ANOVA was used to determine 

differences between the four experimental groups over time, whereas a t-test was 

used for pooled analysis at each time point. 

 

3.2.13	  	  Ethical	  considerations	  

All experiments were implemented with BMSCs isolated from bone marrow 

aspirates taken from adult sheep following ethical approval from the University of 

Alberta’s Animal Care and Use Committee. 
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3.3	  	  	  Results	  

3.3.1	  	  	  Hypoxic	  isolation	  and	  expansion	  may	  enhance	  bone	  marrow-‐

derived	  mesenchymal	  stromal	  stem	  cell	  proliferation	  

Similar cell counts were found for hypoxia- and normoxia-expanded BMSCs 

throughout the expansion period (p=0.60, Figure 3.2A). At the end of P2, there 

were 26.5 ± 3.6 million BMSCs and 23.2 ± 4.7 million BMSCs yielded from each 

T150 flask plated at P0 and expanded under hypoxia and normoxia, respectively. 

Five of six donors had higher BMSC counts under hypoxia (Figure 3.2A inset). 

However, mean values were not statistically different (p=0.74). Population 

doublings per day were highest at P0 and decreased significantly with subsequent 

passages (p=0.02; Figure 3.2B). Hypoxia-expanded BMSCs had higher 

population doublings per day than normoxia-expanded BMSCs throughout the 

expansion period (p<0.05). Cumulative population doublings were not different 

between groups (p=0.67; Figure 3.2C). Values of mean time (± SEM) between 

plating at P0 and 80% BMSC confluence at the end of P2 was 23.4 ± 0.8 days for 

normoxia-expanded BMSCs and 25.3 ± 1.5 days for hypoxia-expanded BMSCs 

(p=0.38). 

 

A CFU-F assay was performed to determine the effect of oxygen tension 

on colony forming characteristics of adherent BMSCs isolated from plated MNCs 

and cultured in expansion medium under normoxia and hypoxia. Colony counts 

and diameters were assessed at the end of P0 when corresponding BMSCs 

undergoing expansion in T150 flasks had reached 80% confluence (16.3 ± 0.5 
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days of culture). Seeded petri dishes from one donor (Z01) lacked colony 

formation over this period. Hypoxic isolation/expansion augmented BMSC 

colony counts in petri dishes seeded with cells from four of the remaining five 

donors (Figures 3.3A-J), although there was not a significant difference in mean 

colony counts between the groups (p=0.30 for triplicate dishes and p=0.22 for 

best-growth dishes; Figures 3.3K-L). 

 

 

Figure 3.2   Proliferation and trilineage differentiation of bone marrow-derived 

mesenchymal stromal stem cells. (A) Cell counts, (B) population doublings per day, and (C) 

cumulative population doublings at each passage during expansion of bone marrow-derived 

mesenchymal stromal stem cells (BMSCs) under normoxia and or hypoxia. Data points represent 

mean ± standard error of the mean of cells from six donors, with p-values listed. (D) Osteogenic 

differentiation of BMSCs verified with Alizarin Red S staining following expansion under 

hypoxia and monolayer culture within medium containing beta-glycerophosphate, dexamethasone 

and fetal bovine serum (FBS; 5× combined magnification of objective and camera lenses). (E) 

Adipogenic differentiation of BMSCs verified with Oil Red O staining following expansion under 

hypoxia and monolayer culture within medium containing 3-isobutyl-1-methylxanthine, 

indomethacin, dexamethasone, and FBS (5× magnification). (F) Chondrogenic differentiation of 

BMSCs verified by safranin O staining following expansion under hypoxia and culture performed 

in pellets (left) or scaffolds composed of collagen (middle) or hyaluronic acid (right) submersed in 

a defined serum-free chondrogenic medium (10× magnification). 



	   101 

 

Crystal violet staining of adherent cells in hypoxia- and normoxia-cultured dishes 

showed the presence of a spectrum of cell morphologies ranging from long, 

spindle-shaped cells to circular and cuboidal cells (Figures 3.3M-N). No 

difference was noted in colony diameter between culture groups (p=0.36; Figure 

3.3L). 

 

 

 

Figure 3.3   Colony-forming unit fibroblastic assay of bone marrow-derived mesenchymal 

stromal stem cells isolated and expanded under normoxia or hypoxia. (A-J) Plastic-adherent 

bone marrow-derived mesenchymal stromal stem cells (BMSCs) were isolated and expanded 

under hypoxia or normoxia, and formed colonies that were stained with crystal violet for 

visualization. Dishes seeded with cells from donor Z01 were excluded due to lack of colony 

formation. (K-L) Colony counts and diameters were measured and are reported as mean ± 

standard error of the mean, with p-values listed. Representative photomicrographs of adherent 

cells from donor Y19 formed under (M) hypoxic and (N) normoxic culture (14× combined 

magnification of objective and camera lenses). 

	  



	   102 

3.3.2	  	  	  Trilineage	  differentiation	  of	  adherent	  bone	  marrow-‐derived	  

mesenchymal	  stromal	  stem	  cells	  

Plastic-adherent BMSCs were expanded to P2 and differentiated in vitro toward 

bone, adipose and cartilage tissue lineages to confirm multilineage potential 

[262]. Tissues derived from BMSCs stained extensively with Alizarin Red S 

(Figure 3.2D) and Oil Red O (Figure 3.2E), which confirmed the presence of bone 

and adipose matrix following culture in defined osteogenic and adipogenic media, 

respectively. Positive safranin O staining of sections from BMSC pellets and cell-

seeded scaffolds following culture in chondrogenic medium supported the 

chondrogenic capacity of the adherent cells (Figure 3.2F). 

	  

3.3.3	  Hypoxic	  isolation/expansion	  and	  differentiation	  augment	  

chondrogenic	  gene	  expression	  differentially	  within	  bone	  marrow-‐

derived	  mesenchymal	  stromal	  stem	  cell-‐seeded	  collagen	  and	  hyaluronic	  

acid	  scaffolds	  

The impact of oxygen tension during isolation/expansion and differentiation on 

BMSC chondrogenic gene expression within collagen and HA scaffolds was 

assessed with RT-qPCR after 14 days of chondrogenic culture. For BMSC-seeded 

collagen scaffolds, Hyp/Hyp constructs had significantly higher aggrecan and 

collagen II mRNA expressions than Nrx/Nrx constructs (p<0.05; Figures 3.4A 

and D), while a trend was seen for cartilage oligomeric matrix protein (COMP) 

and collagen II/I ratio (p=0.06 and 0.09, respectively; Figure 3.4B). Collagen I, 

collagen X and sex determining region Y (SRY)-box 9 (SOX9) expressions and 
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the ratio of collagen II/X were not significantly different between oxygen tension 

groups (p=0.20, 0.31, 0.22, and 0.40 respectively; Figures 3.4C, E and F). Within 

HA scaffolds, Hyp/Hyp BMSCs had significantly higher aggrecan mRNA 

expression than Nrx/Nrx BMSCs (p=0.009; Figure 3.4A). COMP, collagen I, 

collagen II, collagen X, and SOX9 gene expressions, and the ratios of collagen 

II/I and collagen II/X were not significantly different between oxygen tension 

groups (p=0.72, 0.60, 0.13, 0.32, 0.99, 0.17, and 0.40 respectively; Figures 3.4B-

F). 

 

 To further characterize the impact of oxygen tension on gene expression, 

data were pooled based on expansion oxygen tension and differentiation oxygen 

tension. BMSCs expanded under hypoxic conditions and seeded within collagen 

scaffolds produced significantly higher mRNA expression of collagen II and 

increased ratios of collagen II/I and collagen II/X than BMSCs expanded under 

normoxic conditions (p<0.01; Figure 3.4H). However, aggrecan expression was 

not significantly different between groups (p=0.19; Figure 3.4G). HA scaffolds 

seeded with BMSCs expanded under hypoxia produced significantly higher 

mRNA expression of aggrecan than BMSCs expanded under normoxia (p=0.02; 

Figure 3.4G). Collagen II mRNA expression and ratios of collagen II/I and 

collagen II/X were not significantly different (p=0.31 and 0.74, respectively; 

Figure 3.4H). Within both collagen- and HA-based constructs, oxygen tension 

during expansion did not significantly impact collagen I, collagen X, COMP, or 

SOX9 mRNA expression (p≥0.29, 0.52, 0.14, and 0.16, respectively).  
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Pooling of data based on differentiation condition indicated that hypoxic 

differentiation also augmented chondrogenic gene expression. Collagen scaffolds 

seeded with BMSCs and differentiated under hypoxia had significantly higher 

aggrecan and collagen I mRNA expressions (p=0.008 and 0.03; Figure 3.4G), and 

approached statistically significant higher degrees of collagen II expression 

(p=0.09; Figure 3.4H). Collagen X mRNA expression was marginally lower with 

hypoxic differentiation (p=0.06). SOX9 and COMP mRNA expressions, and the 

ratios of collagen II/I and collagen II/X were not significantly different between 

groups (p=0.20, 0.02, 0.28 and 0.13, respectively). HA scaffolds seeded with 

BMSCs and differentiated under hypoxia had significantly higher mRNA 

expressions of aggrecan and collagen II (p<0.05; Figures 3.4G and H), and an 

increased collagen II/I ratio that approached significance (p=0.09). SOX9, 

COMP, collagen I, and collagen X mRNA expressions and the ratio of collagen 

II/X were not significantly different between hypoxic and normoxic 

differentiation (p=0.62, 0.28, 0.99, 0.31, and 0.13, respectively). 

 

Scaffold composition modulated chondrogenic gene expression of 

BMSCs. BMSC-seeded collagen scaffolds had notably higher expressions of 

aggrecan, collagen II and SOX9 genes than BMSC-seeded HA scaffolds in the 

majority of oxygen tension groups (p<0.05; Figures 3.4A, D and F).  
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Figure	  3.4	  	  	  	  Gene	  expression	  within	  collagen	  and	  hyaluronic	  acid	  scaffolds	  seeded	  with	  

hypoxia-‐	  and	  normoxia-‐cultured	  bone	  marrow-‐derived	  mesenchymal	  stromal	  stem	  cells. Bone 

marrow-derived mesenchymal stromal stem cells (BMSCs) were isolated/expanded under 

normoxia or hypoxia, seeded within collagen or hyaluronic acid scaffolds, and subsequently 

differentiated under normoxia or hypoxia for 14 days in chondrogenic medium. Reverse 
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transcription quantitative polymerase chain reaction (RT-qPCR) was performed using SYBR 

Green detection. (A-F) Data represent the mean ± standard error of mean (SEM) of constructs in 

doublets based on oxygen tension group. (G-I) Data represent mean ± SEM of constructs from the 

same donors pooled based on oxygen tension during isolation/expansion or differentiation. 

Statistical analysis is represented by unlabeled: not significant; ^: approaching significance 

p=0.05-0.10; *: significant p<0.05; **: significant p<0.01; ***: significant p<0.001; +: monolayer 

control value that is significantly different than BMSC-seeded scaffolds (p<0.05). 

 

Within pooled data, BMSCs seeded within collagen scaffolds had 

augmented aggrecan, collagen II, SOX9, and collagen X gene expressions relative 

to BMSCs seeded within HA scaffolds regardless of expansion or differentiation 

oxygen tension (p<0.01; Figures 3.4G, H and I). Collagen I gene expression was 

not significantly different between scaffolds under hypoxic expansion, normoxic 

expansion or normoxic differentiation (p≥0.18). However, under hypoxic 

differentiation, collagen I expression was significantly higher in BMSCs seeded 

within collagen scaffolds relative to HA scaffolds (p=0.03). COMP gene 

expression was significantly increased in BMSCs seeded on collagen scaffolds 

only when expansion and differentiation were performed under hypoxia (p<0.01). 

 

3.3.4	  	  	  Hypoxic	  isolation/expansion	  and	  differentiation	  enhance	  

chondrogenic	  extracellular	  matrix	  deposition	  differentially	  within	  bone	  

marrow-‐derived	  mesenchymal	  stromal	  stem	  cell-‐seeded	  collagen	  and	  

hyaluronic	  acid	  scaffolds	  	  

Safranin O staining was used to assess ECM proteoglycan content within BMSC-

seeded collagen and HA scaffolds after 14 days of chondrogenic differentiation 

(Figure 3.5). Within collagen scaffolds, ECM was deposited throughout areas of 
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the scaffold with portions containing intense proteoglycan staining noted in 

constructs that were exposed to hypoxia during the culture period. Widespread 

staining with safranin O was particularly seen in collagen scaffolds seeded with 

BMSCs that underwent hypoxic isolation/expansion prior to seeding (Hyp/Hyp 

and Hyp/Nrx). Hypoxic differentiation also appeared to promote proteoglycan 

deposition in constructs containing normoxia-expanded BMSCs (Nrx/Hyp). 

Immunohistochemistry verified the presence of collagen II within constructs that 

were exposed to hypoxia during isolation/expansion or differentiation (Figure 

3.6). Collagen II content appeared to be most pronounced in constructs exposed to 

hypoxia throughout the culture period (Hyp/Hyp). 

 

Within HA scaffolds, pockets of ECM were found around HA fibers, 

which led to the creation of patchy tissue after 14 days of culture (Figure 3.5). 

BMSCs that were isolated and expanded under hypoxia demonstrated the most 

pronounced safranin O staining (Hyp/Hyp and Hyp/Nrx). Although ECM was 

also noted within HA scaffolds seeded with BMSCs that underwent 

isolation/expansion under normoxia (Nrx/Hyp and Nrx/Nrx), these constructs 

lacked safranin O staining. Hypoxic differentiation appeared to augment 

proteoglycan content in hypoxia-expanded BMSC-seeded HA scaffolds 

(Hyp/Hyp) but not normoxia-expanded BMSC-seeded HA scaffolds (Nrx/Hyp). 

Immunohistochemistry revealed the presence of collagen II within ECM in 

constructs that were exposed to hypoxia during the culture period (Figure 3.6). 
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Quantitative GAG and GAG/DNA values were consistent with 

histological staining of ECM proteoglycans (Figures 3.7A and C). DNA quantities 

were not significantly different between oxygen tension conditions (p=0.23; 

Figure 3.7B). GAG production and GAG/DNA in Hyp/Hyp constructs were 

significantly higher than Nrx/Nrx constructs for BMSCs seeded on both collagen 

and HA scaffolds (p<0.05 and p<0.01, respectively; Figures 3.7A and C). 

GAG/DNA was also significantly higher in the Hyp/Nrx group than the Nrx/Nrx 

group regardless of scaffold type (p<0.05; Figure 3.7C). Data pooled based on 

expansion oxygen showed that hypoxic expansion improved GAG and 

GAG/DNA regardless of scaffold type (p<0.01; Figures 3.7D and F). Data pooled 

based on differentiation oxygen tension indicated no significant difference in 

GAG between hypoxic differentiation and normoxic differentiation for collagen- 

and HA-based constructs (p=0.12 and 0.45, respectively; Figure 3.7D). There was 

a trend for higher GAG/DNA in BSMC-seeded collagen scaffolds differentiated 

under hypoxia (p=0.09), and this effect was not seen in BMSC-seeded HA 

scaffolds (p=0.59; Figure 3.7F). 
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Figure	  3.5	  	  	  Histological	  analysis	  of	  chondrogenic	  proteoglycan	  content	  within	  collagen	  and	  

hyaluronic	  acid	  scaffolds	  seeded	  with	  hypoxia-‐	  and	  normoxia-‐cultured	  bone	  marrow-‐derived	  

mesenchymal	  stromal	  stem	  cells. Bone marrow-derived mesenchymal stromal stem cells 

(BMSCs) were isolated/expanded under normoxia or hypoxia, seeded within collagen or 

hyaluronic acid (HA) scaffolds, and subsequently differentiated under normoxia or hypoxia for 14 

days in chondrogenic medium. Thereafter, constructs were sectioned at 5-µm thickness and 

stained with safranin O and fast green. Presented photomicrographs represent collagen and HA 
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acid scaffolds seeded with BMSCs from three donors (7× combined magnification of objective 

and camera lenses). 

 

 

Figure	  3.6	  	  	  Immunohistochemical	  analysis	  of	  collagen	  II	  content	  within	  collagen	  and	  hyaluronic	  

acid	  scaffolds	  seeded	  with	  hypoxia-‐	  and	  normoxia-‐cultured	  bone	  marrow-‐derived	  

mesenchymal	  stromal	  stem	  cells.	  Bone marrow-derived mesenchymal stromal stem cells 

(BMSCs) were isolated/expanded under normoxia or hypoxia, seeded within collagen or 

hyaluronic acid (HA) scaffolds, and subsequently differentiated under normoxia or hypoxia for 14 

days in chondrogenic medium. Thereafter, constructs were sectioned at 5-µm thickness and 

collagen II immunostaining was performed using an aminoethylcarbazole-based peroxidase 

labeling kit. Presented photomicrographs represent collagen and HA scaffolds seeded with 

BMSCs from donor Z33 (14× combined magnification of objective and camera lenses). 
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Figure	  3.7	  	  	  Glycosaminoglycan	  and	  deoxyribonucleic	  acid	  quantification	  of	  collagen	  and	  

hyaluronic	  acid	  scaffolds	  seeded	  with	  hypoxia-‐	  and	  normoxia-‐cultured	  bone	  marrow-‐derived	  

mesenchymal	  stromal	  stem	  cells. Bone marrow-derived mesenchymal stromal stem cells 

(BMSCs) were isolated/expanded under normoxia or hypoxia, seeded within collagen or 

hyaluronic acid (HA) scaffolds, and subsequently differentiated under normoxia or hypoxia for 14 

days in chondrogenic medium. (A-C) Data represent the mean ± standard error of the mean (SEM) 

of glycosaminoglycan (GAG) quantity, deoxyribonucleic acid (DNA) quantity and GAG/DNA 

within constructs from five donors in doublets based on oxygen tension group. (D-F) Data 

represent mean ± SEM of constructs from the same donors pooled based on oxygen tension during 

expansion or differentiation. Statistical analysis is represented by unlabeled: not significant; ^: 

approaching significance p=0.05-0.10; *: significant p<0.05; **: significant p<0.01; ***: 

significant p<0.001. 

 

Scaffold composition had a notable effect on ECM proteoglycan 

deposition. In a comparison of collagen and HA scaffold-based constructs within 

each oxygen tension group, a significant difference was seen only in the Nrx/Hyp 

group in which BMSC-seeded collagen scaffolds had higher GAG and 

GAG/DNA than BMSC-seeded HA scaffolds (p<0.05; Figures 3.7A and C). 

Collagen scaffolds that were seeded with normoxia-expanded BMSCs but 

switched to hypoxic conditions for differentiation (Nrx/Hyp) appeared to have 
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improved GAG/DNA relative to BMSCs that were exposed to sustained normoxic 

conditions (Nrx/Nrx; p=0.18; Figure 3.7C). This finding was supported by 

proteoglycans stained within BMSC-seeded collagen scaffolds (Figure 3.5). This 

effect was not seen in BMSC-seeded HA scaffolds, as Nrx/Hyp constructs had 

stunted GAG/DNA values that were statistically equivalent to Nrx/Nrx constructs 

(p=0.97), and significantly lower than Hyp/Hyp and Hyp/Nrx constructs (p<0.05; 

Figure 3.7C). Pooled data showed higher proteoglycan deposition by cells seeded 

on collagen scaffolds in comparison to HA scaffolds only when expansion was 

performed under normoxia (p=0.03 and 0.04 for GAG and GAG/DNA, 

respectively; Figures 3.7D and F), and when differentiation was performed under 

hypoxia (p=0.02 for GAG; Figure 3.7D). 

 

3.3.5	  	  	  Oxygen	  tension	  and	  scaffold	  composition	  modulate	  cell-‐scaffold	  

construct	  size	  during	  chondrogenesis	  

Collagen scaffolds seeded with BMSCs displayed significant diameter contraction 

with time during chondrogenic culture (p<0.001) to 60.1 ± 8.8% of the initial 

diameter (Figure 3.8A). A significant difference was noted between oxygen 

tension groups at day 7 of culture for BMSC-seeded collagen scaffolds (p=0.004), 

but not at day 14 (p=0.64). Based on pooled analysis, collagen scaffolds seeded 

with BMSCs expanded under hypoxia had diameters that approached significantly 

larger values (mean ± SEM of 68.2 ± 1.0%) at day 7 than those seeded with 

BMSCs expanded under normoxia (65.0 ± 1.6%; p=0.09), This difference was 

abolished by day 14 with diameters of 60.3 ± 1.5% and 60.0 ±1.7, respectively 

(p=0.88; Figure 3.8C). BMSC-seeded collagen scaffolds that were differentiated 
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under hypoxia were more contracted (64.6 ± 1.3%) than BMSC-seeded scaffolds 

differentiated under normoxia at day 7 (68.5 ± 1.4%; p=0.04), but a significant 

difference was not present by day 14 (61.2 ± 1.7% and 59.1 ± 1.6%; p=0.36). 

 

 

 

Figure	  3.8	  	  	  Cell-‐seeded	  scaffold	  diameter	  during	  chondrogenesis. Bone marrow-derived 

mesenchymal stromal stem cells (BMSCs) were isolated/expanded under normoxia or hypoxia, 

seeded within collagen or hyaluronic acid (HA) scaffolds, and subsequently differentiated under 

normoxia or hypoxia for 14 days in chondrogenic medium. Construct diameter was assessed using 

high-quality digital photography and ImageJ software. Data represent the mean ± standard error of 

the mean (SEM) of constructs containing (A) collagen scaffolds or (B) HA scaffolds seeded with 

BMSCs from three donors (five constructs per donor) based on oxygen tension group. Data were 

pooled based on oxygen tension during expansion or differentiation for (C) collagen scaffolds and 

(D) HA scaffold seeded with BMSCs. Statistical analysis is represented by NS: not significant; *: 

significant p<0.05; **: significant p<0.01; ***: significant p<0.001. 
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In contrast to collagen scaffold-based constructs, HA scaffold-based 

constructs increased in size to 109.7 ± 4.2% of the initial diameter (p<0.001; 

Figure 3.8B). A significant difference was noted between oxygen tension groups 

at day 7 and day 14 (p≤0.003). Based on pooled analysis, expansion oxygen 

tension affected HA scaffolds similarly to collagen scaffolds (Figure 3.8D). 

Although there was not a significant difference between hypoxia- and normoxia-

expanded BMSC-seeded scaffolds at day 7 (113.0 ± 0.8% and 111.3 ± 0.9%, 

respectively; p=0.15), an effect became statistically significant by day 14 in which 

hypoxic expansion led to increased diameters relative to normoxic expansion 

(110.9 ± 0.7% and 108.4 ± 0.8, respectively; p=0.02). Like BMSC-seeded 

collagen scaffolds, BMSC-seeded HA scaffolds that were differentiated under 

hypoxia were more contracted (109.5 ± 0.7%) than BMSC scaffold differentiated 

under normoxia at day 7 (114.8 ± 0.7%; p<0.001). This effect was also seen at 

day 14 (108.2 ± 0.7% vs. 111.1 ± 0.7%; p=0.006). 

 

3.4	  	  	  Discussion	  

The major findings of this study are incubation of ovine BMSCs under hypoxia 

(3% oxygen) during isolation/expansion and differentiation enhanced in vitro 

chondrogenesis within clinically approved porous collagen I and esterified HA 

scaffolds, and porous scaffold composition impacted the effect of oxygen tension 

on chondrogenesis in this in vitro model.   
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Enhancement of chondrogenesis by hypoxic culture was elucidated in 

BMSC-seeded porous scaffolds, which is an important finding given that cell-

seeded scaffolds are used routinely as three-dimensional models of in vitro 

chondrogenesis and clinically in cell transplantation protocols for treatment of 

cartilage defects [194, 363]. It was shown that chondrogenesis could be promoted 

with hypoxic exposure during distinct isolation/expansion and differentiation 

conditions. Although oxygen tension during distinct isolation/expansion and 

differentiation periods was previously studied in detail within pellet and hydrogel 

models in three studies, the results were inconsistent and warranted further 

investigation [332, 370, 373]. In the study at hand, hyaline chondrogenic gene 

expression of BMSC-seeded porous scaffolds was enhanced with hypoxic 

exposure during both isolation/expansion and differentiation. This is consistent 

with our previous findings in a human BMSC pellet model [332]. ECM 

proteoglycan and collagen II deposition was significantly improved with hypoxic 

isolation/expansion based on histological and biochemical analyses, whereas the 

impact of hypoxic differentiation appeared to be less pronounced in this study. 

Although this finding was also demonstrated previously in human BMSC pellets 

[332], others have reported highly significant findings following hypoxic 

differentiation in human BMSC pellet [373] and porcine BMSC pellet and 

hydrogel models [370]. Differences in the effect of hypoxic differentiation 

between studies could relate to variations in species, duration of incubation, 

and/or culture protocols.  
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BMSC proliferation was also examined and it was found that hypoxic 

isolation and expansion to P2 only modestly improve BMSC proliferation. 

Increased population doublings per day were noted with hypoxic exposure. 

However, BMSC counts at each passage, cumulative population doublings and 

CFU-F colony counts were not significantly different between oxygen tension 

groups. These results are consistent with previous work that showed non-

significant differences during early passages and enhanced proliferation under 

hypoxia only with prolonged expansion beyond P2 [367, 368]. 

 

Collagen and HA porous scaffolds were assessed in this study given that 

these biomaterials are commonly used in cartilage engineering applications and 

clinical BMSC transplantation [43, 45, 254, 318]. Both scaffolds were capable of 

fostering gene expression and ECM formation consistent with hyaline-like 

cartilage from BMSCs cultured in vitro. Chondrogenesis on collagen and HA 

scaffolds was responsive to oxygen tension. However, differences were noted 

between scaffolds in BMSC gene expression, ECM deposition and construct size 

during differentiation. BMSCs seeded and cultured within collagen scaffolds had 

higher expressions of aggrecan, collagen II and SOX9 mRNA than BMSCs within 

HA scaffolds regardless of oxygen tension, which suggests that BMSC 

differentiation on collagen increases the expression of genes associated with 

hyaline cartilage relative to the HA. However, BMSCs within collagen scaffolds 

also had higher mRNA expression of collagen X regardless oxygen tension, and 

higher expression of collagen I under hypoxic differentiation. These findings 
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suggest that culture on an HA scaffold could modulate gene expression more 

favourably for hyaline cartilage regeneration by reducing the expression of 

collagens I and X, which are associated with fibrocartilage and hypertrophic 

cartilage [379, 380], while maintaining the expression of genes associated with 

hyaline cartilage. Differences between scaffolds were not as pronounced for ECM 

deposition as gene expression. In most oxygen tension groups, proteoglycan 

content was not significantly different between collagen- and HA-based 

constructs. BMSC-seeded collagen scaffolds had higher proteoglycan deposition 

specifically when expansion was performed under normoxia and differentiation 

was performed under hypoxia. Hypoxic differentiation appeared to partially 

reverse dampening of chondrogenesis by normoxic isolation/expansion on 

BMSC-seeded collagen scaffolds but not on BMSC-seeded HA scaffolds.  

 

The underlying mechanisms for modulation of chondrogenic gene 

expression and tissue formation by scaffold type were not elucidated in this study 

but warrant further investigation. BMSCs interact with collagen scaffolds via 

integrins, and HA scaffolds through CD44 [381, 382]. Scaffold characteristics 

such as stiffness, biomaterial topography and pore dimension presumably alter 

intracellular signaling and subsequent processes related to chondrogenesis 

through these cell-surface proteins [380]. Matrix stiffness was found previously to 

regulate BMSC differentiation and tissue formation [349]. Topographical factors 

such as scaffold fiber alignment and nanoscale surface features have been shown 

to influence cell lineage commitment [383, 384]. Furthermore, content, size and 
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orientation of scaffold pores appear to affect BMSC differentiation [385, 386]. 

Porosity alters oxygen diffusion through scaffolds, which could also modulate 

chondrogenesis through the creation of oxygen gradients [387]. 

 

 BMSC-scaffold construct diameter was investigated during culture given 

that fluctuations in construct size occur with tissue formation and remodeling, and 

ultimately impact the suitability for constructs for implantation in vivo. Size was 

maintained during culture in BMSC-seeded HA scaffolds, while BMSC-seeded 

collagen scaffolds exhibited progressive contraction with time. Variation in size 

presumably involves a balance of cell-scaffold interactions, biomaterial 

chemistry, scaffold degradation, and ECM formation. Cell-mediated contraction 

that occurs through smooth muscle actin has been described in detail within 

collagen-based constructs [388]. HA is hydrophilic and may promote increased 

scaffold swelling through water absorption relative to collagen I[375]. 

Biomaterial degradation, hydrolysis or fragmentation may reduce the size of a 

construct if an adequate amount of ECM has not been deposited by the time that 

these processes occur [375, 389, 390]. In the study at hand, it is not known how 

scaffold size affected chondrogenesis, although collagen scaffold contraction 

presumably led to increased cell density per volume of scaffold, which could have 

modulated cell-cell interactions and increased chondrogenesis [391]. It is also 

possible that contraction inhibited chondrogenesis, as it was shown previously 

that contraction may promote differentiation to a fibroblastic lineage [392, 393]. 

Given that esterified HA scaffold size was maintained, the findings of this study 
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suggest that, in a clinical setting, implantation of BMSCs on an esterified HA 

scaffold could promote better early cartilage defect filling than on a collagen 

scaffold. 

 

Construct size was also affected by incubator oxygen tension. Both 

collagen and HA scaffold seeded with BMSCs had increased diameters when 

BMSC isolation and expansion were performed under hypoxia, and differentiation 

was performed under normoxia. Various mechanisms could be involved including 

modulation of cell-mediated contraction through smooth muscle actin and 

cytoskeletal alteration [388], ECM proteoglycan formation [332, 394], 

crosslinking via lysyl oxidase [395], or degradation through matrix 

metalloproteinases [396]. 

 

 This study has some limitations. Although two defining criteria of 

mesenchymal stem cells – plastic adherence and multipotential differentiation – 

were confirmed, determination of cell surface antigens was not performed to 

fulfill the third criterion of the Mesenchymal and Tissue Stem Cell Committee 

[262]. This third criterion was omitted because the study at hand involved an 

identical method of BMSC isolation and expansion described in our previous 

work, which included flow cytometric analysis of cell surface markers [332]. 

Secondly, the findings of this study demonstrate enhanced in vitro chondrogenesis 

with hypoxic culture, although it is still not clear whether in vitro hypoxic culture 

improves chondrogenesis following implantation within cartilage defects and 
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prolonged in vivo exposure to joint elements. Joints have been shown to be 

hypoxic, and it is possible that this characteristic could promote in vivo 

chondrogenesis regardless of the in vitro culture conditions prior to construct 

implantation [366]. Lastly, ovine rather than human BMSCs were utilized in this 

study. Although sheep are routinely used as animal models in cartilage 

engineering studies [100, 274, 369], differences between species could impact the 

clinical applicability of our findings. 

 

3.5	  	  	  Conclusion	  

BMSCs seeded on clinically relevant collagen I and esterified HA porous 

scaffolds displayed enhanced in vitro chondrogenesis with hypoxic incubation 

during distinct isolation/expansion and differentiation culture periods. Hypoxic 

culture of BMSCs may therefore play a role in improving cartilaginous tissue 

formation following transplantation of BMSC-seeded scaffolds. Both collagen I 

and esterified HA scaffold supported the creation of hyaline-like engineered 

cartilage. However, differences were noted in chondrogenic gene expression, 

ECM deposition, and cell-scaffold construct size during differentiation that could 

impact the choice of biomaterial for use in BMSC transplantation protocols. 
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4.1	  	  	  Introduction	  

Mesenchymal stem cell (MSC) transplantation is a promising cell-based option 

for treating cartilage defects given the high proliferative capacity of MSCs and 

their ability to differentiate into chondrocytes without requiring major surgical 

intervention for harvesting [32-34]. MSCs are commonly seeded within 

biomaterial porous scaffolds or hydrogels that aid cell delivery during 

transplantation and support chondrogenic differentiation, extracellular matrix 

formation and three-dimensional (3D) neo-tissue development [35]. Collagen-

based scaffolds are in widespread clinical use due to the natural occurrence of 

collagen in articular cartilage, propensity for cellular attachment, minimal 
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immunoreactivity, and success of this construct in producing hyaline-like 

cartilage in vivo in animals and humans[39, 41, 43, 56, 274, 318, 397].  

 

A major drawback of collagen-based biomaterials is cell-mediated 

contraction [377, 378, 388, 398] that presumably precludes integration of neo-

tissue constructs within adjacent native cartilage and promotes construct 

delamination. Seeded scaffolds that maintain their implantation position within 

defects but contract may remain separated from native cartilage leading to the 

formation of gaps and uneven articular surfaces. Lack of complete defect filling 

and integration, some of which could be related to scaffold contraction, has been 

noted on post-operative magnetic resonance imaging (MRI) [41]. Gaps between 

implants and native cartilage may also fill with fibrocartilage in a similar fashion 

to the spaces between cylindrical osteochondral autografts in mosaicplasty [158]. 

Repair tissue containing varying amounts of fibrocartilage has been noted on 

histologic assessment following implantation of MSC-seeded collagen scaffolds 

[41, 43]. This may be problematic given that fibrocartilage possesses inferior 

mechanical properties to hyaline cartilage [1]. Delamination of cell-seeded 

biomaterial scaffolds from cartilage defects has been reported in both animal and 

human studies [233, 399]. 

 

Various techniques to offset cell-mediated contraction of collagen 

scaffolds have been proposed and tested using in vitro models. They involve 

either scaffold alteration or cellular modulation. Scaffold clamping, biomaterial 
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crosslinking with various techniques and inhibition of cellular smooth muscle 

actin (SMA) have all been shown to reduce cell-mediated contraction [377, 378, 

398, 400, 401]. Although these modalities have successfully reduced contraction 

in vitro, a number of adverse effects have been reported. Clamping decreases 

glycosaminoglycan (GAG) production [378]. Crosslinking with DHT and UV are 

associated with increased susceptibility of matrices to degradation by certain 

proteases [402]. Carbodiimide inhibits adhesion of cells to scaffolds and 

chondrogenesis [398]. Glutaraldehyde is cytotoxic and may bind to scaffold 

materials and release into bioengineered tissue during scaffold degradation [403, 

404]. The negative impact of decreased SMA expression on cytoskeleton 

function, cellular processes and articular cartilage are unclear [401]. 

Consequently, the development of a contraction-reducing technique that 

minimizes these adverse effects and is compatible with in vivo implantation is 

quite relevant to the optimization of MSC transplantation. 

 

The first objective of this study was to characterize contraction of bone 

marrow-derived MSC-seeded porous collagen scaffolds in detail during in vitro 

culture over 30 days. The effect of oxygen tension during MSC expansion on 

collagen scaffold contraction was investigated with the aim of developing a novel 

technique of reducing cell-mediated contraction. It was previously demonstrated 

by our group that human and ovine MSCs isolated and expanded under hypoxic 

conditions exhibited improved chondrogenesis and produced an augmented level 

of extracellular proteoglycans relative to MSCs isolated and expanded under 
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normoxia during in vitro culture (Chapter 3) [332, 405]. Given that enhanced 

proteoglycan content following hypoxic isolation and expansion of MSCs 

presumably increases water absorption and swelling pressure [394], it was 

hypothesized that MSC-seeded collagen scaffolds would display reduced 

contraction when BMSCs were isolated and expanded under hypoxic conditions. 

 

The second objective of this study was to evaluate cartilage tissue 

formation, defect filling and integration of hypoxia-expanded MSC-seeded 

collagen scaffolds that were inserted within full-thickness cartilage defects in an 

osteochondral explant model. MSC-seeded scaffolds were inserted either 

immediately following seeding or after 21 days of in vitro precultivation. 

Precultivation allows for chondrogenic differentiation of MSCs to occur in an in 

vitro setting with the formation of neo-tissue containing functionally relevant 

extracellular matrix (ECM) prior to insertion [406]. Previously, precultivated 

MSC-seeded collagen gels were found to produce superior cartilage repair tissue 

after 6 months compared to scaffolds implanted immediately following seeding in 

the knee joint of sheep [274, 308]. Consequently, we hypothesized that 

precultivation of constructs seeded with hypoxia-expanded MSCs would support 

the creation of higher quality hyaline-like cartilaginous neo-tissue over a 21-day 

post-insertion ex vivo culture period than constructs inserted immediately 

following scaffold seeding. It was also proposed that improved integration with 

explant cartilage would be noted with precultivated scaffolds that were oversized 

at the time of seeding to account for contraction during the precultivation period. 
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4.2	  	  	  Methods	  

4.2.1	  	  	  Isolation	  and	  expansion	  of	  mesenchymal	  stem	  cells	  

Bone marrow-derived cell collections for our study were obtained from surgically 

discarded material from the iliac crest of nine male human donors (mean age ± 

standard error of the mean [SEM] of 41.0 ± 4.6 years, range of 20-56 years). The 

number of nucleated cells in the aspirates was determined by crystal violet nuclei 

staining and cell counting using a hemocytometer. Fifteen million mononucleated 

cells (MNCs) were seeded within each 150-cm2 tissue-culture flask. Culture 

medium composed of alpha-minimal essential medium (α-MEM) supplemented 

with 8.8% heat-inactivated fetal bovine serum, penicillin-streptomycin-glutamine, 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and sodium 

pyruvate (all from Life Technologies, Burlington, Canada) was pipetted into each 

flask (Appendix 1). Fibroblast growth factor-2 (FGF-2; Neuromics, Edina, USA) 

was added at a concentration of 5 ng/ml in order to maintain cell multipotency.  

 

MNCs were allowed to adhere and grow for seven days before the first 

media change under normoxia (ambient oxygen tension of 21%) or hypoxia (low 

oxygen tension of 3%) at 37°C in a humidified incubator with 5% carbon dioxide. 

Flasks from the hypoxic incubator experienced short periods (<5 minutes) of re-

oxygenation during media changes. Thereafter, the media were changed twice per 

week until 80% cell confluence was obtained. Adherent bone marrow-derived 

MSCs were detached using 0.05% trypsin-ethylenediaminetetraacetic acid 
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(EDTA; Sigma-Aldrich, Oakville, Canada) and expanded under the same oxygen 

tension (normoxia or hypoxia) as during isolation until passage two (P2) prior to 

experimental use.  The time taken from plating of nucleated cells (P0) to reach 

approximately 80% confluence at P2, before experimental use, varied from three 

to four weeks. The experimental set-up for MSC isolation, expansion and 

chondrogenic differentiation is illustrated in Figure 4.1. 

 

 

 

Figure	  4.1	  	  	  Cartilage	  engineering	  from	  mesenchymal	  stem	  cells	  and	  collagen	  scaffolds. 

Mesenchymal stem cells (MSCs) were isolated by plastic adherence from bone marrow aspirates 

and expanded in tissue-culture flasks to passage two within defined medium containing serum and 

fibroblast growth factor-two under either normoxic (21% oxygen) or hypoxic (3% oxygen) 

incubator conditions. Thereafter, one million MSCs were seeded onto cylindrical, porous, type I 

collagen scaffolds with diameters of 6-12 mm. MSC-scaffold constructs were subsequently 

cultured under hypoxia within serum-free chondrogenic medium containing transforming growth 

factor-beta three. After 21 days of culture, some scaffolds were processed and sectioned 

longitudinally for histologic analysis. 
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4.2.2	  	  	  Collagen	  scaffold	  seeding	  and	  culture	  of	  mesenchymal	  stem	  cells	  

Cylindrical scaffolds were created using biopsy punches of varying sizes on a 

clinically approved collagen type I matrix sheet (3.5 mm thickness and 115 ± 20 

µm pore size; Integra LifeSciences, Plainsboro, USA). Scaffolds with diameters 

of 6, 8, 10, and 12 mm were seeded statically with one million MSCs per scaffold. 

Seeding densities were calculated to be 10.1, 5.7, 3.6, and 2.5 million MSCs/cm3, 

respectively. 

 

During seeding, MSCs at P2 were re-suspended in chondrogenic medium 

consisting of consisting of Dulbecco’s modified Eagle’s medium (DMEM) 

containing 4.5 mg/ml D-glucose, 110 µg/ml sodium pyruvate, 9.6 mM HEPES, 96 

units/ml penicillin, 96 µg/ml streptomycin, 279 µg/ml L-glutamine (all from Life 

Technologies) supplemented with 365 µg/ml ascorbic acid 2-phosphate, 100 nM 

dexamethasone, 1× insulin-transferrin-selenium (ITS)+1 premix (Sigma-Aldrich), 

and 10 ng/ml transforming growth factor-beta three (TGF-β3; Neuromics; 

Appendix 1). Total cell counts were calculated from trypan blue staining and 

hemocytometer counting of small aliquots of MSCs. One million MSCs were 

micropipetted onto each scaffold within a 20-µl chondrogenic medium 

suspension. Seeded scaffolds were then incubated at 37°C for 15 minutes, 

followed by addition of 100 µl of chondrogenic medium to the base of each 

scaffold, and re-incubation for 30 minutes. All scaffolds, including cell-free 

scaffolds (control group) and those seeded with either normoxia- and hypoxia-

expanded MSCs, were subsequently immersed in 1 ml of chondrogenic medium 



	   128 

and cultured statically within a humidified incubator at 37°C with 5% carbon 

dioxide and 3% oxygen (hypoxia). Thereafter, the media were changed twice per 

week. 

 

4.2.3	  	  	  Characterization	  of	  scaffold	  diameter	  contraction	  and	  

chondrogenesis	  

To characterize changes in diameter with culture time, scaffolds with diameters of 

6 mm, 8 mm, 10 mm, and 12 mm were seeded with normoxia-expanded MSCs, 

hypoxia-expanded MSCs, or left empty as cell-free controls (Figure 4.1). Eight 

scaffolds were created for each group with MSCs derived from pelvic aspirates 

from four male human donors (two scaffolds per donor), three of which were 

paired in groups. MSCs from the fourth group were taken from similarly aged 

donors. Consequently, the mean ages (± SEM) of the normoxia- and hypoxia-

expanded MSC-seeded scaffold groups were 34.8 ± 4.8 years (range of 25-48 

years) and 34.5 ± 4.6 years (range of 25-47 years), respectively.   

 

Scaffolds were photographed with a high-quality digital camera every 3 

days over the course of a 30-day in vitro culture period. Each image was 

evaluated with ImageJ software (National Institutes of Health, Bethesda, USA). 

The diameter of each scaffold was measured in four separate planes to account for 

non-concentric contraction, and the resulting mean diameter was expressed as a 

percentage change from the initial diameter at the time of seeding. Scaffold-

specific effects on diameter change were studied using cell-free scaffolds. Cell-
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specific effects were calculated by subtracting diameter measurements of cell-free 

scaffolds from diameter measurements of cell-seeded scaffolds. After 30 days of 

in vitro culture, MSC-scaffold constructs from the diameter contraction 

experiments were subjected to histologic and immunohistochemical analyses to 

assess the quality of cartilaginous ECM in each group.  

 

Quantitative GAG and deoxyribonucleic acid (DNA) biochemical assays 

were performed on a separate set of 6 mm-diameter scaffolds that were seeded 

with either hypoxia-expanded or normoxia-expanded MSCs derived from five 

male human donors with a mean (± SEM) age of 45.8 ± 5.4 years (range of 33-58 

years). These constructs were cultured in vitro in chondrogenic medium for either 

15 or 30 days prior to biochemical assessment. 

 

4.2.4	  	  	  Osteochondral	  explant	  creation,	  insertion,	  ex	  vivo	  culture,	  and	  

assessment	  

Cylindrical osteochondral explants with a 10-mm diameter were trephined from 

the fresh cadaveric knee of a 20-year-old male (Figure 4.2D). Circular, 6-mm 

diameter full-thickness cartilage defects were created in the center of each 

explant. Hypoxia-expanded MSCs from a male donor (20 years of age) were 

seeded onto six collagen scaffolds and inserted within osteochondral explant 

cartilage defects either immediately following seeding (Figure 4.2A) or after 21 

days of in vitro chondrogenic precultivation (Figure 4.2B). Scaffolds with an 

initial diameter of 8 mm were used for the precultivation group as it was 
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anticipated that these scaffolds would contract over the 21 days of in vitro culture 

and fit within the 6-mm diameter defects at the time of insertion (Figure 4.2B). 

Scaffolds that were inserted immediately following seeding had an initial 

diameter of 6 mm. Tisseel Fibrin Sealant (Baxter, Mississauga, Canada) was used 

to secure the scaffolds. Following insertion, the constructs were subsequently 

cultured ex vivo in chondrogenic medium containing TGF-β3 for 7, 14 or 21 days, 

and subjected to histologic and immunohistochemical analyses to assess the 

quality of cartilaginous ECM in each group.  

 
 

 

Figure	  4.2	  	  	  Osteochondral	  explant	  model	  and	  experimental	  groups. Mesenchymal stem cells 

(MSCs) were isolated and expanded under hypoxic (3% oxygen) conditions, and then seeded on 

collagen scaffolds and implanted within explant cartilage defects either (A) immediately or (B) 

following 21 days of in vitro precultivation in a defined chondrogenic medium containing 

transforming growth factor-beta three and dexamethasone (legend shown in C). An initial scaffold 

diameter of 6 mm was used in scaffolds implanted immediately following seeding, while 8 mm 

was used in precultivated scaffolds in an attempt to account for contraction during precultivation. 

Constructs were cultured ex vivo for 7-21 days post-implantation. (D) Osteochondral explants 

were 10 mm in diameter and each contained a 6-mm diameter full thickness cartilage defect. 
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4.2.5	  	  	  Histology	  and	  immunohistochemistry	  

Tissue engineered constructs and explants were removed from media, fixed in 4% 

phosphate-buffered formalin (10% vol/vol), processed into paraffin wax, and 

sectioned at 5 µm. Scaffolds were sectioned longitudinally (Figure 4.1), while 

explants were sectioned in a transverse orientation through the explant cartilage 

and tissue-engineered scaffold (Figure 4.2D). Sections were then stained with 

0.1% safranin O to reveal proteoglycan matrix depositions, and counterstained 

with 1% fast green. Other sections were probed with antibodies raised against 

type II collagen (II-II6B3; Developmental Studies Hybridoma Bank at University 

of Iowa, USA). Immune-localized antigens were visualized with horse anti-mouse 

biotinylated secondary antibody and an aminoethylcarbazole (AEC)-based 

peroxidase labeling kit (Enzo Life Sciences, Farmingdale, USA). Images were 

captured using an Eclipse Ti-S microscope (Nikon Canada, Mississauga, Canada) 

fitted with NIS Elements Basic Research Imaging Software Version 4.20 (Nikon 

Canada, Inc.) and assembled in Photoshop (Adobe Systems, San Jose, USA). 

 

4.2.6	  	  	  Biochemical	  glycosaminoglycan	  and	  deoxyribonucleic	  acid	  

quantification	  

In vitro cultured MSC-scaffold constructs were rinsed in phosphate buffered 

saline (PBS; Life Technologies) and digested in proteinase K (1 mg/ml in 50 mM 

Tris with 1 mM EDTA, 1 mM iodoacetamide and 10 mg/ml pepstatin A; all from 

Sigma-Aldrich) for 16 hours at 56°C. Sulfated GAG content was measured by 

1,9-dimethymethylene blue binding (Sigma-Aldrich) using chondroitin sulfate 
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(Sigma-Aldrich) as the standard. DNA content was determined using the CyQuant 

cell proliferation assay kit (Life Technologies) with supplied bacteriophage λ 

DNA as the standard. 

 

4.2.7	  	  	  Statistical	  analysis	  

Scaffold diameter data was analyzed using three-way repeated measures analysis 

of variance (ANOVA) in SPSS Statistics 22 (IBM, Armonk, USA) to determine 

the effects of cell seeding and initial scaffold diameter (and cell seeding density) 

on scaffold diameter with time over the course of the 30-day culture period. Two-

way ANOVA was utilized to further assess the effects of cell seeding and initial 

scaffold diameter (and cell seeding density) at each culture time interval. Post-hoc 

tests on significant data were performed using the Bonferroni method. GAG/DNA 

data was analyzed using Kruskal-Wallis one-way ANOVA. Statistical 

significance was concluded when p<0.05. 

 

4.2.8	  	  	  Ethical	  considerations	  

All experiments were implemented with MSCs propagated from bone marrow 

aspirates taken from surgical discards of patients undergoing routine orthopaedic 

procedures after ethical approval and a waiver of informed consent of the 

University of Alberta’s Health Research Ethics Board – Biomedical Panel. 

Osteochondral explants were derived from cadaveric tissue that was obtained 

following ethical approval. 
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4.3	  	  	  Results	  

4.3.1	  	  	  Contraction	  of	  mesenchymal	  stem	  cell-‐seeded	  collagen	  scaffolds	  

All collagen scaffolds exhibited a biphasic change in diameter with time over 30 

days of in vitro culture (Figure 4.3). Scaffolds enlarged over the first 3-6 days, 

returned to their original diameters by day 9, and then progressively contracted 

thereafter. Three-way repeated measures ANOVA confirmed the presence of 

significant differences in scaffold diameter between all adjacent time points 

(p<0.001) other than between days 3 and 6 (p=0.05). 

 

A significant difference in scaffold diameter was noted between 

normoxia-expanded MSC-seeded scaffolds, hypoxia-expanded MSC-seeded 

scaffolds and cell-free scaffolds (p<0.001; Figure 4.3). Differences between 

seeding groups were dependent on culture time. On day 3, normoxia- and 

hypoxia-expanded MSC-seeded scaffolds were not significantly different in size, 

although both were significantly smaller than cell-free scaffolds (p<0.001). 

Between days 6 and 24, all groups were significantly different in size (p≤0.03). 

During this period, cell-free scaffolds were the largest and scaffolds seeded with 

hypoxia-expanded MSCs were mid-sized, while scaffolds seeded with normoxia-

expanded MSCs were the smallest. The difference between hypoxia-expanded 

MSC-seeded scaffolds and normoxia-expanded MSC-seeded scaffolds was most 

pronounced from day 18 onward (p<0.001). Near the end of the culture period 

(days 27 and 30), cell-free scaffolds and scaffolds seeded with hypoxia-expanded 

cells were equivalent in size and both significantly larger than normoxia-
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expanded MSC-seeded scaffolds (p<0.001). The effect of seeding group on 

scaffold size was pronounced in scaffolds with initial diameters of 6 mm, 8 mm 

and 10 mm (p<0.001; Figure 4.3). A less significant difference was noted between 

cell-seeded scaffolds and empty scaffolds with an initial diameter of 12 mm 

(p=0.047). 

 

At the completion of the 30-day in vitro culture period, normoxia-

expanded MSC-seeded scaffolds with initial diameters of 6, 8, 10, and 12 mm had 

reduced in size by 23.9 ± 1.8, 26.6 ± 1.7, 21.1 ± 1.4, and 19.5 ± 1.3% compared to 

their initial diameters, respectively (Figure 4.3). Corresponding scaffolds seeded 

with hypoxia-expanded MSCs contracted significantly less by 18.0 ± 2.0, 15.5 ± 

2.0, 18.6 ± 1.7, and 17.5 ± 2.6% (p<0.001). Hypoxia-expanded MSC-seeded 

scaffolds were not significantly different in size from control scaffolds at this time 

point (p=0.674). Diameter reductions of cell-free scaffolds were measured at 13.5 

± 1.3, 12.9 ± 2.3, 18.1 ± 1.5, and 19.5 ± 1.0% on day 30. 

 

Isolated cell-mediated effects on scaffold size were then characterized. A 

cell-mediated decrease in diameter to a maximal point of contraction between 

days 6 and 21, followed by a progressive increase in diameter was elucidated in 

all MSC-seeded scaffolds (Figure 4.4). The contraction effect was most 

pronounced in scaffolds with a higher seeding density and was significantly 

dampened in scaffolds with a lower seeding density (p<0.001), although post-hoc 

analysis revealed no significant difference between 3.6 and 5.7 million MSCs/cm3 
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densities (p=0.114). Scaffolds seeded with hypoxia-expanded MSCs displayed 

significantly less cell-mediated contraction than scaffolds seeded with normoxia-

expanded MSCs (p<0.001). 

 

  

 

Figure	  4.3	  	  	  Contraction	  of	  mesenchymal	  stem	  cell-‐seeded	  and	  cell-‐free	  collagen	  scaffolds. 

Scaffolds seeded with one million normoxia (21% oxygen)- or hypoxia (3% oxygen)-expanded 

mesenchymal stem cells (MSCs) were plotted based on initial diameters of (A) 6 mm, (B) 8 mm, 

(C) 10 mm, and (D) 12 mm. Change in diameter was measured using photography and ImageJ 

software. Each point represents the mean ± standard error of the mean of eight scaffolds seeded in 

doublet with cells from four male donors. All scaffolds exhibited a biphasic pattern of expansion 

to a maximal point at 3-6 days, followed by progressive contraction. On repeated measures 

analysis of variance, there was a significant difference in diameter between normoxia (21% 

oxygen)-expanded MSC-seeded scaffolds, hypoxia (3% oxygen)-expanded MSC-seeded scaffolds, 

and cell-free scaffolds in scaffolds with diameters of 6, 8 and 10 mm (p<0.001). This difference 

was less pronounced in 12-mm-diameter scaffolds (p=0.047). 

 



	   136 

Scaffold-specific diameter changes followed a biphasic pattern with an 

increase in size to a maximal point at day 3 of the culture period (Figure 4.3). 

After that point, scaffolds significantly decreased in size with time (p≤0.005). 

Initial scaffold diameter had a significant effect on scaffold-specific changes 

(p<0.001). Diameter reductions were less pronounced in smaller scaffolds and 

more pronounced in larger scaffolds. Scaffolds with initial diameters of 6 mm and 

8 mm were similar in size (p=1.0) and significantly larger than scaffolds with an 

initial diameter of 12-mm (p<0.001). 

 

4.3.2	  	  	  Proteoglycan	  deposition	  within	  constructs	  undergoing	  

contraction	  

Collagen scaffolds seeded with one million MSCs underwent chondrogenic 

differentiation during in vitro culture. Tissue consistent with hyaline cartilage was 

noted in longitudinal sections (Figure 4.1) based on safranin O staining of 

proteoglycans (Figures 4.5A and B) and type II collagen immunobinding (Figures 

4.5C and D). The quality of proteoglycan staining was enhanced in scaffolds 

seeded with hypoxia-expanded MSC in comparison to those seeded with 

normoxia-expanded MSCs (Figure 4.5). Accordingly, after 15 days of 

chondrogenic culture there were significantly higher absolute sulfated GAG 

quantity and GAG/DNA in hypoxia-expanded MSC- seeded scaffolds relative to 

those seeded with normoxia-expanded MSCs (p<0.05; Figures 4.6A and C). After 

30 days, a similar relationship was evident although the difference lacked 

statistical significance for both GAG and GAG/DNA. At this time point, four of 
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five donors showed higher GAG and GAG/DNA with hypoxic expansion (insets 

in Figures 4.6A and C). Within each oxygen tension group, GAG production and 

GAG/DNA were higher after 30 days of culture than 15 days (p<0.05; Figures 

4.6A and C). DNA content was not significantly different between the culture 

groups (p=0.111; Figure 4.6B). 

 

	  

4.3.3	  	  	  Chondrogenic	  differentiation,	  defect	  filling	  and	  integration	  of	  

hypoxia-‐expanded	  mesenchymal	  stem	  cell-‐seeded	  collagen	  scaffolds	  

inserted	  into	  osteochondral	  explant	  cartilage	  defects	  

Collagen scaffolds seeded with MSCs and inserted immediately into cartilage 

defects within osteochondral explants failed to produce obvious ECM 

proteoglycans based on safranin O staining following 7-21 days of ex vivo culture 

(Figure 4.7A). In contrast, cell-seeded collagen scaffolds that were precultivated 

in vitro for 21 days, inserted, and then cultured ex vivo produced hyaline-like 

cartilage tissue that was supported during 7-21 days of subsequent ex vivo culture 

(Figure 4.7B-D). Lack of integration with surrounding explant cartilage was 

evident in all cell-scaffold constructs. 

 

4.4	  	  	  Discussion	  

In this study, we characterized diameter changes of a clinically approved type I 

porous scaffold seeded with MSCs over 30 days of in vitro chondrogenic culture. 

All scaffolds showed a biphasic change in diameter with expansion to a maximal 
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diameter over 3-6 days and contraction thereafter. These findings are consistent 

with the progressive diameter contraction noted in three other studies in which 

contraction of porous collagen-GAG scaffolds seeded with MSCs or chondrocytes 

was followed during 14-21 days of in vitro culture, although these studies did not 

show an initial increase in diameter [378, 388, 407]. 

 

 

 

Figure	  4.4	  	  	  Cell-‐specific	  effects	  on	  diameter	  of	  cell-‐scaffold	  constructs. Cell-mediated effects 

were calculated by subtracting diameter changes of cell-free scaffolds from cell-seeded scaffolds. 

Each point represents the mean ± standard error of the mean of eight scaffolds seeded in doublet 

with cells from four donors. Contraction was significantly greater in scaffolds seeded at higher 

densities (p<0.001). Scaffolds seeded with hypoxia (3% oxygen)-expanded mesenchymal stem 

cells (MSCs) contracted significantly less than those seeded with normoxia (21% oxygen)-

expanded MSCs (p<0.001) based on three-way repeated measures analysis of variance. 
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Figure	  4.5	  	  	  Chondrogenesis	  in	  mesenchymal	  stem	  cell-‐seeded	  collagen	  scaffolds.	  Safranin O 

staining showed more abundant proteoglycan content after 30 days of culture in scaffolds seeded 

with (B) hypoxia-expanded mesenchymal stem cells (MSCs) in comparison to those seeded with 

(A) normoxia-expanded MSCs. (C and D) Immunohistochemistry of corresponding scaffolds 

verified the presence of type II collagen in both groups (7× combined magnification of objective 

and camera lenses). 
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Figure	  4.6	  	  	  Glycosaminoglycan	  and	  deoxyribonucleic	  acid	  quantification. Scaffolds were seeded 

with mesenchymal stem cells (MSCs) from four donors expanded under either normoxic (21% 

oxygen) or hypoxic (3% oxygen) conditions, cultured in a defined chondrogenic medium for 15 or 

30 days, and then assessed for (A) sulfated glycosaminoglycan (GAG), (B) deoxyribonucleic acid 

(DNA) and (C) GAG/DNA. Data represents mean ± standard error of the mean (SEM). Insets 

convey GAG, DNA and GAG/DNA of hypoxia- and normoxia-expanded MSC seeded scaffolds 

from each donor. Kruskal-Wallis one-way analysis of variance (ANOVA) was performed for 

statistical analysis. There appeared to be higher absolute sulfated GAG quantity (A) and 

GAG/DNA (C) in hypoxia-expanded MSCs relative to normoxia-expanded MSC seeded scaffolds 

after both 15 and 30 days of chondrogenic culture, although a significant difference was noted 

only after 15 days. GAG quantity increased with time regardless of culture group. There was not a 

significant difference in DNA between culture groups. Statistical analysis is represented by: #, 

approaching significance p=0.06; *, significant p<0.05; **, significant p<0.001.  

 

 

It was demonstrated that oxygen tension during MSC expansion had a 

significant effect on cell-mediated scaffold contraction. From days 6-30, hypoxia-

expanded MSC-seeded scaffolds contracted significantly less than normoxia-

expanded MSC-seeded scaffolds. These finding indicate that expanding MSCs 

under hypoxic conditions may substantially reduce cell-mediated contraction of 

tissue-engineered constructs. 
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Figure	  4.7	  	  	  Histologic	  assessment	  of	  cell-‐scaffold	  constructs	  within	  osteochondral	  explants	  

cartilage	  defects.	  Histologic sections were made in a transverse orientation through osteochondral 

explant cartilage and hypoxia-expanded mesenchymal stem cell (MSC)-seeded scaffolds. (A) 

Collagen scaffolds seeded with MSCs and implanted immediately without in vitro precultivation 

were stained with safranin O. Although cells were noted within areas of each scaffold, the 

constructs lacked proteoglycan content, regardless of ex vivo culture time (7-21 days); a 

representative MSC-scaffold construct implanted and cultured ex vivo for 14 days is shown. MSCs 

seeded within scaffolds, precultivated in vitro for 21 days prior to implantation, and cultured ex 

vivo for (B) 7, (C) 14 or (D) 21 days produced tissue containing abundant proteoglycans. 

However, all scaffolds lacked integration with surrounding osteochondral explant cartilage over 

this time period. CS, cell-seeded scaffolds; EC, explant articular cartilage; FS, Tisseel fibrin 

sealant. 
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Scaffold-specific and cell-mediated diameter changes were elucidated. 

Cell-free scaffolds were used to determine scaffold-specific effects that displayed 

a pattern of expansion followed by contraction. This biphasic effect presumably 

resulted from scaffold engorgement with water followed by progressive 

degradation (or fragmentation specifically) of scaffold contents with time[389, 

390, 408]. Cell-specific effects showed a contraction that peaked early to midway 

through the culture period and then reduced with time. 

 

Consistent with previous studies using MSCs, the scaffold group seeded 

with highest density of cells (6-mm diameter group) underwent the most 

pronounced cell-mediated contraction [392, 409, 410]. The seeding density for 

this group was 10 million cells/cm3, a density that has been utilized routinely in 

our laboratory and in vivo in animal studies [36, 281]. The dampened cell-

mediated contraction noted with time may have been secondary to an expansive 

force generated by increased proteoglycan production given that both hypoxia- 

and normoxia-expanded MSCs produced increasing amounts of sulfated GAG 

with culture time.  

 

Reduced cell-mediated contraction in the hypoxia-expanded MSC-seeded 

scaffolds corresponded with improved proteoglycan content in comparison to 

normoxia-expanded scaffolds. This difference was most prominent after 15 days 

of culture. After 30 days, the GAG quantity in hypoxia-expanded MSC-seeded 
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scaffolds was larger but the difference lacked statistical significance in the 

Kruskal-Wallis ANOVA. Out of five donors, improved GAG quantity and 

GAG/DNA was noted with hypoxic expansion in four. However, variability in the 

magnitudes of these parameters between donors was noted, as in previous reports, 

and may be contributing factor to the lack of statistical significance [332]. The 

improved chondrogenesis noted in this study is consistent with previous work by 

our group and others that showed enhanced proteoglycan and sulfated GAG 

content with hypoxic expansion of MSCs cultured in pellets and scaffolds for 14-

21 days [332, 369, 411]. 

 

Hypoxia-expanded MSC-seeded scaffolds were inserted within full-

thickness cartilage defects created in osteochondral explants to assess if this 

contraction-reducing technique could promote defect filling and integration in this 

model. Precultivated scaffolds displayed a phenotype consistent with hyaline-like 

cartilage that was supported following insertion within explant defects. Although 

hypoxic expansion promoted defect filling based on our in vitro findings, neo-

tissue constructs lacked integration during 7-21 days of post-insertion ex vivo 

culture. It is possible that longer periods of time are required for integration to 

occur. Furthermore, factors other than cell-mediated contraction may have 

promoted enhanced diameter reduction and lack of integration in this model. 

Scaffold degradation secondary to enzymes or other mediators released from the 

osteochondral explants may have promoted this effect [390]. Moreover, formalin 

fixation and staining during histologic processing could have caused scaffold 

fragmentation or dehydration. 
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Collagen scaffolds that were seeded and inserted immediately following 

seeding within explant cartilage defects lacked cartilaginous ECM production 

over 21 days of ex vivo culture even though cells were noted in various areas of 

each scaffold. The contrast noted between non-precultivated and precultivated 

MSC-seeded scaffolds is consistent with the in vivo sheep study of Zscharnack et 

al. [274]. They showed that precultivated MSC-seeded collagen hydrogels 

implanted within full-thickness cartilage defects produced histologically superior 

repair tissue to non-precultivated constructs at 6 months post-implantation. 

Although non-precultivated constructs produced some cartilaginous repair tissue 

in that study, their histologic scores did not differ significantly from cell-free gels 

and empty defects.  

 

Despite the improved outcomes with precultivation noted in previous 

work and in our study, this technique has not been routinely adopted in clinical 

trials to date. Non-precultivated scaffolds implanted shortly following seeding 

with MSCs or bone marrow-derived cell (BMDC) collections have been shown to 

produce hyaline-like repair tissue in based on magnetic resonance imaging, 

second-look arthroscopy and histologic assessment performed months after 

implantation [38, 39, 41]. Further investigation is required to determine if in vitro 

precultivation improves tissue characteristics in humans as it does in animals and 

ex vivo models. 
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This study had some limitations. Firstly, contraction of cylindrical 

scaffolds was assessed in the transverse plane with diameter recordings, but not in 

the longitudinal plane with thickness recordings. Characterization of thickness 

contraction would offer important information related to defect filling and the 

creation of a smooth articular surface following implantation of constructs. 

Secondly, due to the use of a static culture system, MSCs might not have 

distributed uniformly throughout each scaffold, especially in the larger scaffolds. 

This could have impacted cell-mediated contraction. Lastly, other limitations 

were present that relate specifically to the use of an osteochondral explant model. 

This model afforded the creation of cartilage defects and simulation of MSC-

scaffold construct insertion within an in vitro setting. However, it is currently 

unclear whether explant tissue remains viable beyond 3-6 weeks of ex vivo culture 

[270, 271]. We limited our explant culture time to 3 weeks in an attempt to avoid 

extensive explant death. Preliminary experiments were performed that verified the 

presence of predominantly live cells within explants over this time period. It is 

possible that this relatively short culture period contributed to lack of integration 

of cell-scaffold constructs. In vivo factors such as mechanical loading are absent 

although these factors could play a critical role in tissue remodeling and 

integration of neo-tissue in vivo [280]. Other factors, such as soluble mediators 

and enzymes that could impact cellular physiology, may be present extracellularly 

due to release during explant devitalization. 
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4.5	  	  	  Conclusion	  

Collagen scaffolds contracted progressively during in vitro culture as a result of 

cellular and non-cellular effects. Cell-mediated contraction was reduced 

significantly when MSCs were isolated and expanded under hypoxic conditions, 

potentially as a result of increased proteoglycan production and hydrostatic 

swelling. Hypoxia-expanded MSC may be used in cartilage engineering to reduce 

construct contraction. Secondly, hypoxia-expanded MSC-seeded scaffolds that 

were precultivated in vitro in chondrogenic medium containing TGF-β3 for 21 

days prior to insertion into osteochondral explant cartilage defects produced tissue 

consistent with hyaline cartilage, while scaffolds inserted immediately after 

seeding did not. Accordingly, precultivation may serve as a method of improving 

the quality of articular cartilage repair tissue in MSC transplantation. 
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Optimal	  Seeding	  Densities	  for	  In	  Vitro	  
Chondrogenesis	  of	  Two-‐	  and	  Three-‐
Dimensional-‐Isolated	  and	  Expanded	  
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5.1	  	  	  Introduction	  

Bone marrow-derived mesenchymal stromal stem cells (BMSCs) are a promising 

cell source for treating articular cartilage defects [29]. BMSCs seeded within 

biomaterial scaffolds and implanted into focal chondral defects are capable of 

resurfacing cartilage in animal and human joints, although inconsistent outcomes 

have been reported based on macroscopic assessment, histological analysis, 

magnetic resonance imaging, and clinical scoring [39, 41, 43, 45, 254, 363]. 
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Repair tissue quality has been shown to correlate with functional outcome [45, 

254, 320]. Therefore, tissue engineering variables, such as cell expansion 

environment and seeding density of scaffolds, are currently under investigation 

with the goal of improving neo-cartilage quality.  

 

 BMSCs have conventionally been isolated by plastic adherence and 

expanded in a two-dimensional (2D) environment within tissue-culture flasks [31, 

32]. Although this method has been shown to produce cells capable of 

chondrogenic differentiation [274, 332, 369, 405], major drawbacks include loss 

of multipotent differentiation, inability to produce cartilaginous extracellular 

matrix (ECM) proteins and cellular senescence during prolonged expansion 

periods [333, 334, 339, 368]. Three-dimensional (3D) isolation and expansion of 

BMSCs has been proposed as a method of mimicking the natural bone marrow 

microenvironment and maintaining multipotency and chondrogenic capacity [266, 

341]. Cell collections containing bone marrow-derived mononucleated cells 

(BMNCs) – a small fraction of which are BMSCs – are seeded within 

biomaterials for 3D isolation, expansion and subsequent differentiation [266, 

342]. 

 

Cell seeding density is a transplantation variable that has not been 

evaluated in detail to date for either 2D- or 3D-expanded BMSCs. Healthy 

articular cartilage naturally contains 9.6 ×106 chondrocytes/cm3 [57]. The optimal 

BMSC seeding density required for cell organization, chondrogenic 
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differentiation and ECM production to create engineered tissue that resembles 

native cartilage is currently unknown. For implantation purposes in vivo, BMSC 

seeding densities of 1-50 ×106 cells/cm3 of biomaterial matrix have been used in 

preclinical animal studies [29, 36, 274, 281, 283, 285, 287, 291, 293, 297, 315, 

412]. In clinical studies, a density of 5 ×106 cells/cm3 has been reported although 

the rationale for adopting this seeding density was not described [39, 43]. 

 

 The objective of this study was to assess the impact of cell seeding 

density within a clinically relevant, collagen I scaffold on in vitro BMSC 

chondrogenesis following 2D and 3D isolation and expansion. Two-dimensional 

isolation was performed by seeding whole bone marrow aspirate into tissue-

culture flasks, while 3D isolation involved seeding whole bone marrow aspirate 

within collagen scaffolds. Collagen was used as a biomaterial given that it is used 

routinely in preclinical animal and human studies [39, 41, 43, 274]. Ovine cells 

were studied as sheep are emerging as a useful animal model for the study of cell 

transplantation techniques for cartilage repair [274]. It was hypothesized that 

hyaline-like cartilage would be produced within collagen scaffolds by 2D- and 

3D-expanded BMSCs with an optimal seeding density of 10 ×106 cells/cm3. 

 

5.2	  	  	  Methods	  

5.2.1	  	  	  Bone	  marrow	  aspiration	  and	  mononucleated	  cell	  counting	  	  

Bone marrow aspirates (BMAs) were obtained from the iliac crest of six female 

Suffolk sheep (mean age ± standard error of the mean [SEM] of 3.3 ± 0.8 years) 
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as previously described following ethical approval from the University of 

Alberta’s Animal Care and Use Committee (Table 5.1) [405]. Staining with 

crystal violet (Sigma-Aldrich, Oakville, Canada) and hemocytometer counting 

were used to determine the number of BMNCs in each BMA.  

 

Table	  5.1	  	  	  Bone	  marrow	  donor	  information	  

Donor Gender Age (years) Mass (kg) 

Z28 Female 2.0 66 

Z01 Female 2.2 71 

Z33 Female 2.3 81 

Y19 Female 3.2 63 

Y08 Female 3.3 94 

T10 Female 7.0 74 

 

 

 

5.2.2	  	  	  Culture	  of	  two-‐dimensional-‐expanded	  bone	  marrow-‐derived	  

mesenchymal	  stromal	  stem	  cells	  

BMSCs were isolated in a 2D environment by plastic adherence from BMAs and 

expanded in tissue-culture flasks to passage two (P2) within expansion medium 

(Figure 5.1). Expanded BMSCs were then seeded onto porous collagen scaffolds 

at 50, 10, 5, 1, or 0.5 ×106 BMSCs/cm3. Thereafter, BMSC-scaffold constructs 

were differentiated within chondrogenic medium for 21 days. 
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Table	  5.2	  	  	  Cell	  seeding	  density	  

Density (x106 cells/cm3) Number of cells seeded 

50 4,948,000 

10 989,600 

5 494,800 

1 98,960 

0.5 49,480 

 
 

 

Two-dimensional isolation and expansion involved seeding whole BMA 

collections containing 8 ×107 BMNCs within each 150-cm2 tissue culture flask 

and submersing each BMA collection in expansion medium containing alpha-

minimal essential medium (α-MEM; Corning-Mediatech, Manassas, USA) 

supplemented with 8.8% vol/vol heat-inactivated fetal bovine serum (FBS), 88.5 

units/ml penicillin, 88.5 µg/ml streptomycin, 258.4 µg/ml L-glutamine, 8.8 mM 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 885.0 µM sodium 

pyruvate (all from Life Technologies, Burlington, Canada), and 5 ng/ml fibroblast 

growth factor-2 (FGF-2; Neuromics, Edina, USA). Cells were allowed to adhere 

and grow statically for 7 days in a humidified incubator. The humidified incubator 

used throughout the entirety of the study for cell and tissue culture contained air 

with 3% oxygen and 5% carbon dioxide heated to 37°C. After seven days, the 

media were changed twice per week. Once 80% cell confluence was attained, 

adherent BMSCs were washed with phosphate-buffered saline (PBS), detached 
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using 0.05% wt/vol trypsin-ethylenediaminetetraacetic acid (EDTA; Corning-

Mediatech) and expanded to P2. 

 

 

 

Figure	  5.1	  	  	  In	  vitro	  cartilage	  engineering	  from	  two-‐dimensional-‐	  and	  three-‐dimensional-‐

expanded	  bone	  marrow-‐derived	  mesenchymal	  stromal	  stem	  cells. Bone marrow-derived 

mesenchymal stromal stem cells (BMSCs) were isolated in a two-dimensional (2D) environment 

by plastic adherence from bone marrow aspirates (BMAs) and expanded in tissue-culture flasks to 

passage two within expansion medium. BMSCs were then seeded onto porous collagen scaffolds 

at 50, 10, 5, 1, or 0.5 ×106 BMSCs/cm3. For three-dimensional (3D) isolation and expansion, 

BMAs containing known numbers of bone marrow-derived mononucleated cells (BMNCs) were 

seeded onto porous collagen scaffolds at densities of 50, 10, 5, 1, or 0.5 ×106 BMNCs/cm3, and 

cultured in expansion medium. Thereafter, all constructs were differentiated within chondrogenic 

medium for 21 days. 

 

 

For chondrogenic differentiation, 2D-expanded BMSCs were suspended in 

chondrogenic medium consisting of Dulbecco’s modified Eagle’s medium 
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(DMEM) containing 4.5 mg/ml D-glucose, 110 µg/ml sodium pyruvate and L-

glutamine (Sigma-Aldrich) supplemented with 9.6 mM HEPES, 95.6 units/ml 

penicillin, 95.6 µg/ml streptomycin, 279.2 µg/ml L-glutamine (all from Life 

Technologies), 1× insulin-transferrin-selenium (ITS)+ premix (BD Biosciences, 

Mississauga, Canada), 365 µg/ml ascorbic acid 2-phosphate, 40 µg/ml L-proline, 

100 nM dexamethasone, 125 µg/ml human serum albumin (all from Sigma-

Aldrich), and 10 ng/ml transforming growth factor-beta three (TGF-β3; ProSpec, 

East Brunswick, USA). Cylindrical collagen scaffolds (3.5-mm thickness; 6-mm 

diameter) were created using a biopsy punch on sheets of type I collagen sponge 

(125 x 100 × 3.5 mm3 dimension; 115 ± 20 µm pore size; Integra LifeSciences, 

Plainsboro, USA). Cell counts were calculated using trypan blue staining and 

hemocytometer counting, and BMSCs were micropipetted onto each scaffold 

within a 20-µl chondrogenic medium suspension. Scaffold seeding was performed 

at five BMSC densities (Table 5.2). Seeded scaffolds were incubated for 15 

minutes followed by addition of 100 µl of chondrogenic medium to the base of 

each scaffold. Thereafter, constructs were incubated for an additional 30 minutes 

to promote cell adhesion and then submersed in 1 ml of chondrogenic medium. 

Constructs were cultured statically for 21 days within a humidified incubator. 

Media were changed twice per week.  
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5.2.3   Culture of three dimensional-expanded bone marrow-derived 

mesenchymal stromal stem cells 

Bone marrow aspirates containing known numbers of BMNCs were seeded onto 

collagen scaffolds at densities of 50, 10, 5, 1, or 0.5 ×106 BMNCs/cm3, and 

cultured in expansion medium to foster 3D isolation and expansion of BMSCs. 

Following the expansion period, all constructs were differentiated within 

chondrogenic medium for 21 days (Figure 5.1). 

 

For 3D isolation and expansion, scaffolds were prepared in an identical 

fashion to the protocol used for seeding of 2D-expanded BMSCs. During seeding, 

BMAs containing known numbers of BMNCs were centrifuged and suspended 

within expansion medium to create 20-µl seeding collections that were 

micropipetted onto scaffolds. Scaffold seeding was performed at five BMNC 

densities (Table 5.2). Seeded scaffolds were incubated at for 15 minutes followed 

by addition of 100 µl of expansion medium to the base of each scaffold. 

Constructs were incubated for an additional 30 minutes to promote cell adhesion 

and were subsequently immersed in 1 ml of expansion medium and cultured 

within a humidified incubator. In an identical fashion to the 2D expansion group, 

BMA-seeded scaffolds were cultured statically for 7 days undisturbed. Media 

were changed twice weekly thereafter. For each donor, 3D expansion was carried 

out for the equivalent amount of time as 2D expansion. 
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To induce chondrogenic differentiation, the medium used for culture of 

3D-expanded BMSC-seeded scaffolds was switched from 1 ml of expansion 

medium to 1 ml of chondrogenic medium at the same time point as chondrogenic 

culture commenced for 2D-expanded BMSC-seeded scaffolds. Constructs were 

cultured statically for 21 days within a humidified incubator. Media were changed 

twice per week. 

	  

5.2.4	  	  	  Cell	  count	  and	  population	  doubling	  during	  isolation	  and	  

expansion	  

A colony-forming unit fibroblastic (CFU-F) assay of P0 BMSCs was performed 

as previously described (Chapter 3) [405]. Each colony was considered to have 

derived from a single isolated BMSC, which enabled calculation of the number of 

BMSCs isolated from 1 ×105 BMNCs that were seeded. The ratio of isolated 

BMSCs to seeded BMNCs was used to calculate the number of BMSCs arising 

from 8 ×107 BMNCs plated in each tissue-culture flask at P0. At the end of P0, P1 

and P2, cell counts of BMSCs were determined using trypan blue staining and 

hemocytometer counting. In the 3D expansion group, crystal violet staining and 

hemocytometer counting were used to calculate the quantity of BMNCs per 

volume of BMA. Known numbers of BMNCs were seeded within BMA 

collections onto scaffolds prior to expansion. The number of seeded BMSCs was 

estimated using the BMSC-to-BMNC ratio calculated from the CFU-F assay. 

Post-expansion cell counts were calculated from a standard curve (Figure 5.2) 

based on deoxyribonucleic acid (DNA) content derived from a CyQUANT Cell 
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Proliferation Assay (Life Technologies). Population doublings were determined 

using the method described by Solchaga et al. [346]. 

 

5.2.5	  	  	  Trilineage	  differentiation	  potential	  of	  bone	  marrow-‐derived	  

mesenchymal	  stromal	  stem	  cells	  

To confirm the presence of cells with properties of mesenchymal stem cells 

within the BMAs, plastic adherent P2 BMSCs were cultured in osteogenic, 

adipogenic and chondrogenic media and trilineage differentiation potential was 

demonstrated as previously described (Chapter 3) [405]. 

 
 

 

Figure	  5.2	  	  	  Deoxyribonucleic	  acid	  versus	  bone	  marrow-‐derived	  mesenchymal	  stromal	  stem	  cell	  

count. Deoxyribonucleic acid (DNA) quantification was performed on constructs containing 

known numbers of bone marrow-derived mesenchymal stromal stem cell (BMSCs) to produce a 

standard curve. 
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5.2.6	  	  	  Assessment	  of	  chondrogenesis	  

Tissue-engineered constructs were assessed with reverse-transcription quantitative 

polymerase chain reaction (RT-qPCR) for gene expression (primers are shown in 

Table 5.3), safranin O staining of ECM proteoglycans and biochemical 

quantification of glycosaminoglycan (GAG) and DNA as described previously 

(Chapter 3) [405]. Histological scoring was also performed, and depositions of 

collagens I and II were assessed with immunofluorescence. 

 
 
 

Table	  5.3	  	  	  Ovine	  primer	  sequences	  used	  in	  reverse-‐transcription	  polymerase	  

chain	  reaction	  analysis	  
Gene Primer sequences  NCBI Reference 

β-actin (ACTB) 5’-CGGCGGGACCACCAT-3’ Forward NM_001009784.1 

5’-GCAGTGATCTCTTTCTGCATCCT-3’ Reverse 

Aggrecan (ACAN) 5’-TGGAATGATGTCCCATGCAA-3’ Forward XM_004018048.1 

5’-GCCACTGTGCCCTTTTTACAG-3’ Reverse 

Collagen I (COL1A1)  5’-CGCCCCAGACCAGGAATT-3’ Forward XM_004012773.1 

5’-GTGGAAGGAGTTTACAGGAAGCA-3’ Reverse 

Collagen II (COL2A1) 5’-ACCTCACGTCTCCCCATCA-3’ Forward XM_004006408.1 

5’-CTGCTCGGGCCCTCCTAT-3’ Reverse 

Collagen X (COL10A1) 5’-CAGGCTCGAATGGGCTGTAC-3’ Forward XM_004011185.1 

5’-CCACCAAGAATCCTGAGAAAGAG-3’ Reverse 

SRY-Box 9 (SOX9) 5’-GCTGCTGGCCGTGATGA-3’ Forward XM_004013527.1 

5’-GGGTCGCGCGTTTGTTT-3’ Reverse 

 

 

 

5.2.7	  	  	  Histological	  scoring	  using	  the	  Bern	  score	  

Constructs containing BMSCs from five donors were fixed in 10% wt/vol 

buffered formalin, processed into paraffin wax, and sectioned at a thickness of 5 
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µm. Sections were stained with safranin O and fast green as previously 

described[405], and graded using the Bern score based on ECM staining, 

intercellular distance and ECM accumulation, and cell morphology [413]. Each 

category was scored out of three with a combined maximal Bern score of nine. 

Non-homogeneous constructs were evaluated through assessing distinct regions 

and combining scores based on the percentage area represented as described by 

Grogan et al. [413].  

 

5.2.8	  	  	  Immunofluorescence	  

Sections with a thickness of 5 µm were treated with Protease XXV (Fisher 

Scientific, Ottawa, Canada) and hyaluronidase (Sigma-Aldrich) and incubated 

with rabbit anti-collagen I (NBP1-30054, Novus Biologicals, Oakville, Canada; 

1:250 dilution) and mouse anti-collagen II (II-II6B3, Developmental Studies 

Hybridoma Bank, Iowa City, USA; 1:200 dilution). Immune-localized antigens 

were visualized with Texas Red anti-rabbit IgG (Vector Laboratories, Burlington, 

Canada) and fluorescein isothiocyanate (FITC) goat anti-mouse Ig (BD 

Biosciences). Sections were mounted using Biotium EverBrite Mounting Medium 

with DAPI (4',6-diamidino-2-phenylindole; Cedarlane Laboratories, Burlington, 

Canada). Images were captured using an Eclipse Ti-S microscope (Nikon Canada, 

Mississauga, Canada) fitted with NIS Elements (version 4.20; Nikon Canada) and 

assembled in Photoshop (Adobe Systems, San Jose, USA). 
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5.2.9	  	  	  Statistical	  analysis	  

Analyses were performed using SPSS Statistics 22 (IBM, Armonk, USA) and 

significance was concluded when p<0.05. Repeated measures analysis of variance 

(ANOVA) was used for assessment of cell count and doubling over time during 

expansion and differentiation. For assessment of cell count over time within 

specific seeding density groups, a paired t-test was used. When different 

constructs were used at different time points, as in the analysis of peri-

differentiation cell count of 3D-expanded BMSC-seeded scaffolds, a t-test was 

used given that pairing was not possible. Comparison of gene expressions, 

biochemical quantities, cell counts, and histological scores following 

chondrogenic differentiation between seeding groups required a Kruskal-Wallis 

ANOVA with pairwise comparisons. A Mann-Whitney U test was used to 

compare pre-differentiation to post-differentiation gene expressions. 

 

5.3	  	  	  Results	  

5.3.1	  	  	  Isolation	  and	  expansion	  within	  two-‐	  and	  three-‐dimensional	  

environments	  

The duration of time from plating of BMNCs to reach 80% confluence at P2 

during 2D expansion was 23.8 ± 0.8 days. The mean number (± SEM) of BMSCs 

present per flask at the completion of P0 was 7.9 ± 1.4 ×106 and this number 

increased to 16.1 ± 1.6 ×106 and 27.6 ± 4.4 ×106 at the completion of P1 and P2, 

respectively (p<0.001; Figure 5.3A). BMSC count following 2D expansion was 

34.2 ± 4.5% of the BMNC count initially seeded. There were 12.3 ± 1.0 
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cumulative BMSC population doublings during expansion (Figure 5.3B). Based 

on the CFU-F assay (Figure 5.3C), 18.0 ± 8.5 BMSCs were isolated from 1 ×105 

seeded BMNCs. Therefore, 0.018 ± 0.009% of all seeded BMNCs were BMSCs. 

 

Following 3D expansion, the number of BMSCs present was significantly 

lower than the initial number of BMNCs seeded in scaffolds at densities of 50, 10 

and 5 ×106 BMNCs/cm3 (p<0.001), while there was not a significant difference 

noted for densities of 1 and 0.5 ×106 BMNCs/cm3 (p=0.87 and 1.0, respectively; 

Figure 5.3D). For seeding densities of 50, 10, 5, 1, and 0.5 BMNCs/cm3, BMSC 

counts following 3D expansion were 0.29 ± 0.05, 0.15 ± 0.06, 0.12 ± 0.05, 0.09 ± 

0.06, and 0.05 ± 0.05 ×106 BMSCs. These BMSC counts equated to 5.8 ± 0.9%, 

14.9 ± 6.2%, 24.2 ± 9.9%, 89.5 ± 59.2%, and 100.3 ± 92.2% of initial BMNC 

counts, respectively. Following expansion, cell densities were calculated to be 2.9 

± 0.5, 1.5 ± 0.6, 1.2 ± 0.5, 0.9 ± 0.6, and 0.5 ± 0.5 BMSCs/cm3, respectively.  

Cumulative BMSC population doublings were 9.3 ± 1.1, 9.7 ± 1.4, 10.2 ± 1.2, 

11.1 ± 1.2, and 10.7 ± 1.2, respectively.  

 

5.3.2	  	  	  Trilineage	  differentiation	  of	  bone	  marrow-‐derived	  mesenchymal	  

stromal	  stem	  cells	  

Spindle-shaped BMSCs demonstrated plastic adherence and were differentiated 

into cells capable of producing cartilaginous proteoglycans, adipose droplets and 

calcified bone matrix (Figure 5.3E). 
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5.3.3	  	  	  Seeding	  density	  of	  two-‐	  and	  three-‐dimensional-‐expanded	  bone	  

marrow-‐derived	  mesenchymal	  stromal	  stem	  cells	  affected	  chondrogenic	  

gene	  expression	  

Constructs containing 2D- and 3D-expanded BMSCs had varying levels of 

cartilage-related genes that were dependent on seeding density following 

chondrogenic culture. In 2D-expanded BMSC-seeded scaffolds, mRNA 

expressions of hyaline cartilage-related collagen II and aggrecan were highest in 

scaffolds seeded at 5-10 ×106 BMSCs/cm3 (Figures 5.4A and E). For aggrecan 

mRNA expression, constructs containing 10 and 5 ×106 BMSCs/cm3 had 

significantly enhanced aggrecan mRNA expression in comparison to scaffolds 

seeded with more cells (50 ×106 BMSCs/cm3; p<0.001) and less cells (0.5 ×106 

BMSCs/cm3; p<0.01; Figure 5.4A). Seeding at 5 ×106 BMSCs/cm3 also resulted 

in improved aggrecan mRNA expression relative to 1 ×106 BMSCs/cm3 (p<0.01). 

Densities of 10 and 5 ×106 BMSCs/cm3 corresponded to greater collagen II 

mRNA expression than densities of 50, 1 and 0.5 ×106 BMSCs/cm3 (p<0.01; 

Figure 5.4E). Ratios of collagen II/I and collagen II/X also followed this pattern 

(p<0.05). Expression of transcription factor SOX9 was not different between 

scaffolds seeded at 50, 10 and 5 ×106 BMSCs/cm3 (p≥0.29), but these densities 

led to increased expression relative to 0.5 ×106 BMSCs/cm3 (p<0.05; Figure 5.4I).  
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Figure	  5.3	  	  	  Expansion	  and	  trilineage	  differentiation	  of	  bone	  marrow-‐derived	  mesenchymal	  

stromal	  stem	  cells. (A) Cell counts and (B) cumulative doublings of bone marrow-derived 

mesenchymal stromal stem cells (BMSCs) during two-dimensional (2D) isolation and expansion. 

(C) A colony-forming unit fibroblastic (CFU-F) assay was performed to determine the number of 

BMSCs present in each bone marrow aspirate (BMA) containing 1 ×105 bone marrow-derived 

mononucleated cells (BMNCs). Colonies were stained with crystal violet. (D) Cell counts during 

three-dimensional (3D) isolation and expansion. (E) [i] Plastic adherent BMSCs stained with 

crystal violet. BMSCs differentiated into [ii] chondrogenic, [iii] adipogenic and [iv] osteogenic 

lineages and stained with safranin O, Oil Red O and Alizarin Red S, respectively (5× combined 

magnification of objective and camera lenses). 
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Figure	  5.4	  	  	  Gene	  expression	  analysis	  of	  two-‐	  and	  three-‐dimensional-‐expanded	  bone	  marrow-‐

derived	  mesenchymal	  stromal	  stem	  cells	  seeded	  within	  collagen	  scaffolds. Bone marrow-

derived mesenchymal stromal stem cells (BMSCs) were isolated and expanded within two-

dimensional (2D) and three-dimensional (3D) environments, differentiated within collagen 

scaffolds for 21 days and assessed with reverse-transcription polymerase chain reaction (RT-

qPCR) using SYBR Green detection. (A, C, E, G, I) Data represent the mean ± standard error of 

the mean (SEM) of 2D-expanded BMSCs in doublets based on seeding density group. (B, D, F, H, 

J) Data represent the mean ± SEM of 3D-expanded BMSCs in doublets based on seeding density 

group. Statistical analysis is represented by unlabeled, not significant; *, significant p<0.05; **, 

significant p<0.01; ***, significant p<0.001; +, pre-differentiation control value that is 

significantly different than differentiated BMSC-seeded scaffold (p<0.05). 

  

With respect to fibrocartilage-related collagen I mRNA expression, 

constructs seeded at 5, 1 and 0.5 ×106 BMSCs/cm3 had greater collagen I mRNA 

expression than 50 ×106 BMSCs/cm3 (p<0.05; Figure 5.4C). Expression of 

hypertrophic cartilage-associated collagen X was greater in constructs containing 

10 and 5 BMSCs/cm3 than those containing 1 and 0.5 ×106 BMSCs/cm3 (p<0.05; 

Figure 5.4G). 

 

In 3D-expanded BMSC-seeded scaffolds, aggrecan and collagen II mRNA 

expressions were highest in scaffolds seeded with BMA collections containing 50 

×106 BMNCs/cm3 (Figures 5.4B and F). Significantly higher aggrecan mRNA 

expression was found in scaffolds seeded at 50, 10 and 5 ×106 BMNCs/cm3 than 

0.5 ×106 BMNCs/cm3 (p<0.05), although the difference was most significant 

between 50 and 0.5 ×106 BMNCs/cm3 (p<0.01; Figure 5.4B). Hyaline cartilage-

related collagen II mRNA expression was significantly higher in scaffolds seeded 

at 50 ×106 BMNCs/cm3 than 5, 1 or 0.5 ×106 BMNCs/cm3 (p<0.05), and 

approached a significantly higher level in scaffolds seeded at 50 ×106 
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BMNCs/cm3 relative to 10 ×106 BMNCs/cm3 (p=0.07; Figure 5.4F). Post-

differentiation collagen II mRNA was significantly greater than pre-

differentiation collagen II mRNA in all seeding density groups (p<0.05). For 

fibrocartilage-related collagen I, mRNA expression was more pronounced in 

constructs containing 50 ×106 BMNCs/cm3 than 1 or 0.5 ×106 BMNCs/cm3 

(p<0.05; Figure 5.4D). Significant differences were not noted between seeding 

density groups for collagen X and SOX9 mRNA expressions (p=0.13 and 0.25; 

respectively; Figures 5.4H and J). The collagen II/X ratio was higher in scaffolds 

seeded at 50 ×106 BMNCs/cm3 than 10, 1 and 0.5 ×106 BMNCs/cm3 (p<0.05). 

The collagen II/I ratio was higher in scaffolds seeded at 0.5 ×106 BMNCs/cm3 

than 50 and 5 ×106 BMNCs/cm3 (p<0.05).  

 

To determine whether BMNC seeding density during 3D isolation and 

expansion primed chondrogenic gene expression before onset of differentiation, 

3D-expanded BMSC-seeded scaffolds were also assessed for gene expression 

directly following expansion. Seeding density did not significantly impact mRNA 

expressions of aggrecan, collagen I, collagen II, collagen X, or SOX9 (p=0.82, 

0.09, 0.64, 0.40, 0.40, respectively; Figure 5.4 right column). 
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Figure	  5.5	  	  	  Histological	  analysis	  and	  scoring	  of	  two-‐	  and	  three-‐dimensional-‐expanded	  bone	  

marrow-‐derived	  mesenchymal	  stromal	  stem	  cell-‐seeded	  collagen	  scaffolds. Bone marrow-

derived mesenchymal stromal stem cells (BMSCs) were isolated and expanded within two-

dimensional (2D) and three-dimensional (3D) environments, and differentiated within collagen 

scaffolds for 21 days. Thereafter, constructs were fixed, sectioned at 5-µm thickness and stained 

with safranin O and fast green. Presented photomicrographs represent cell-scaffold constructs 

derived from (A) 2D-expanded BMSCs seeded at 50, 10, 5, 1, or 0.5 ×106 BMSCs/cm3, and (B) 

3D-expanded BMSCs seeded at 50, 10, 5, 1, or 0.5 ×106 BMNCs/cm3 (cells from donor Z28; 7× 

combined magnification of objective and camera lenses). (C) Mean (± standard error of the mean 

[SEM]) Bern score of 2D-expanded BMSCs from five donors based on seeding density group. (D) 

Mean (± SEM) Bern score of 3D-expanded BMSCs from five donors based on seeding density 

group. Statistical analysis is represented by unlabeled, not significant; *, significant p<0.05; **, 

significant p<0.01. 
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Figure	  5.6A	  	  	  Histological	  analysis	  of	  chondrogenic	  proteoglycan	  content	  within	  two-‐

dimensional	  expanded	  bone	  marrow-‐derived	  mesenchymal	  stromal	  stem	  cell-‐seeded	  collagen	  

scaffolds. Bone marrow-derived mesenchymal stromal stem cells (BMSCs) were isolated and 

expanded within a two-dimensional (2D) environment and differentiated within collagen scaffolds 

for 21 days. Thereafter, constructs were fixed, sectioned at 5-µm thickness and stained with 

safranin O and fast green. Presented photomicrographs represent cell-scaffold constructs derived 

from 2D-expanded BMSCs seeded at 50, 10, 5, 1, or 0.5 ×106 BMSCs/cm3 from five donors (7× 

combined magnification of objective and camera lenses). 
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Figure	  5.6B	  	  	  Histological	  analysis	  of	  chondrogenic	  proteoglycan	  content	  within	  three-‐

dimensional-‐expanded	  bone	  marrow-‐derived	  mesenchymal	  stromal	  stem	  cell-‐seeded	  collagen	  

scaffolds. Bone marrow-derived mesenchymal stromal stem cells (BMSCs) were isolated and 

expanded within a three-dimensional (3D) environment and differentiated within collagen 

scaffolds for 21 days. Thereafter, constructs were fixed, sectioned at 5-µm thickness and stained 

with safranin O and fast green. Presented photomicrographs represent cell-scaffold constructs 

derived from 3D-expanded BMSCs seeded at 50, 10, 5, 1, or 0.5 ×106 bone marrow-derived 

mononucleated cells (BMNCs)/cm3 from five donors (7× combined magnification of objective and 

camera lenses). 
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Figure	  5.7	  	  	  Histological	  scoring	  of	  two-‐	  and	  three-‐dimensional-‐expanded	  bone	  marrow-‐derived	  

mesenchymal	  stromal	  stem	  cell-‐seeded	  collagen	  scaffolds. Stained sections from two-

dimensional (2D)- and three-dimensional (3D)-expanded BMSC-seeded scaffolds were assessed 

using the Bern score. (A, C, E, G). Data represent the mean ± standard error of the mean (SEM) of 

extracellular matrix (ECM) staining, intercellular distance, cell morphology, and Bern score of 

sections containing 2D-expanded BMSC-seeded scaffolds from five donors. (B, D, F, H) Data 

represent the corresponding subscores and Bern score of sections containing 3D-expanded BMSC-
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seeded scaffolds from the same five donors. Statistical analysis is represented by unlabeled, not 

significant; *, significant p<0.05; **, significant p<0.01. 

 

5.3.4	  	  	  Seeding	  density	  of	  two-‐	  and	  three-‐dimensional-‐expanded	  bone	  

marrow-‐derived	  mesenchymal	  stromal	  stem	  cells	  affected	  chondrogenic	  

extracellular	  matrix	  deposition	  

In 2D-expanded BMSC-seeded scaffolds, safranin O staining of proteoglycans 

appeared to be most pronounced in scaffolds seeded at 10 and 5 ×106 

BMSCs/cm3, although abundant staining was also apparent in scaffolds seeded at 

other densities (Figures 5.5A and 5.6A). Accordingly, Bern scores were highest in 

scaffolds seeded at 10 and 5 ×106 BMSCs/cm3 (7.8 ± 0.4 and 7.7 ± 0.3, 

respectively; Figures 5.5C and 5.7). Scores for these densities were significantly 

larger than those for 50 and 0.5 ×106 BMSCs/cm3 (p<0.05). 

 

Analysis of proteoglycan quantity demonstrated that total GAG, 

GAG/DNA and GAG/cell were highest in scaffolds seeded at 10 and 5 ×106 

BMSCs/cm3 (Figures 5.8A, E and G). There was not a significant difference 

between 10 and 5 ×106 BMSCs/cm3 for these parameters (p=0.72, 0.18 and 0.21, 

respectively). Constructs containing 5 ×106 BMSCs/cm3 had significantly higher 

GAG/DNA than constructs containing 50, 1 and 0.5 ×106 BMSCs/cm3 (p<0.01; 

Figure 5.8E). Constructs containing 10 ×106 BMSCs/cm3 had significantly higher 

GAG/DNA than scaffolds seeded with 50 and 0.5 ×106 BMSCs/cm3 (p<0.01), but 

were marginally different than 1 ×106 BMSCs/cm3 (p=0.50; Figure 5.8E). 

Collagen II deposition was pronounced in scaffolds seeded at 10, 5, 1, and 0.5 
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×106 BMSCs/cm3, while scaffolds seeded at all densities appeared to lack 

abundant collagen I deposition (Figure 5.9A). 

  

 During chondrogenic differentiation of 2D-expanded BMSCs, cell counts 

decreased in scaffolds that were seeded at densities of 50 and 10 ×106 

BMSCs/cm3 (p<0.05), while cell counts increased in scaffolds that were seeded at 

densities of 5, 1 and 0.5 ×106 BMSCs/cm3 (p<0.05; Figure 5.10A). At the end of 

the differentiation period, cell counts were not significantly different between 

scaffolds seeded at 10 and 5 ×106 BMSCs/cm3 (p=0.19). There was also not a 

significant difference between 1 and 0.5 ×106 BMSCs/cm3 (p=0.27). Cell counts 

between other seeding groups were notably different (p<0.05). 

 

 Scaffolds seeded with 3D-expanded BMSCs contained cartilaginous 

proteoglycans following differentiation. Proteoglycan staining appeared to be 

most pronounced in scaffolds seeded at 50, 10 and 5 ×106 BMNCs/cm3 (Figure 

5.5), although variability was noted between donors and cells from one donor 

(Z33) produced large depositions of proteoglycans at 1 ×106 BMNCs/cm3 (Figure 

5.6B). Bern scores were highest in scaffolds seeded at 50 ×106 BMNCs/cm3 (7.2 ± 

0.5; Figures 5.5D and 5.7). However, a significant difference in scores between 

seeding densities was not present based on Kruskal-Wallis ANOVA (p=0.16). 
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Figure	  5.8	  	  	  Glycosaminoglycan	  and	  deoxyribonucleic	  acid	  quantification	  of	  two-‐	  and	  three-‐

dimensional-‐expanded	  bone	  marrow-‐derived	  mesenchymal	  stromal	  stem	  cell-‐seeded	  collagen	  

scaffolds. (A, C, E, G) Data represent the mean ± standard error of the mean (SEM) of 

glycosaminoglycan (GAG), deoxyribonucleic acid (DNA), GAG/DNA, and GAG/cell within 

constructs from six donors in doublets based on bone marrow-derived mesenchymal stromal stem 

cell (BMSC) seeding density in two-dimensional (2D)-expanded BMSC-seeded scaffolds. (B, D, 

F, H) Data represent the mean ± SEM of GAG, DNA, GAG/DNA, and GAG/cell within 

constructs from six donors in doublets based on bone marrow-derived mononucleated cell 

(BMNC) seeding density in three-dimensional (3D)-expanded BMSC-seeded scaffolds. Statistical 

analysis is represented by unlabeled, not significant; *, significant p<0.05; **, significant p<0.01; 

***, significant p<0.001. 
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Figure	  5.9	  	  	  Immunofluorescence	  analysis	  of	  collagen	  I	  and	  collagen	  II	  content	  within	  two-‐	  and	  

three-‐dimensional-‐expanded	  bone	  marrow-‐derived	  mesenchymal	  stromal	  stem	  cell-‐seeded	  

collagen	  scaffolds. Bone marrow-derived mesenchymal stromal stem cells (BMSCs) were isolated 

and expanded within two-dimensional (2D) and three-dimensional (3D) environments and 

differentiated within collagen scaffolds for 21 days in chondrogenic medium. Thereafter, 

constructs were fixed, sectioned at 5-µm thickness and processed for visualization of cells with 
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4',6-diamidino-2-phenylindole (DAPI; blue), collagen I (Col I; red) and collagen II (Col II; green). 

Presented photomicrographs represent cell-scaffold constructs derived from (A) 2D-expanded 

BMSCs seeded at 50, 10, 5, 1, or 0.5 ×106 BMSCs/cm3, and (B) 3D-expanded BMSCs seeded at 

50, 10, 5, 1, or 0.5 ×106 bone-marrow-derived mononucleated cells (BMNCs)/cm3 (cells from 

donor Z28; 7× combined magnification of objective and camera lenses).  

Immunofluorescence	  controls	  (see	  below). From left to right, presented photomicrographs 

represent three positive controls consisting of hyaline cartilage and subchondral bone, inner third 

meniscus, and outer third meniscus from the stifle joint of sheep, and a negative control consisting 

of a BMSC-seeded scaffold processed with a secondary antibody and DAPI but no primary 

antibody (7× combined magnification of objective and camera lenses). 

 

 

 

Quantitative analysis of proteoglycan deposition demonstrated that 

seeding at 50 ×106 BMNCs/cm3 led to higher total GAG, GAG/DNA and 

GAG/cell than scaffolds seeding at 1 ×106 BMNCs/cm3 (p<0.01) and 0.5 ×106 

BMNCs/cm3 (p<0.001; Figures 5.8B, F and H). For these parameters, less 

significant differences were noted between 10 ×106 BMNCs/cm3 and lower 

densities of 1 ×106 BMNCs/cm3 (p<0.05) and 0.5 ×106 BMNCs/cm3 (p<0.01). 

Scaffolds seeded at 5 ×106 BMNCs/cm3 also had higher total GAG, GAG/DNA 

and GAG/cell than scaffolds seeded at 0.5 ×106 BMNCs/cm3 (p<0.05). 

Immunofluorescence indicated deposition of both collagens I and II, particularly 

in scaffolds seeded at 50 and 10 ×106 BMNCs/cm3 (Figure 5.9B). 
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Figure	  5.10	  	  	  Peri-‐differentiation	  cell	  counts	  of	  two-‐	  and	  three-‐dimensional-‐expanded	  bone	  

marrow-‐derived	  mesenchymal	  stromal	  stem	  cell-‐seeded	  collagen	  scaffolds. (A) Bone marrow-

derived mesenchymal stromal stem cells (BMSCs) were isolated and expanded within a two-

dimensional (2D) environment in tissue-culture flasks containing expansion medium, seeded at 

specific cell counts within collagen scaffolds to create five seeding densities and differentiated for 

21 days in chondrogenic medium. Deoxyribonucleic acid (DNA) levels were then quantified and 

used to calculate cell count following differentiation. (B) Bone marrow aspirates (BMAs) were 

seeded within a three-dimensional environment in collagen scaffolds to create five bone marrow-

derived mononucleated cell (BMNC) densities, cultured in expansion medium, and subsequently 

differentiated within chondrogenic medium for 21 days. DNA levels were quantified in one group 

of scaffolds after expansion and another group of scaffolds after differentiation. Data represent the 

mean ± standard error of the mean of cell counts from six donors. Statistical analysis is 

represented by unlabeled, not significant; *, significant p<0.05; **, significant p<0.01; ***, 

significant p<0.001. 
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Following chondrogenic culture of 3D-expanded BMSC-seeded scaffolds, 

cell counts were not significantly different between scaffolds seeded at 50 and 10 

×106 BMNCs/cm3, or between scaffolds seeded at 1 and 0.5 ×106 BMNCs/cm3 

(p≥0.22; Figure 5.10B). Seeding at 1 and 0.5 ×106 BMNCs/cm3 resulted in post-

differentiation BMSC counts of 0.21 ± 0.11 and 0.06 ± 0.03 ×106. Considerable 

variation in BMSC counts between donors were noted at these lowest BMNC 

seeding densities as some scaffolds appeared to have very low cell numbers 

present following differentiation, while others contained sufficient cell numbers to 

produce significant levels of cartilaginous ECM (and Figures 5.6B and 5.9B). 

	  

5.4	  	  	  Discussion	  

The major finding of this study is that isolation and expansion of ovine BMSCs 

under 2D and 3D conditions yielded cell populations capable of producing 

hyaline-like neo-cartilage in vitro, and chondrogenic differentiation of these cells 

was dependent on seeding density within collagen I scaffolds. Optimal seeding 

densities were identified for 2D- and 3D-expanded BMSCs. 

 

Two-dimensional isolation and expansion were performed using a 

conventional protocol within tissue-culture flasks [31, 32]. Whole BMA was 

seeded into flasks containing expansion medium in an attempt to maintain the 

natural bone marrow microenvironment on the 2D surface of the tissue-culture 

flask during isolation and the first week of expansion [261, 332, 405], while 

avoiding the loss of cells and mediators that could be discarded through the use of 
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cell separation techniques [31, 32]. An extended expansion period beyond P2 was 

not used in this study as it was previously shown that prolonged expansion leads 

to de-differentiation, senescence and loss of multipotential capacity of BMSCs 

[334, 368]. 

 

 Three-dimensional isolation and expansion were performed by seeding 

BMA collections containing defined numbers of BMNCs within scaffolds 

followed by culture in expansion medium. The goal of this technique was to 

maintain BMSCs within a 3D environment and to avoid subjecting cells to the 

artificial environment within tissue-culture flasks. Presumably, BMSCs adhered 

to the scaffold through integrin-mediated binding to type I collagen [414], while 

other cellular and chemical components of bone marrow[258, 415-417] were 

entrapped within scaffold pores but washed away over the course of the expansion 

period with media changes. Bone marrow aspirate collections were seeded within 

scaffolds to create seeding densities of 50, 10, 5, 1 and 0.5 ×106 BMNCs/cm3. The 

total number of BMSCs present following isolation and expansion was 5.8% of 

the initial BMNC count in the scaffolds seeded at 50 ×106 BMNCs/cm3. The 

percentage of post-expansion BMSCs increased as BMNC seeding density 

decreased, and was measured to be 100.3% in scaffolds seeded at the lowest 

density of 0.5 ×106 BMNCs/cm3. Increased proliferation may have played a role 

in this effect, as population doublings were higher in constructs seeded at lower 

densities. Augmented proliferation at lower density was reported previously 

during both 2D and 3D expansion [418-421], and could involve reduced contact 
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inhibition and increased nutrient availability per cell [33]. Higher probability of 

attachment at the time of seeding due to a relatively increased availability of 

scaffold binding sites could also increase BMSC count at lower BMNC seeding 

densities. 

 

 The impact of seeding density on chondrogenesis was evaluated after 21 

days of in vitro culture. To date, multiple parameters have been used in the 

literature to assess hyaline-like chondrogenic capacity including proteoglycan 

content, histological scoring, GAG/DNA, collagen II quantity, and collagen II/I 

ratio [31, 32, 346, 369, 405, 413]. These parameters involve either gene 

expression or measurement of macromolecule deposition in the ECM. A number 

of assays were employed in the study at hand to provide a rigorous and 

multimodal evaluation of engineered tissue. Neo-cartilage was considered 

hyaline-like if: (1) collagen II was present based on collagen II mRNA 

expression, collagen II/I mRNA ratio and collagen II immunofluorescence; and 

(2) proteoglycan was abundant as measured through aggrecan mRNA expression, 

safranin O staining, Bern score, total GAG, and GAG/DNA. Neo-cartilage was 

considered to be superior if these parameters were more pronounced in one 

construct relative to another construct.  

 

Following 2D expansion, BMSCs seeded at all densities were shown to be 

capable of hyaline-like cartilaginous tissue formation based on increased collagen 

II and aggrecan mRNA expressions relative to controls, and proteoglycan 
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deposition. Collagen scaffolds seeded at 10 and 5 ×106 BMSCs/cm3 had the 

highest mRNA expressions of hyaline cartilage-related collagen II, aggrecan and 

SOX9, although expressions of collagens I and X that relate to fibrocartilage and 

hypertrophic cartilage, respectively, were also highest in these constructs. 

Scaffolds seeded at 10 and 5 ×106 BMSCs/cm3 produced the highest levels of 

ECM proteoglycan deposition and were found to be superior based on histological 

scoring. Collagen II deposition was apparent in scaffolds seeded at 0.5-10 ×106 

BMSCs/cm3, while collagen I was lacking. Constructs containing 50 ×106 

BMSCs/cm3 at the time of seeding displayed stunted chondrogenesis in 

comparison to 10 and 5 ×106 BMSCs/cm3, which could relate to cell crowding, 

nutrient limitation and relatively less volume available for ECM deposition [33, 

422]. These findings suggest that the optimal seeding density for chondrogenesis 

of 2D-expanded BMSCs within collagen scaffolds is 5-10 ×106 BMSCs/cm3. 

 

 In 3D-expanded BMSC-seeded scaffolds, constructs seeded at all densities 

produced increased collagen II and aggrecan mRNA expressions relative to 

controls, and proteoglycan deposition. Constructs seeded at 50 ×106 BMNCs/cm3 

had the highest levels of aggrecan mRNA expression and ECM proteoglycan 

deposition, although scaffolds seeded at 10 and 5 ×106 BMNCs/cm3 also had 

higher levels of proteoglycans in comparison to lower seeding densities. The Bern 

score was highest in scaffolds seeded at 50 ×106 BMNCs/cm3, but a significant 

difference was not demonstrated between seeding groups. Collagen II mRNA 

expression was highest in scaffolds seeded at 50 ×106 BMNCs/cm3. Based on 
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immunofluorescence, deposition of collagen II was particularly notable within 

scaffolds seeded at both 50 and 10 ×106 BMNCs/cm3. Collagen I mRNA 

expressions was highest in scaffolds seeded at 50, 10 and 5 ×106 BMNCs/cm3, 

while immunofluorescence showed significant deposition in scaffolds seeded at 

50 and 10 ×106 BMNCs/cm3. The results of this study suggest that a seeding 

density of 50 ×106 BMNCs/cm3 leads to the highest level of hyaline-like 

chondrogenesis, although it is possible that higher densities that were not assessed 

in this study could further augment chondrogenesis. 

 

 At present, there is a paucity of literature examining the impact of BMSC 

seeding density on chondrogenesis. Several in vitro studies have assessed the 

impact of mature chondrocyte density on chondrogenesis. Hansen et al. 

demonstrated that seeding at 1.2 ×106 chondrocytes/cm3 augmented 

chondrogenesis within a porous methoxypolyethylene glycol-polylactic-co-

glycolic acid scaffold relative to higher densities of 4-20 ×106 chondrocytes/cm3 

[412]. Mahmoudifar et al. and Vunjak-Novakovic et al. showed superior 

chondrogenesis within polyglycolic acid scaffolds seeded with 25-27 ×106 

chondrocytes/cm3 in comparison to lower densities of 5-15 ×106 

chondrocytes/cm3 [423, 424]. Francioli et al. reported that chondrogenesis 

improved by increasing cell density within porous collagen II scaffolds from 25 to 

66 ×106 chondrocytes/cm3 [393]. In agarose hydrogels, Huang et al. demonstrated 

that a density of 9 ×106 chondrocytes/cm3 was superior to 3-6 ×106 
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chondrocytes/cm3, while Mauck et al. found that 60 ×106 chondrocytes/cm3 

augmented chondrogenesis relative to 20 ×106 chondrocytes/cm3 [425, 426]. 

 

 Cell density analysis in this study was based on the number of cells and 

volume of scaffold present during seeding, as this is the time point at which these 

parameters would be known in a clinical setting [39]. It was demonstrated that 

cell count following differentiation varied in comparison to pre-differentiation 

cell count, and this could have involved a balance between multiple factors 

including cell loss during scaffold seeding and culture, and ongoing proliferation 

during the differentiation period [427]. With the assumption that construct volume 

was maintained during chondrogenesis, final cell densities at the end of in vitro 

chondrogenesis were 22.3, 8.4, 6.5, 3.4, and 2.4 ×106 BMSCs/cm3 for 2D-

expanded BMSCs seeded at 50, 10, 5, 1, and 0.5 ×106 BMSCs/cm3, respectively, 

and 7.1, 5.6, 4.8, 2.1, and 0.6 ×106 BMSCs/cm3 for 3D-expanded BMSCs seeded 

at 50, 10, 5, 1, and 0.5 ×106 BMNCs/cm3 respectively. Cell-seeded collagen 

scaffolds have been shown previously to decrease in volume during 

chondrogenesis as a result of cell-mediated contraction and degradation of 

scaffold biomaterials [428]. Therefore, cell densities at the end of chondrogenic 

culture were potentially higher than calculated. 

 

 Although both 2D- and 3D-expanded BMSC-seeded collagen scaffolds 

were assessed and shown to produce bioengineered tissue with properties of 

hyaline cartilage, a direct comparison of these methods was not performed given 
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that the properties of the cells populating scaffolds at the time of isolation and 

following culture may have differed. Two dimensional-expanded BMSCs were 

shown to have qualities of plastic adherence and trilineage differentiation. 

Previously, our group characterized cell surface markers of BMSCs isolated and 

expanded using this isolation method [332]. Although 3D-expanded BMSCs were 

derived from the same BMA collections as 2D-expanded BMSCs, the cells that 

adhered to the collagen scaffold during 3D isolation were not characterized and 

may have derived from a different subpopulation of BMSCs than those that 

adhered to plastic during 2D isolation. It was shown previously that different 

subpopulations of BMSCs are present based on adherence and cell surface 

markers [264, 266]. Future study is required to characterize cells derived from 3D 

isolation and to compare these cells to those derived from 2D methods utilizing 

whole BMA and cell fractions (BMNCs). 

 

 This study has some limitations. Static culture conditions were used, 

which may have led to less uniform densities throughout scaffolds relative to 

dynamic conditions. Secondly, ovine rather than human BMSCs were used. Sheep 

are routinely involved as animal models in cartilage engineering studies [100, 

274, 308]. However, differences between species could impact the clinical 

applicability of our findings. Aspirates were derived from sheep at an age that is 

consistent with skeletal maturity and cartilage maturity based on zonal 

architecture, presence of a continuous calcified cartilage layer and lack of 

spontaneous cartilage repair [429]. Given that sheep have a life expectancy of 10-
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12 years, the sheep in this study (mean age of 3.3 years) could correspond to an 

adult human population that would be amenable to cell-based cartilage restoration 

techniques. Only female sheep were included as donors. A difference in in vitro 

chondrogenesis between cells from male and female animals and humans has 

been demonstrated previously with a higher chondrogenic capacity demonstrated 

in males [430, 431]. Although the use of female sheep potentially reduced 

variability that may have been caused through the use of a mixed sample of 

animals, the impact of seeding density on chondrogenesis could be different in 

male animals. Thirdly, an in vitro model was used, and the applicability of the 

conclusions to clinical use is unclear. It is possible that remodeling that occurs in 

vivo over time could offset differences that are apparent within this in vitro model 

[412, 432]. Fourthly, seeding of cells within biomaterial scaffolds was considered 

to be an effective process in this study and the number of cells that did not adhere 

was not determined. Lastly, during the calculation of population doublings during 

3D expansion, the initial number of BMSCs present following isolation required 

the use of a ratio derived from the CFU-F assay. Given that the CFU-F involved 

plastic adherence, it is possible that the fraction of BMSCs present from the 

BMNC pool following 3D isolation was different than that calculated from the 

CFU-F assay. 

 

5.5	  	  	  Conclusion	  

BMSCs isolated and expanded in 2D and 3D environments are capable of 

producing hyaline-like cartilaginous tissue within a porous collagen I scaffold. 
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Chondrogenesis appeared to be most pronounced with seeding densities of 5-10 

×106 BMSCs/cm3 and 50 ×106 BMNCs/cm3 for 2D and 3D expansion protocols, 

respectively. Accordingly, these densities could be considered when seeding 

collagen I scaffolds in BMSC transplantation protocols. 
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Chapter	  6	  
	  

Articular	  Cartilage	  Repair	  with	  
Mesenchymal	  Stromal	  Stem	  Cells	  
following	  Isolation,	  Expansion	  and	  
Chondrogenic	  Priming	  in	  Normoxic	  and	  
Hypoxic	  Conditions:	  a	  Preclinical	  Pilot	  
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*Co-‐senior	  authors	  

	  

	  

 

6.1	  	  	  Introduction	  

Bone marrow-derived mesenchymal stromal stem cells (BMSCs) are a promising 

cell source for treating articular cartilage defects [363]. Collection of bone 

marrow containing BMSCs is performed by needle aspiration with minimal 

invasiveness and adequate cell numbers for transplantation may be attained with 

relative ease given the rapid proliferation profile of these cells [34, 333, 433]. 

BMSCs are capable of differentiation into chondrocytes and production of 

extracellular matrix (ECM) that is consistent with hyaline cartilage [31, 32, 434]. 

Several studies have demonstrated resurfacing of focal chondral defects in animal 

and human joints with BMSCs, although inconsistent outcomes have been 

reported based on macroscopic assessment, histological analysis, magnetic 
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resonance imaging (MRI), and clinical scores [29, 38, 39, 41, 43, 45, 46, 254, 

317]. Cartilaginous repair tissue quality has been shown to correlate with post-

operative function in clinical studies [45, 254, 320]. Therefore, tissue engineering 

and transplantation variables are currently under investigation with the goal of 

improving neo-cartilage quality and outcome. 

 

 Several BMSC transplantation protocols have been proposed to date with 

no clear consensus on technique established [363]. One protocol involves 

implantation of bone marrow aspirate concentrate, which contains a 

heterogeneous cell collection that includes BMSCs, on a biomaterial scaffold into 

a cartilage defect [38, 41, 254]. This protocol allows for aspiration, processing 

and implantation to occur during the same operative period and avoids the need 

for ex vivo cell culture [254]. However, the number of BMSCs present in each 

concentrate is not known at the time of implantation. Furthermore, there is 

evidence to suggest that the BMSC content of concentrates varies between donors 

and depends on the processing system used [307, 435].  It is therefore unclear 

whether the implanted concentrate contains an adequate number of BMSCs to 

differentiate and populate the defect site with cells capable of undergoing 

chondrogenesis. A second protocol entails isolation and expansion of BMSCs in 

the laboratory and implantation on scaffolds [39, 43]. Although the BMSCs in this 

protocol are purified during the isolation process, they are undifferentiated and 

there is only limited evidence to suggest that they are capable of producing ECM 

consistent with hyaline cartilage rather than fibrocartilage or bone [43, 256, 316, 
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339]. A third protocol involves creation of a tissue-engineered construct 

developed through ex vivo culture of BMSC-seeded scaffolds for several weeks to 

allow for differentiation and ECM production prior to implantation [36, 274, 287, 

308]. Although the transplanted construct contains cells that may be inclined to 

continue down a chondrogenic lineage, this protocol is time consuming and 

presumably more expensive than shorter protocols [274]. 

 

 Tissue engineering strategies have been employed within transplantation 

protocols with the goal of promoting BMSC chondrogenesis and hyaline-like 

cartilaginous ECM formation. Incubator oxygen tension is a culture variable that 

has gained attention given the posited role of oxygen in guiding BMSC 

differentiation in musculoskeletal development [364]. Our group and others have 

established extensive in vitro support for the use of hypoxic incubation to drive 

BMSC chondrogenesis [332, 369-371, 405]. Hypoxic culture has been shown to 

augment chondrogenesis following subcutaneous implantation in mouse models 

[368, 372]. However, pre-implantation hypoxic culture has not been investigated 

in BMSCs implanted within joints in animals or humans to date. 

 

 The first objective of this pilot study was to assess a novel protocol for 

BMSC transplantation that involved BMSCs that were isolated, expanded, seeded 

within esterified hyaluronic acid (HYAFF) scaffolds, and chondrogenically 

primed using a short (4-day) culture period in chondrogenic medium prior to 

implantation in an ovine model. The rationale of this protocol was to expose 
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BMSCs to chondrogenic factors with the goal of predisposing them to the 

chondrogenic lineage while avoiding a time- and resource-intensive 

differentiation period. Scaffolds composed of HYAFF have been shown to 

support BMSC chondrogenesis and the formation of hyaline-like cartilaginous 

tissues in vitro in several studies, and have been used clinically in BMSC 

transplantation protocols involving bone marrow aspirate concentrate [38, 40, 45, 

46, 254, 315, 405]. Sheep are routinely used as large-animal models in cartilage 

research [100, 274, 301, 306, 308]. The second objective of this study was to 

assess the impact of oxygen tension during pre-implantation culture of BMSCs on 

neo-cartilage formation in vivo within full-thickness cartilage defects. It was 

hypothesized that chondrogenically primed BMSC-seeded HYAFF scaffolds 

implanted into full-thickness cartilage defects would produce superior 

cartilaginous repair tissue to control defects. Secondly, it was hypothesized that 

BMSC isolation, expansion and chondrogenic priming under hypoxia would yield 

improved cartilaginous repair tissue in comparison to normoxia. 

 

6.2	  	  	  Methods	  

6.2.1	  	  	  Bone	  marrow	  aspiration	  and	  processing	  

The Animal Care and Use Committee at the University of Alberta provided 

ethical approval for this study. Bone marrow aspirates were obtained from the 

iliac crest of five female Suffolk sheep with mean age ± standard error of the 

mean (SEM) of 2.6 ± 0.3 years and mean mass ± SEM of 75.0 ± 5.6 kg (Table 

6.1). General anesthesia for the aspiration procedure was attained through 
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intravenous sedation with 5 µg/kg dexmedetomidine and 2 mg/kg ketamine 

followed by endotracheal intubation and administration of 2-4% gaseous 

isoflurane (all from Western Drug Distribution Center, Edmonton, Canada). The 

sheep were then positioned in lateral decubitus position using a positioning device 

(Hug-U-Vac, Salem, USA) and the posterolateral pelvic surgical site was clipped 

and prepared with 10% wt/vol povidone-iodine solution (Betadine, Purdue 

Pharma, Stamford, USA). A small incision was made over the posterior ilium and 

an 11-gauge Jamshidi needle (Cardinal Health Canada, Vaughan, Canada) was 

inserted onto the iliac crest near the posterior superior iliac spine and through 

cortical bone into the marrow space. Bone marrow aspirate was collected and 

mixed with 8 ml of heparin (10,000 units/10 ml; Pharmaceutical Partners of 

Canada, Richmond Hill, Canada). Each aspirate was then filtered with a cell 

strainer (100-µm pore size; Becton Dickinson Canada, Mississauga, Canada). 

Staining with crystal violet (Sigma-Aldrich, Oakville, Canada) and 

hemocytometer counting were used to determine the number of bone marrow 

mononucleated cells (BMNCs) within an aspirate.  

 

6.2.2	  	  	  Isolation	  and	  expansion	  of	  bone	  marrow-‐derived	  mesenchymal	  

stromal	  stem	  cells	  

Bone marrow aspirates containing 8 ×107 BMNCs were seeded within each 150-

cm2 tissue culture flask and submersed in expansion medium containing alpha-

minimal essential medium (α-MEM; Corning-Mediatech, Manassas, USA) 

supplemented with 8.8% vol/vol heat-inactivated fetal bovine serum (FBS), 88.5 
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units/ml penicillin, 88.5 µg/ml streptomycin, 258.4 µg/ml L-glutamine, 8.8 mM 4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 885.0 µM sodium 

pyruvate (all from Life Technologies, Burlington, Canada), and 5 ng/ml fibroblast 

growth factor-2 (FGF-2; Neuromics, Edina, USA; Appendix 1). Cells were 

allowed to adhere and grow statically for 7 days under normoxia (21% oxygen) or 

hypoxia (3% oxygen) at 37°C in a humidified incubator containing 5% carbon 

dioxide. Flasks from the hypoxic incubator experienced short periods (<5 

minutes) of normoxic exposure during media changes. After 7 days, the media 

were changed twice per week. Once 80% cell confluence was attained, adherent 

BMSCs were washed with phosphate-buffered saline (PBS), detached using 

0.05% wt/vol trypsin-ethylenediaminetetraacetic acid (EDTA; Corning-

Mediatech) and expanded to passage two (P2). 

 
 

Table	  6.1	  	  	  Sheep	  involved	  in	  autologous	  bone	  marrow-‐derived	  mesenchymal	  

stromal	  stem	  cell	  transplantation	  

Sheep Gender Age (years) Mass (kg) 

Z28 Female 2.0 66 

Z01 Female 2.2 71 

Z33 Female 2.3 81 

Y19 Female 3.2 63 

Y08 Female 3.3 94 
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Proliferation during expansion was assessed via cell counts. Total cell 

counts of trypsinized BMSCs at P0, P1 and P2 were calculated using trypan blue 

staining and hemocytometer counting of small aliquots of BMSCs in expansion 

medium. The number of BMSCs isolated in each flask containing 8 ×107 BMNCs 

was extrapolated from a colony-forming unit fibroblastic assay previously 

described [405]. Population doublings were determined using the method 

described by Solchaga et al. [346]. 

 

6.2.3	  	  	  Scaffold	  seeding	  and	  chondrogenic	  priming	  

Expanded BMSCs were suspended in chondrogenic medium consisting of 

Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 mg/ml D-glucose, 

110 µg/ml sodium pyruvate and L-glutamine (Sigma-Aldrich) supplemented with 

9.6 mM HEPES, 95.6 units/ml penicillin, 95.6 µg/ml streptomycin, 279.2 µg/ml 

L-glutamine (all from Life Technologies), 1x insulin-transferrin-selenium (ITS)+ 

premix (BD Biosciences, Mississauga, Canada), 365 µg/ml ascorbic acid 2-

phosphate, 40 µg/ml L-proline, 100 nM dexamethasone, 125 µg/ml human serum 

albumin (all from Sigma-Aldrich), and 10 ng/ml transforming growth factor-beta 

three (TGF-β3; ProSpec, East Brunswick, USA).  
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Figure	  6.1	  	  	  Bone	  marrow-‐derived	  mesenchymal	  stromal	  stem	  cell	  ex	  vivo	  culture	  and	  

transplantation. (A) Bone marrow-derived mesenchymal stromal stem cells (BMSCs) were 

isolated by plastic adherence from a sheep bone marrow aspirate and expanded to passage two in 

tissue-culture flasks containing expansion medium. Expanded bone marrow-derived mesenchymal 

stromal stem cells (BMSCs) were seeded onto a porous esterified hyaluronic acid (HYAFF) 

scaffold at 10 ×106 BMSCs/cm3. The BMSC-seeded scaffold was then chondrogenically primed 

with culture in chondrogenic medium for four days. Thereafter, a 7 mm-diameter implant was 

created from the cell-seeded scaffold and transplanted autologously into a full-thickness cartilage 

defect on the femoral condyle of the stifle joint. The implant was reinforced with Tisseel fibrin 

sealant. (B) Each full-thickness cartilage defect was treated with either a cell-free control, 

normoxia-cultured BMSC-seeded HYAFF scaffold or hypoxia-cultured BMSC-seeded scaffold. 

(C) Custom, stainless steel, 1.2 cm-diameter device with slight concavity used for compression of 

the implant following transplantation while the fibrin sealant solidified. 
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BMSCs were seeded at a consistent density of 1 ×107 BMSCs/cm3 onto 

scaffolds composed of non-woven, 10-20 µm-diameter HYAFF fibers (varying 

inter-fiber spaces) with dimensions of 2-cm length, 2-cm width and 0.2-cm 

thickness (Anika Therapeutics, Abano Terme, Italy) [202, 375]. Under sterile 

conditions, scaffolds were placed into the wells of a six-well plate and were 

moistened with 320 µl of chondrogenic medium micropipetted in 20-µl aliquots to 

16 points on the top surface of each scaffold. Thereafter, 8 ×106 BMSCs were re-

suspended in 320 µl of chondrogenic medium and micropipetted in 20-µl aliquots 

over the same points. Cell-free chondrogenic medium was used for cell-free, 

control scaffolds. Seeded scaffolds were then incubated for one hour at 37°C in a 

humidified incubator to allow for cell adhesion to occur. Five milliliters of 

chondrogenic medium was then slowly added to each well to submerse each 

scaffold.  

 

BMSC-seeded scaffolds were cultured statically for 4 days in 

chondrogenic medium within a humidified incubator with an oxygen tension 

consistent with the oxygen tension used for isolation and expansion (21% or 3% 

oxygen). Media were changed daily during this chondrogenic priming period. 

 

6.2.4	  	  	  Assessment	  of	  chondrogenic	  priming	  

BMSC-seeded scaffolds that were cultured for 4 days in chondrogenic medium 

were assessed with reverse-transcription quantitative polymerase chain reaction 

(RT-qPCR) to quantify gene expressions of aggrecan, collagen II and sex 



	   194 

determining region Y-box nine (SOX9) that are related to hyaline cartilage. These 

gene expressions were compared to unprimed BMSCs that were not exposed to 

chondrogenic medium and BMSCs that were seeded at 1 ×107 BMSCs/cm3 onto 

HYAFF scaffolds and cultured in chondrogenic medium for 14 days. 

 

To perform gene expression analysis, total ribonucleic acid (RNA) was 

extracted from constructs using TRIzol Reagent (Life Technologies) after 

grinding with a pestle. Total RNA (100 ng) in a 40-µl reaction was reverse 

transcribed to complementary deoxyribonucleic acid (cDNA) using GoScript 

Reverse Transcription System (Promega, Madison, USA) primed in the presence 

of oligo(dT) primers (1 µg). Quantitative PCR was performed with a DNA Engine 

Opticon II Continuous Fluorescence Detection System (Bio-Rad) using 

HotGoldStar Taq polymerase and SYBR Green detection (Eurogentec North 

America, San Diego, USA). Primers (Table 6.2) were obtained from Invitrogen 

(Life Technologies). Gene (messenger RNA [mRNA]) expression levels for each 

primer set were normalized to the expression level of ovine beta-actin (β-actin) by 

the 2-ΔΔC(T) method [376]. 

 

BMSC-seeded scaffolds that were cultured for 4 days in chondrogenic 

medium were also assessed for proteoglycan production through the 

quantification of sulfated glycosaminoglycan (GAG) per DNA (GAG/DNA). 

These gene expressions were compared to unprimed BMSCs that were not 

exposed to chondrogenic medium and BMSCs that were seeded at 1 ×107 



	   195 

BMSCs/cm3 onto HYAFF scaffolds and cultured in chondrogenic medium for 14 

days.  

 

Table	  6.2	  	  	  Ovine	  primer	  sequences	  used	  in	  reverse-‐transcription	  polymerase	  
chain	  reaction	  analysis	  

 
Gene Primer sequences  NCBI Reference 

β-actin (ACTB) 5’-CGGCGGGACCACCAT-3’ Forward NM_001009784.1 

5’-GCAGTGATCTCTTTCTGCATCCT-3’ Reverse 

Aggrecan (ACAN) 5’-TGGAATGATGTCCCATGCAA-3’ Forward XM_004018048.1 

5’-GCCACTGTGCCCTTTTTACAG-3’ Reverse 

Collagen II (COL2A1) 5’-ACCTCACGTCTCCCCATCA-3’ Forward XM_004006408.1 

5’-CTGCTCGGGCCCTCCTAT-3’ Reverse 

SRY-Box 9 (SOX9) 5’-GCTGCTGGCCGTGATGA-3’ Forward XM_004013527.1 

5’-GGGTCGCGCGTTTGTTT-3’ Reverse 

 

 

To perform this biochemical analysis, constructs were rinsed in PBS and 

digested in proteinase K (1 mg/ml in 50 mM Tris with 1 mM EDTA, 1 mM 

iodoacetamide and 10 mg/ml pepstatin A; all from Sigma-Aldrich) for 16 hours at 

56°C. Sulfated GAG content was measured by 1,9-dimethylmethylene blue 

binding (Sigma-Aldrich) using chondroitin sulfate as the standard (Sigma-

Aldrich). De novo sulfated GAG production was determined by subtracting GAG 

quantities of BMSCs that were not exposed to chondrogenic medium from GAG 

quantities in constructs that were primed for 4 days or differentiated for 14 days in 

chondrogenic medium. DNA content was determined using the CyQUANT Cell 

Proliferation Assay Kit (Life Technologies) with supplied bacteriophage λ DNA 

as the standard. 
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6.2.5	  	  	  Joint	  surgery	  for	  defect	  creation	  and	  transplantation	  

In preparation for surgery, sheep were fasted for 24 hours and an indwelling 

jugular catheter was placed. Ceftiofur was administered at 2 mg/kg IV prior to the 

procedure (Western Drug Distribution Center). General anesthesia was performed 

as described for the aspiration procedure. Sheep were positioned in a supine 

position on a positioning device (Hug-U-Vac). Each hind limb was clipped 

around the stifle joint, prepared with 10% wt/vol povidone-iodine solution 

(Purdue Pharma), and draped to create a sterile field centered over the stifle joint 

using an impervious stockinette (Spectrum Laboratories, Rancho Dominguez, 

USA) and surgical drapes. 

 

 A 6-cm midline incision through skin was made over each stifle joint from 

the patella to the tibial tuberosity in order to expose the patellar tendon. Medial 

and lateral parapatellar approaches were then utilized to access the medial and 

lateral femoral condyles. Specifically, 3-cm longitudinal incisions were made 

medial and lateral to the inferior patella and patellar tendon and deepened to enter 

the stifle joint. The femoral condyle on each side was visualized with the stifle 

joint in full flexion. The patella was not dislocated with either approach. During 

exposure of the lateral femoral condyle, care was taken to identify, isolate, 

protect, and retract the tendon of the extensor digitorum longus muscle that 

originates from the lateral femoral condyle [436]. The weight-bearing area of each 

femoral condyle was determined to be midway between the medial and lateral 
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aspects of each condyle with the stifle joint in full flexion. A full-thickness 

cartilage defect was created on each condyle using a 6.95 mm-diameter custom 

punch to create a circular defect boundary and a curette to excise cartilage. The 

subchondral bone was left intact and no bleeding was seen from this bone. 

 

During implantation, an autologous cell-seeded scaffold or cell-free 

scaffold was cut with a biopsy punch to create a 7 mm-diameter circular implant 

(Figure 6.1A). Tisseel fibrin sealant was applied to fill the cartilage defect 

(Baxter, Mississauga, Canada) to help secure the implant that was subsequently 

inserted into the cartilage defect. A custom, stainless steel, 1.2 cm-diameter 

compression device with slight concavity (Argyll Innovations, Edmonton, 

Canada) was then applied to the implant and surrounding native cartilage and held 

in place for 3 minutes (Figure 6.1C). The implant was then inspected for adequate 

placement and to ensure that a smooth transition point between native cartilage 

and implant was present. If the defect was serving as an empty-defect control, it 

was filled with fibrin sealant only. Thereafter, the same implantation procedure 

was performed on the defect of the other femoral condyle of the same stifle joint. 

The joint was then ranged multiple times from flexion to extension and both 

implants were inspected to ensure that they were adequately positioned at each 

defect.  

 

Medial and lateral windows to the distal femur and skin were then closed 

with 2-0 Vicryl suture (Ethicon, Somerville, USA). Skin was closed 
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subcutaneously with 2-0 Vicryl suture and superficially using 2-0 PDS suture 

(Ethicon). Incision sites were dressed. Post-operatively, sheep received a five-day 

course of ceftiofur 2 mg/kg IV daily for infection prophylaxis (Western Drug 

Distribution Center). Flunixin and buprenorphine were used for anti-inflammatory 

and analgesic purposes (Western Drug Distribution Center). Vital signs, incision 

sites and activity were monitored closely for one week. The animals returned to 

full activity and weight bearing as tolerated shortly following surgery. They were 

assessed routinely for signs of lameness until explantation. 

 

6.2.6	  	  	  Treatment	  groups	  

The treatment groups in this study included cell-free controls, normoxia-cultured 

BMSC-seeded scaffolds and hypoxia-cultured BMSC-seeded scaffolds (Figure 

6.1B). Four defects in two stifle joints were treated as cell-free controls by leaving 

defects empty or implanting cell-free scaffolds. Eight defects in four stifle joints 

were treated with normoxia-cultured BMSC-seeded scaffolds. The BMSCs in this 

group were isolated, expanded and chondrogenically primed under normoxic 

conditions. Eight defects in four other stifle joints were treated with hypoxia-

cultured BMSC-seeded scaffolds. The BMSCs in this group were isolated, 

expanded and chondrogenically primed under hypoxic conditions. Both defects in 

each joint received the same cell condition of no cells (control), normoxia-

cultured BMSCs or hypoxia-cultured BMSCs to avoid interaction of one 

treatment group with another. 
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6.2.7	  	  	  In	  vivo	  reassessment	  of	  implants	  

To ensure that the BMSC-seeded scaffolds were capable of remaining in the 

defect site following implantation, sheep Z01 was reassessed in a second-look 

procedure one week after the initial surgery. During this procedure, anesthesia, 

surgical approach and closure were identical to the implantation procedure. The 

femoral condyles of each stifle joint were visualized. 

 

6.2.8	  	  	  Explantation	  

Six months after the transplantation surgery, sheep were sacrificed using sodium 

pentobarbital (Western Drug Distribution Center). The stifle joint was extracted 

from each animal. High-quality photography was performed on the distal femur of 

each hind limb.  

 

6.2.9	  	  	  Histological	  processing	  and	  assessment	  

Processing for histological analysis involved reducing each condyle to 

osteochondral blocks centered on the defect site with 5-10 mm of native articular 

cartilage surrounding the defect on all sides. Each specimen was fixed using 10% 

wt/vol buffered formalin for 7 days (Sigma-Aldrich). Thereafter, decalcification 

was performed for 4 months in a solution containing 10% wt/vol 

ethylenediaminetetraacetic acid (EDTA) tetrasodium salt dehydrate and 0.1% 

wt/vol formalin followed by 2 months in a solution containing 10% wt/vol EDTA 

tetrasodium salt dehydrate and 0.1% wt/vol formalin (Sigma-Aldrich). Specimens 

were then dehydrated, processed into paraffin wax and sectioned at a thickness of 
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8 µm in a longitudinal plane. Sections were stained with 0.1% wt/vol safranin O 

to reveal proteoglycan matrix depositions and counterstained with 1% wt/vol fast 

green. Microphotographs of each section were captured using an Eclipse Ti-S 

microscope (Nikon Canada, Mississauga, Canada) fitted with NIS Elements Basic 

Research Imaging Software Version 4.20 (Nikon Canada). The microscope 

automatically stitched magnified photomicrographs into larger images containing 

the entire defect site, repair tissues and native tissues. Images were subsequently 

assembled in Photoshop (Adobe Systems, San Jose, USA). 

 

For histological assessment, each defect site was divided into five 

equivalent radial zones from the center to the outer border of each defect site. 

Microphotographs of sections from the inner four zones of all defect sites were 

coded, placed in random order and assessed by a blinded observer using a 

modified version of the O’Driscoll histological scoring system derived from the 

version of Frenkel et al. (Table 6.3 and Appendix 3) [437-439]. In our 

modification of the O’Driscoll scoring system, hyaline-like cartilaginous tissue 

and safranin O staining parameters were normalized to area of repair tissue / area 

of defect site. Thickness of repair tissue was normalized to the width of the defect 

site containing repair tissue / total width of defect site.  

 

 

 

 

 



	   201 

Table	  6.3	  	  	  Modified	  O’Driscoll	  histological	  scoring	  system	  

Nature of repair tissue 
Hyaline-like cartilaginous repair tissue*: 80 – 100% of all repair tissue    8 
    60 – 79% of all repair tissue    6 
    40 – 59% of all repair tissue    4 
    20 – 39% of all repair tissue    2 
    0 – 19% of all repair tissue    0 
 
Safranin O staining*:   80 – 100% of all repair tissue    2 
    40 – 79% of all repair tissue    1 
    0 – 39% of all repair tissue    0 
 
Structural characteristics of repair tissue 
Surface regularity:   Smooth and intact     2 
    Fissures present     1 
    Severe disruption and/or fibrillation   0 
  
Structural integrity:   Normal      2 

   Slight disruption and/or including cysts   1 
   Severe lack of integrity    0 

  
Thickness&:   100% of adjacent native cartilage    2 

   50 – 99% of adjacent native cartilage   1 
   0 – 49% of adjacent native cartilage   0 

  
Bonding to adjacent cartilage:  Both ends bonded fully    2 

   Bonded at one end or partially at both ends   1 
   Not bonded     0 
 

Bonding to subchondral bone:  100% of repair tissue bonded    2 
   50 – 99% of repair tissue bonded   1 
   0 – 49% of repair tissue bonded    0 
        

Freedom from degeneration 
Changes in repair tissue:  Normal cellularity, no clusters    2 
    Slight hypocellularity, <25% clusters   1  
    Moderate hypocellularity/hypercellularity, ³25% clusters 0 
        
Changes in adjacent native cartilage: Normal cellularity, no clusters, and normal staining  3 
    Normal cellularity, mild clusters, moderate staining  2 
    Mild-moderate hypocellularity, slight staining  1 
    Severe hypocellularity, poor or no staining   0 

 
Intactness of subchondral bone plate:  100% of defect width intact    2 

    50 – 99% of defect width intact    1 
    0 – 49% of defect width intact    0 

  
 
* Normalized to the area of repair tissue / area of defect site 
& Normalized to the width of repair tissue / width of defect site 

 

 

Hyaline-like cartilaginous repair tissue was defined as repair tissue that 

contained predominantly circular cells (³75% of cells present within the area of 

tissue) within lacunae surrounded by extracellular matrix that stained positively 

with safranin O [437]. Superficial repair tissue was also considered to be hyaline-
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like if it contained flattened, non-circular cells, lacked lacunae and safranin O 

staining, and was adjacent to deeper tissue containing predominantly circular cells 

within lacunae and positive safranin O staining given that this phenotype 

resembles the structural organization of native hyaline articular cartilage [440]. 

 

Microphotographs of sections from the inner four zones of all defect sites 

were also assessed in a blinded fashion for quantitative measures using ImageJ 

software (National Institutes of Health, Bethesda, USA). Areas of the defect site, 

repair tissue within the defect site, and hyaline-like cartilaginous repair tissue 

within the defect site were measured. Defect fill was calculated using: repair 

tissue area / defect site area × 100%.  

 

6.2.10	  	  	  Macroscopic	  assessment	  

Photographs of each defect site were coded, placed in random order and assessed 

by a blinded observer using a modified Goebel macroscopic scoring system 

(Table 6.4 and Appendix 4) [441]. In our modification of the Goebel system, the 

point scale was numbered inversely relative to the original scale. The defect fill 

parameter was assessed based on percentage of defect filled to the level of the 

adjacent native cartilage and did not involve an assessment of depth. 

 

6.2.11	  	  Statistical	  analysis	  

Analyses were performed using SPSS Statistics 23 (IBM, Armonk, USA) and 

significance was concluded when p<0.05. Repeated measures analysis of variance 
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(ANOVA) was used for assessment of cell count and doubling over time during 

isolation and expansion. Gene expressions of BMSCs cultured for 0, 4 or 14 days 

were compared using a Kruskal-Wallis one-way ANOVA with pairwise 

comparison, while oxygen tension groups were compared using a Mann-Whitney 

U test. For assessment of modified O’Driscoll scores, dimensions of defect site 

and repair tissue, and modified Goebel scores between controls, normoxia-

cultured BMSC-seeded scaffolds and hypoxia-cultured, BMSC seeded scaffolds, 

a Kruskal-Wallis one-way ANOVA with pairwise comparison was used. A Mann-

Whitney U test was used for assessment of these parameters between cell-free 

controls and cell-seeded scaffolds. Paired comparison of defects between joints 

within the same animal was performed using a Wilcoxon test. A Fisher’s exact 

test was employed to assess subchondral bone intactness and reaction. 

 

6.3	  	  	  Results	  

6.3.1	  	  	  Bone	  marrow-‐derived	  mesenchymal	  stromal	  stem	  cell	  isolation	  

and	  expansion	  

Bone marrow aspirates with a mean volume ± SEM of 32 ± 2 ml were collected 

from five ovine donors. BMSCs were isolated by plastic adherence and expanded 

in tissue-culture flasks under normoxic and hypoxic conditions (Figure 6.1A). 

Cell count, cell population doublings per day and cumulative population 

doublings were not significantly different between oxygen tension groups over the 

course of the expansion period (p=0.11, 0.40 and 0.79; Figures 6.2A-C). Cell 

count increased progressively with each passage (p<0.001; Figure 6.2A). Once 
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80% confluence was reached at P2, there were 16.1 ± 2.7 ×106 BMSCs derived 

from each flask seeded and cultured under normoxia and 18.7 ± 4.3 ×106 BMSCs 

derived from each flask seeded and cultured under hypoxia (p=0.10). Population 

doublings per day were fastest at P0 and decreased significantly with passage 

thereafter (p=0.03; Figure 6.2B). Cumulative population doublings by the end of 

the expansion period were 13.1 ± 0.5 doublings for normoxia-expanded BMSCs 

and 13.0 ± 1.1 doublings for hypoxia expanded BMSCs (p=1.0; Figure 6.2C). 

 

6.3.2	  	  	  Chondrogenic	  priming	  of	  bone	  marrow-‐derived	  mesenchymal	  

stromal	  stem	  cells	  

BMSCs were isolated, expanded to P2, seeded onto HYAFF scaffolds, and 

cultured for 4 days ex vivo in chondrogenic medium containing TGF-β3 and 

dexamethasone to induce chondrogenic priming. This 4-day culture period 

resulted in significantly increased hyaline cartilage-related aggrecan, collagen II 

and SOX9 mRNA expressions of BMSCs relative to unprimed controls (p<0.01; 

Figures 6.3A-C). Expressions of these genes after chondrogenic priming were 

increased to levels similar to expressions after a 14-day period of chondrogenic 

differentiation (p=0.35, 1.0 and 0.33, respectively). Although chondrogenic 

priming augmented cartilaginous gene expression, proteoglycan production was 

not yet established given that GAG/DNA after 4 days of chondrogenic culture 

was negligible and similar to BMSCs not exposed to chondrogenic medium 

(p=1.0; Figure 6.3D). 
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Table	  6.4	  	  	  Modified	  Goebel	  macroscopic	  scoring	  system	  

Characteristics of repair tissue 
Color of repair tissue:  Hyaline or white (100%)    4 
    Predominantly white (50 – 99%)   3 
    Predominantly translucent or empty (50 – 99%)  2 
    Translucent (100%)     1 
    Empty      0 
 
Presence of blood vessels:  0% of tissue     4 
    0 – 24% of tissue      3 
    25 – 49% of tissue     2 
    50 – 74% of tissue     1 
    75 – 100% of tissue     0 

 
Surface quality:   Full resurfacing with smooth, homogeneous tissue 4 
    Full resurfacing with smooth, heterogeneous tissue 3 
    Full resurfacing with presence of fibrillated tissue  2 
    Incomplete repair tissue with subchondral bone exposed 1 
    No repair tissue with exposure of subchondral bone 0 
 
Defect filling with repair tissue 
Defect fill:   100% of defect filled to level of adjacent cartilage 4 
    50 – 99% of defect filled to level of adjacent cartilage 3 
    <50% of defect filled to level of adjacent cartilage 2 
    Empty defect     1 
    Subchondral bone damage in at least part of the defect site 0 
 
Characteristics of native cartilage 
Degeneration of adjacent cartilage: No changes in normal cartilage   4 
    Cracks or fibrillations in integration zone  3 
    Diffuse degenerative changes    2 
    Extension of defect into adjacent cartilage  1 
    Subchondral bone damage    0 
 
 
 

Oxygen tension during culture modulated gene expressions of BMSCs 

seeded within HYAFF scaffolds after 4 days of chondrogenic priming. The 

increase in collagen II mRNA expression between 0 and 4 days of culture in 

chondrogenic medium was more significant in hypoxia-cultured BMSCs 

(p=0.002) than normoxia cultured BMSCs (p=0.01; Figure 6.3B). Collagen II 

mRNA in hypoxia-cultured BMSCs approached significantly higher levels than 

normoxia-cultured BMSCs after 4 days of chondrogenic priming (p=0.095; 

Figure 6.3B). With respect to aggrecan, the increase in mRNA expression 

between 0 and 4 days of chondrogenic culture was highly significant in both 
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hypoxia-cultured BMSCs (p=0.001) and normoxia-cultured BMSCs p=0.004), 

and there was not a significant difference between hypoxia- and normoxia-

cultured BMSCs established after 4 days of culture (p=0.15; Figure 6.3A). SOX9 

mRNA expression was higher following hypoxic isolation and expansion than 

normoxic isolation and expansion in unprimed BMSCs (p=0.05, Figure 6.3C). 

This difference was no longer evident after BMSCs were exposed to 

chondrogenic medium for 4 days (p=0.31; Figure 6.3C). 

 

6.3.3	  	  	  Post-‐operative	  course	  

Following joint surgery for simulated defect creation and transplantation, sheep 

returned to full activity. One week from the time of surgery, a second-look 

procedure was performed on sheep Z01 to assess the position of each implant. 

BMSC-seeded scaffolds were noted to be in place within the femoral condyle 

cartilage defects. None of the sheep displayed signs of post-operative infection or 

lameness during the 6-month post-transplantation period. 

 

6.3.4	  	  	  Histological	  assessment	  of	  repair	  tissue	  

Defect sites were assessed histologically 6 months from the time of joint surgery. 

Variation was seen in the quality of repair tissue within each treatment group as 

some defect sites contained hyaline-like cartilaginous tissue that strongly stained 

with safranin O, while others either lacked the presence of tissue or contained 

tissue more consistent with fibrocartilage (Figures 6.4A-I). Cartilaginous repair 
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tissue appeared to be derived from either the implant (Figure 6.4C) or adjacent 

native cartilage creeping into the defect site (Figure 6.4G).  

 

 

Figure	  6.2	  	  	  Expansion	  of	  bone	  marrow-‐derived	  mesenchymal	  stromal	  stem	  cells. (A) Cell 

counts, (B) population doublings per day, and (C) cumulative population doublings at each 

passage during expansion of bone marrow-derived mesenchymal stromal stem cells (BMSCs) 

under normoxic and hypoxic conditions. Data points represent mean ± standard error of the mean 

(SEM) of cells from five donors. 
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Figure	  6.3	  	  	  Chondrogenic	  priming	  of	  bone	  marrow-‐derived	  mesenchymal	  stromal	  stem	  cell-‐

seeded	  scaffolds. Bone marrow-derived mesenchymal stromal stem cells (BMSCs) were isolated 

and expanded under either normoxia or hypoxia and subsequently not exposed to chondrogenic 

medium (0 days) or seeded onto hyaluronic acid (HYAFF) scaffolds and either primed in 

chondrogenic medium for 4 days or differentiated in chondrogenic medium for 14 days within the 

same oxygen condition as isolation and expansion. Thereafter, (A) aggrecan, (B) collagen II and 

(C) SOX9 mRNA expressions were quantified relative to beta-actin using reverse-transcription 

quantitative polymerase chain reaction (RT-qPCR). (D) Glycosaminoglycan (GAG) per 

deoxyribonucleic acid (DNA) was determined in another set of constructs using biochemical 

assays. Data points represent mean ± standard error of the mean (SEM) of BMSCs from five 

sheep. Statistical analysis is represented by unlabeled, not significant; ^ approaching significance 

p≤0.10; *, significant p<0.05; ** significant p<0.01; *** significant p<0.001. 
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Figure	  6.4	  	  	  Histological	  staining	  and	  scoring	  of	  cartilaginous	  repair	  tissue. Six months following 

transplantation, femoral condyles were explanted, processed, sectioned at 8-µm thickness, and 

stained with safranin O and fast green. (A-I) Histological sections of defect sites (brackets) 

containing cartilaginous repair tissue, adjacent native articular cartilage and subchondral bone for 

cell-free controls and defects treated with normoxia- and hypoxia-cultured BMSC-seeded 

scaffolds (7× combine magnification of objective and camera lenses; stitching of images 

performed by the microscope). Sections awarded the best, medium (mean) and worst modified 
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O’Driscoll scores for each group are displayed. (J) Extensive reaction was noted in the 

subchondral bone of some sections (7× magnification). (K) Modified O’Driscoll score, (L) 

O’Driscoll subscore for percentage of hyaline-like cartilaginous tissue, and (M) other O’Driscoll 

subscores for repair tissues from 20 defects in five sheep based on transplantation group. Data 

points represent mean ± standard error of the mean. Statistical analysis is represented by 

unlabeled, not significant; *, significant p<0.05; **, highly significant p<0.01. 

 

The subchondral bone plate was fully intact in 50% of defect sites. Half of 

defect sites treated with cell-free controls, normoxia-cultured BMSC-seeded 

scaffolds and hypoxia-cultured BMSC-seeded scaffolds had at least some 

subchondral plate compromise (p=1.0). In some sections, an extensive 

subchondral reaction characterized by infiltration of cells and altered structural 

microanatomy was noted in the subchondral bone (Figure 6.4J). An extensive 

subchondral reaction was present in 50% of control defect sites, 25% of defect 

sites implanted with normoxia-cultured BMSC-seeded scaffolds and 12.5% of 

defect sites implanted with hypoxia-cultured BMSC-seeded scaffolds. There was 

not a significant difference in the presence of extensive subchondral reaction 

based on oxygen tension or cell implantation (p=1.0 and 0.25, respectively). 

 

Modified O’Driscoll scores were similar for defects implanted with 

hypoxia-cultured BMSC-seeded scaffolds (12.1 ± 1.8) and normoxia-cultured 

BMSC-seeded scaffolds (11.4 ± 1.0; p=0.80). These scores were higher than 

control defects (7.9 ± 0.7) in a comparison that approached a statistically 

significant difference (p=0.10; Figure 6.4K). Statistical significance was noted in 

the subscore analysis for freedom from degeneration in repair tissue (p=0.02; 
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Figure 6.4M). For this parameter, pairwise comparison demonstrated that defects 

implanted with either normoxia- and hypoxia-cultured BMSC-seeded scaffolds 

had significantly higher scores than control defects (p=0.02 and 0.008), although 

subscores for normoxia- versus hypoxia-cultured BMSC-seeded scaffolds were 

similar (p=1.0). Subscores for other parameters were not significantly different 

between groups (p≥0.11; Figures 6.4L and M). 

 

In a comparison of cell-seeded scaffolds – which included a pooled group 

of all scaffolds containing either hypoxia- or normoxia-cultured BMSCs – and 

cell-free controls, defects implanted with cell-seeded scaffolds had significantly 

higher modified O’Driscoll scores (11.8 ± 1.0) than cell-free controls (7.9 ± 0.7, 

p=0.04; Figure 6.4K). Subscores for freedom from degeneration in repair tissue 

were significantly higher (p=0.005), and subscores for bonding of repair tissue to 

native cartilage and repair tissue thickness approached significantly higher levels 

in defects filled with cell-seeded scaffolds (p=0.05 and 0.08; Figure 6.4M). 

 

Quantitative analysis of repair tissue and defect site dimensions 

demonstrated that the area of all forms of repair tissue – including hyaline-like 

cartilaginous and fibrocartilaginous repair tissues – localized to the defect site in 

each section was significantly higher in defects implanted with cell-seeded 

scaffolds than cell-free controls (p=0.02; Figure 6.5A). Pairwise comparison 

demonstrated that normoxia-cultured BMSC-seeded scaffolds produced 

significantly larger areas of repair tissue than controls (p=0.01; Figure 6.5A). 
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Hypoxia-cultured BMSC-seeded scaffolds also appeared to produce larger areas 

of repair tissue than controls that approached significance (p=0.09; Figure 6.5A). 

Percentages of defect fill with repair tissue were not significantly different 

between cell-seeded and cell-free controls (p=0.18; Figure 6.5B). For normoxia-

cultured BMSC-seeded scaffolds, hypoxia-cultured BMSC-seeded scaffolds and 

controls, percentages of defect fill were 50.4% ± 6.5%, 44.4% ± 8.0% and 35.0% 

± 2.1%, respectively (p=0.17; Figure 6.5B). Percentages of defect fill with 

hyaline-like cartilaginous tissue and percentages of repair tissue with features of 

hyaline-like cartilage were not significantly different between groups (p=0.92 and 

p=1.0, respectively; Figures 6.5B and C).  

 

 To more closely investigate the impact of oxygen tension during pre-

implantation culture and identify variability between sheep, histological scoring 

and tissue dimension analyses were performed within each animal by comparing 

sections derived from contralateral defects (Figure 6.6). Three sheep were treated 

with normoxia-cultured BMSC-seeded scaffolds in one joint and hypoxia-cultured 

BMSC-seeded scaffolds in the contralateral joint (Y08, Z01 and Z33). For sheep 

Y08, there was not a significant difference between groups for the modified 

O’Driscoll score (p=0.31; Figure 6.6K). Subscores for structural integrity 

approached significantly higher levels in defects implanted with hypoxia-cultured 

BMSC-seeded scaffolds (p=0.08), but all other subscores were not significantly 

different between groups (p≥0.16). Repair tissue area was significantly larger in 

hypoxia-cultured BMSC-seeded scaffolds than normoxia-cultured BMSC seeded 
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scaffolds (p=0.02; Figure 6.6M). Defect fill with all forms of repair tissue and 

hyaline-like cartilaginous tissue was not different between groups (p≥0.58; 

Figures 6.6L and N). For sheep Z01, hypoxia-cultured BMSC-seeded scaffolds 

from donor Z01 had significantly higher modified O’Driscoll scores and 

subscores for percentage of hyaline-like repair tissue, safranin O staining and 

bone intactness (p<0.05; Figure 6.6K). However, repair tissue area and defect fill 

were not significantly different between groups (p≥0.40; Figures 6.6L-N). In 

contrast to this relationship, normoxia-cultured BMSC-seeded scaffolds from 

sheep Z33 led to significantly higher modified O’Driscoll scores and subscores 

for percentage of hyaline-like repair tissue and repair tissue thickness (p<0.05; 

Figure 6.6K). Repair tissue area, defect fill with all forms of repair tissue and 

hyaline-like cartilaginous tissue were significantly higher in defects implanted 

with normoxia-cultured BMSC-seeded scaffolds (p<0.05; Figures 6.6L-N). 

  

6.3.5	  	  	  Macroscopic	  assessment	  of	  repair	  tissue	  

Defect sites were assessed macroscopically at the time of explantation. Variation 

was seen in the quality of repair tissue within each treatment group as some defect 

sites were resurfaced with tissue while other defect sites were relatively unfilled 

(Figures 7A-C). Analysis using a modified Goebel scoring system demonstrated 

that scores between controls (13.5 ± 0.7) and defects implanted with normoxia-

cultured BMSC-seeded scaffolds (13.3 ± 1.2) and hypoxia-cultured BMSC-

seeded scaffolds (14.6 ± 0.9) were not significantly different (p=0.76; Figure 

6.7D).  
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Figure	  6.5	  	  	  Quantitative	  analysis	  of	  repair	  tissue	  and	  defect	  site	  dimensions. Histological 

sections were assessed for (A) area of all forms of repair tissue and hyaline-like cartilaginous 

repair tissue, (B) percentage of defect site fill with all forms of repair tissue and hyaline-like 

cartilaginous repair tissue, and (C) percentage of hyaline-like cartilaginous tissue within all forms 

of repair tissue located specifically in the defect site and outside the defect site. Data points 

represent mean ± standard error of the mean of 20 defects in five sheep based on transplantation 

group. Statistical analysis is represented by unlabeled, not significant; *, significant p<0.05. 
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Figure	  6.6	  	  	  Histological	  staining,	  scoring	  and	  defect	  site	  dimension	  analysis	  per	  sheep. Six 

months following transplantation, femoral condyles were explanted, processed, sectioned at 8-µm 

thickness, and stained with safranin O and fast green. (A-J) Histological sections of defect sites 

(brackets) containing cartilaginous repair tissue, adjacent native articular cartilage and 

subchondral bone for cell-free controls and defects treated with normoxia- and hypoxia-cultured 

BMSC-seeded scaffolds. Sections awarded the best modified O’Driscoll scores for each animal 

are displayed (7× combine magnification of objective and camera lenses; stitching of images 

performed by the microscope). Sections were assessed for (K) modified O’Driscoll score, (L) 
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percentage of defect site fill with all forms of repair tissue, (M) area of all forms of repair tissue 

within the defect site, and (N) percentage of defect site fill with hyaline-like cartilaginous repair 

tissue. Data points represent mean ± standard error of the mean of four zones within two defects 

per sheep. Statistical analysis is represented by unlabeled, not significant; *, significant p<0.05. 

 

Modified Goebel scores were not different between cell-free controls and cell-

seeded scaffolds (p=0.96; Figure 6.7D). Subscores based on repair tissue color, 

blood vessel formation in repair tissue, surface quality of repair tissue, and native 

cartilage degeneration were similar between groups (p≥0.55). 

 

6.4	  	  	  Discussion	  

The main finding of this pilot study is that BMSCs that were isolated, expanded, 

seeded within HYAFF scaffolds, and chondrogenically primed prior to 

implantation were capable of producing hyaline-like cartilaginous repair tissue 

that was superior to controls within full-thickness, ovine articular cartilage 

defects. In addition to this, it was shown that incubator oxygen tension during ex 

vivo culture of BMSCs modulated the quality of repair tissue, although this effect 

was variable between animals. 

 

 The proposed pre-implantation protocol of BMSC isolation, expansion 

and chondrogenic priming is a hybrid of BMSC transplantation protocols that 

have been assessed in preclinical and clinical studies [29, 38, 43, 254, 274]. In the 

clinical setting, undifferentiated BMSCs have been transplanted as part of 

heterogeneous bone marrow aspirate concentrates or following ex vivo isolation 

and expansion [38, 39, 41, 43, 254]. Repair tissues may lack the qualities of 
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hyaline cartilage. Specifically, tissue consistent with fibrocartilage has been found 

in some defects on histological analysis and MRI in preclinical and clinical 

studies following transplantation of undifferentiated BMSCs [43, 45, 46, 254, 

307, 320]. Moreover, there is evidence to suggest that undifferentiated BMSCs 

are predisposed to entering an osteogenic pathway following sustained expansion 

[339]. Predifferentiation of BMSCs with ex vivo chondrogenic culture for 2-3 

weeks prior to implantation has been proposed previously and shown to improve 

repair tissue quality in animal models [36, 274, 287]. One downside of this 

technique is that chondrogenic predifferentiation prolongs the culture period and 

may be time and resource intensive relative to other protocols [274]. Furthermore, 

there is in vitro evidence to suggest that prolonged predifferentiation periods may 

not be required to induce chondrogenesis [442].  

 

The goal of the protocol proposed in this study is to reduce the duration of 

the ex vivo culture period while providing chondrogenic priming to 

undifferentiated BMSCs prior to implantation. Four days of culture in 

chondrogenic medium was shown to enhance collagen II, aggrecan and SOX9 

gene expressions of ovine BMSCs within HYAFF scaffolds. This finding was 

consistent with the literature available prior to this study that assessed 

chondrogenic priming of BMSCs in serum-free medium containing TGF-β3 and 

dexamethasone for less than 7 days within in vitro culture systems. Oldershaw et 

al. demonstrated that mRNA expression of Notch ligand Jagged-1 – which is 

involved in chondrogenesis and precedes collagen II expression – by human 
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BMSCs in pellets increased after 1 day and peaked after 2 days of chondrogenic 

culture with a subsequent decline [443]. Increased expression followed by shut 

down of Jagged-1 was required for full chondrogenesis demonstrated by increased 

SOX9 mRNA expression after 1 day and augmented collagen II and aggrecan 

mRNA expressions after 7 days. Murdoch et al. reported augmented collagen II 

mRNA expression by human BMSCs in scaffold-free transwell culture after 1-6 

days of culture [269]. After 3 days of culture, Chung et al. noted enhanced mRNA 

expressions of collagen II, aggrecan and SOX9 in BMSCs seeded within 

methacrylated hyaluronic acid hydrogels [444]. Xu et al. found increased mRNA 

expressions of aggrecan and collagen II after 6 days of culture of human BMSC-

seeded alginate gels [445]. 

 

BMSCs that were isolated, expanded, seeded within HYAFF scaffolds, 

chondrogenically primed, and implanted within full-thickness cartilage defects led 

to superior cartilaginous repair tissue formation and quality based on modified 

O’Driscoll scores and repair tissue area measurements than cell-free controls. 

This finding provides preliminary evidence that this protocol is promising and 

may serve as an option for treatment of full-thickness cartilage defects. 

Furthermore, this finding indicates that the HYAFF scaffold is suitable for use in 

this BMSC transplantation protocol as it has been with other protocols involving 

undifferentiated BMSCs, bone marrow aspirate concentrates and differentiated 

chondrocytes [38, 46, 254, 315, 446]. More rigorous study of the proposed 

protocol is warranted to establish that it is capable of consistently fostering 
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chondrogenesis. Furthermore, future investigation is required to compare BMSCs 

that are chondrogenically primed to undifferentiated BMSCs and BMSCs that 

have been predifferentiated for multiple weeks prior to transplantation. 

 

The effect of incubator oxygen tension on quality of cartilaginous repair 

tissue developed in vivo within large-animal joint cartilage defects was assessed 

for the first time in this study. Hypoxic exposure during isolation, expansion and 

differentiation was shown previously to improve chondrogenic gene expression 

and ECM formation within in vitro pellet, micromass, hydrogel, and scaffold 

culture systems [332, 368-372, 405]. Our group demonstrated that hypoxic culture 

during distinct periods of isolation/expansion and differentiation augmented in 

vitro BMSC chondrogenesis within a HYAFF scaffold [405]. In this study, 

culture in hypoxic conditions appeared to enhance collagen II gene expression 

measured in pre-implantation constructs at the end of the priming period. In vivo 

study to date has been limited to subcutaneous implantation in a mouse model 

[368, 372]. In two mouse studies, pre-implantation hypoxic culture appeared to 

improve the development of post-implantation cartilaginous tissue that was 

assessed after 4-5 weeks [368, 372]. The longer-term results of the current large-

animal study do not demonstrate a consistent effect of oxygen tension during ex 

vivo culture on cartilaginous repair tissue formation after transplantation into 

articular cartilage defects.  

 

 



	   220 

 

Figure	  6.7	  	  	  Macroscopic	  images	  and	  scoring	  of	  cartilaginous	  repair	  tissue. Six months following 

transplantation, distal femora were explanted and photographed. (A-C) Photographs of defect sites 

for defects treated with normoxia- and hypoxia-cultured bone marrow-derived mesenchymal stem 

cell-seeded scaffolds, and cell-free controls. (D) Modified Goebel score for repair tissues from 

twenty defects in five sheep based on transplantation group. Data points represent mean ± standard 

error of the mean. Statistical analysis is represented by unlabeled, not significant; *, significant 

p<0.05. 
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Significant differences between pre-implantation normoxic and hypoxic 

culture across all donors on histological scoring, repair tissue dimensions and 

macroscopic scoring were not found. In the paired assessment of these parameters 

within each of three donors that were implanted with normoxia-cultured BMSC-

seeded scaffolds in one stifle joint and hypoxia-cultured BMSC-seeded scaffolds 

in the contralateral stifle joint, variability between donors was apparent. In sheep 

Y08, there was no difference in modified O’Driscoll scores between oxygen 

tension groups, although repair tissue area was higher in defects implanted with 

hypoxia-cultured BMSC-seeded scaffolds. In sheep Z01 that had the highest 

histological scores and repair tissue dimensions across all donors, repair tissue 

derived from BMSCs cultured under hypoxia had the highest modified O’Driscoll 

scores. Conversely, in sheep Z33, repair tissue derived from BMSCs cultured 

under normoxia had the highest modified O’Driscoll scores, repair tissue areas 

and defect fills. 

 

Lack of a consistent difference between oxygen tension groups could 

relate to a number of factors. First, the duration of exposure of differentiating 

cells to specific oxygen tensions within ex vivo and in vivo environments could 

modulate chondrogenesis.  In vitro experiments involve sustained control of 

oxygen tension during BMSC culture periods of isolation, expansion and 

differentiation [332, 370, 405]. In vivo experiments that utilize subcutaneous 

implantation of BMSC-seeded biomaterials into mice allow for control of oxygen 

tension during ex vivo culture periods that are similar in duration to in vivo 
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periods during which oxygen tension is not controlled [368, 372]. However, in 

vivo experiments like those performed in this study involve ex vivo culture periods 

that are much shorter than in vivo periods. The effects induced during ex vivo 

culture periods may become less relevant to modulation of cellular activity and 

quality of remodeling repair tissue as the duration of in vivo period is lengthened. 

Since joints have been shown to be naturally hypoxic [366], it is possible that 

sustained exposure of implanted cells to hypoxic joint environments could 

modulate chondrogenesis and reduce differences between groups. Similar to this 

proposed effect but within a shorter time frame, it was previously shown in vitro 

that hypoxic exposure during differentiation offsets the differences established 

between hypoxia and normoxia during isolation and expansion [332, 405]. In 

addition to the effects of oxygen tension, other modulatory factors that are present 

within joints, such as mechanical loading, could become more prominent in 

affecting tissue formation as time between implantation and joint assessment is 

lengthened for in vivo studies [447]. 

 

A second factor that could be involved in absence of a consistent 

difference between oxygen tension groups in this study is the involvement of a 

donor-specific impact of oxygen tension on tissue quality. Although hypoxic 

culture has been shown to augment chondrogenesis in BMSCs derived from the 

majority of donors in the studies published to date, our group has reported 

evidence that human and ovine BMSCs have varying in vitro chondrogenic 

responses to oxygen tension with BMSCs from some donors demonstrating 
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pronounced chondrogenesis under normoxia [332, 405]. Another group has 

reported superior chondrogenesis of BMSCs following a protocol of normoxic 

preconditioning and hypoxic differentiation, but noted variability between donors 

in the positive impact of hypoxia on chondrogenesis [373]. To fully appreciate the 

general effect and variability of effect of oxygen tension during pre-implantation 

culture on in vivo cartilaginous tissue formation, a study involving a larger 

number of animals would be required. 

 

The impact of incubator oxygen tension on BMSC proliferation during 

expansion was also assessed. Cell counts following expansion under hypoxia 

approached significantly higher levels than those following expansion under 

normoxia. Population doublings per day and cumulative population doublings 

were similar under normoxia and hypoxia. These results are consistent with 

previous studies reporting non-significant differences during early passages and 

enhanced expansion under hypoxia with prolonged expansion periods beyond P2 

[367, 368]. 

 

Repair and native tissues were investigated with multiple parameters in 

this study. Histological assessment was performed using a modified O’Driscoll 

scoring system given that the original system and previously modified versions 

have been used routinely in the assessment of cartilage injury and treatment 

modalities in animal models [274, 301, 306, 308, 315, 438, 439, 448, 449]. The 

amount of repair tissue formed and defect fill varied in the study at hand. 
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Parameters that have not previously accounted for such variability include 

percentage of hyaline-like cartilage and percentage of safranin O staining [439]. 

These parameters were normalized to area of repair tissue / area of defect site with 

the goal of preventing over-scoring of repair tissues that are relatively high in 

quality but fill only small fractions of the defect site, and under-scoring of repair 

tissues that are relatively poor in quality but fill large fractions of the defect site. 

Similarly, thickness of repair tissue was normalized to the width of the defect site 

containing repair tissue / total width of defect site.  

 

Macroscopic assessment was performed using a modified Goebel scoring 

system [441]. The Goebel scoring system was created for assessment of 

experimental cartilage repair in large-animal models and shown to display strong 

reliability and good correlation with magnetic resonance imaging [441]. The 

parameter for defect fill was modified to assess percentage of tissue in the defect 

site that existed at the level of the adjacent native cartilage. The point system of 

the original score was inverted to award the highest score to the best tissue, which 

was consistent with the histological scoring system used in this study and other 

macroscopic scoring system used in a clinical setting [450]. 

 

During histological assessment of subchondral bone, an extensive reaction 

was noted within some sections from control defects and defects treated with cell-

seeded scaffolds. Subchondral reactions were characterized by cell infiltration and 

altered structural microanatomy within an area that involved areas of subarticular 
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spongiosa and sinusoids [394, 451]. There was not a significant difference 

between groups with respect to the presence of extensive reactions. Histological 

findings consistent with these reactions have been seen reported previously in 

cartilage studies employing a sheep model [274]. In a clinical setting, they could 

represent the same process as bone marrow edema described in patients with 

cartilage defects visualized with MRI [45, 320, 452]. Bone marrow edema-like 

lesions have been associated with osteoarthritis and could be the result of 

inflammatory reactions to injured cartilage or micro-traumatic changes related to 

changes in biomechanics [453]. 

 

 The specific injury and transplantation model used in this study allows for 

preclinical investigation of BMSC transplantation principles, although a number 

of limitations of this model exist. Sheep were used given that this species is 

commonly utilized in the assessment of cell-based treatment modalities for 

cartilage restoration [274, 301, 306, 308]. Simulated defects were created during 

the same surgical procedure and just prior to construct transplantation. This 

protocol has been described previously and allows for minimization of surgical 

insult to each stifle joint given that separate surgical procedures are not required 

for defect creation and treatment [36, 301, 307]. However it fails to represent the 

time period between cartilage injury and surgical intervention that chronic models 

account for [274]. The defect diameter of 7 mm used is consistent with previous 

literature and considered to be a critical-sized defect [100, 274]. Each defect was 

created to involve the full thickness of cartilage without compromising the 
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subchondral bone plate in order to prevent the involvement of a subchondral 

source of cells. The downside of this technique is that the cartilage of the ovine 

femoral condyle is quite thin, which leads to relatively shallow defects that 

potentially increase the likelihood of implant delamination in comparison to 

osteochondral defects. Two defects were situated in each stifle joint with one on 

the medial condyle and another on the lateral condyle, which allowed for defects 

to be situated within different microenvironments within each joint. Exposure and 

visualization of the lateral condyle was more difficult than the medial condyle 

given the origin of the extensor digitorum longus [436]. Both defects within each 

stifle joint were treated with the same cell condition of no cells (with or without 

scaffold), normoxia-cultured BMSC-seeded scaffolds or hypoxia-cultured BMSC-

seeded scaffolds to avoid interaction [454]. 

 

 Other possible limitations of the sheep model used in this study relate to 

implant fixation and post-operative activity. Fixation of cell-seeded scaffolds is 

controversial [363]. Construct implantation was supplemented with Tisseel fibrin 

sealant. This technique is consistent with multiple clinical studies that have used 

fibrin sealant or platelet-rich fibrin gel to promote implant fixation [38, 40, 45, 46, 

254, 320]. However, the use of suture to augment fixation has also been reported 

[46]. It is unclear whether suture augmentation is required for the model used in 

this study. Damage to adjacent native cartilage by sutures has been described 

previously in a sheep study that utilized full-thickness cartilage defects [455]. 

Post-operatively, animals were allowed to perform weight bearing as tolerated. In 



	   227 

contrast to clinical studies in which guarded weight bearing is used in the post-

operative setting [38], sheep returned to full weight bearing immediately 

following surgery. 

 

6.5	  	  	  Conclusion	   	  

BMSCs that were isolated, expanded, seeded within HYAFF scaffolds, and 

chondrogenically primed for four days in chondrogenic medium prior to 

implantation were capable of producing hyaline-like cartilaginous repair tissue 

within full-thickness cartilage defects. This repair tissue had improved quality 

relative to cell-free controls. These findings provide preliminary evidence that this 

protocol may serve as an option for treatment of full-thickness cartilage defects. 

Incubator oxygen tension during ex vivo culture modulated the quality of repair 

tissue variably between animals. It is currently unclear whether pre-implantation 

culture of BMSCs in hypoxic conditions improves cartilaginous tissue formation 

following transplantation. Therefore, further study is required to assess the use of 

oxygen tension modulation in the optimization of BMSC transplantation.  
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Chapter	  7	  
 

General	  Discussion	  and	  Conclusions	  
	  
Troy	  D.	  Bornes	  
  

  

  

7.1	  	  	  General	  discussion	  

Articular cartilage defects progress to osteoarthritis (OA), a condition that results 

in significant patient morbidity and substantial cost to our healthcare system [1, 2, 

4-6, 12, 107, 109]. At present, effective surgical treatment options for focal 

chondral and osteochondral defects are limited.  

 

Marrow stimulation using microfracture, osteochondral autograft 

transplantation (OATS), cell-free scaffolds, and autologous matrix-induced 

chondrogenesis (AMIC) are treatment options for small-to-midsized defects of the 

knee and ankle [125, 140, 154, 199, 201, 203]. Larger defects are treated with 

autologous chondrocyte transplantation (ACT), matrix-associated autologous 

chondrocyte transplantation (MACT) or osteochondral allograft transplantation 

(OCA) [125, 154]. 

 

Although positive outcomes have been reported to date in the surgical 

management of articular cartilage defects, significant downsides exist with each 

modality of treatment. Marrow stimulation is not appropriate for large defects 

given that it results in resurfacing with fibrocartilaginous repair tissue that does 
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not recapitulate the properties of hyaline cartilage [98, 138-141]. OATS produces 

donor site morbidity and offers only short-term benefit as outcomes deteriorate 

with time [158, 159]. ACT requires a lengthy and costly protocol of two operative 

procedures and an ex vivo culture period that is limited by chondrocyte de-

differentiation and senescence [244-253]. Allograft transplantation is logistically 

difficult given the need for donor-recipient size matching, testing for infectious 

diseases, sterilization, processing, and implantation within a short time frame 

following harvest to ensure chondrocyte viability [171]. 

 

Mesenchymal stem cell (MSC) transplantation is a cell-based strategy 

devised to resurface defects with bioengineered cartilage that recapitulates the 

properties of hyaline cartilage while avoiding or reducing the downsides 

associated with the current modalities of treatment. Based on the available 

literature, a number of specific bone marrow-derived mesenchymal stromal stem 

cell (BMSC) transplantation protocols have successfully resurfaced articular 

cartilage in animals and humans [29, 36-38]. Several studies have reported the 

creation of repair tissue consistent with hyaline cartilage based on arthroscopic, 

histologic and imaging assessment [38-44]. However, inconsistencies in tissue 

quality and clinical scores have been described [29, 38, 39, 41, 43, 45, 46, 254, 

317]. Therefore, it is apparent that there is room for improvement of current tissue 

engineering and transplantation protocols related to articular cartilage 

regeneration.  
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The objective of this thesis was to investigate variables of BMSC-based 

cartilage engineering including BMSC isolation and expansion environment, 

biomaterial matrix composition and seeding density, and chondrogenic 

differentiation conditions using in vitro and in vivo models. The goal of the 

studies was to optimize the quality of cartilaginous neo-tissue formed from 

BMSCs. 

 

 The first original research article of this thesis described in Chapter 3 

involved an assessment of incubator oxygen tension during ovine BMSC 

isolation, expansion and differentiation on in vitro BMSC chondrogenesis within 

clinically approved porous scaffolds composed of type I collagen and esterified 

hyaluronic acid (HA). It was shown that collagen and HA scaffolds seeded with 

BMSCs that were isolated, expanded and differentiated under hypoxia (3% 

oxygen) exhibited superior aggrecan and collagen II mRNA expressions, GAG 

quantity and proteoglycan staining in comparison to normoxia (21% oxygen). 

GAG/DNA was augmented with hypoxic isolation/expansion in all constructs. 

Comparison by scaffold composition indicated increased mRNA expression of 

hyaline cartilage-associated collagen II, aggrecan and SOX9 on the collagen 

scaffold, although expression of collagen X, which is related to hypertrophic 

cartilage, was also elevated. Proteoglycan deposition was similar between BMSCs 

seeded on collagen and HA scaffolds for conditions of sustained hypoxia and 

sustained normoxia in which isolation, expansion and differentiation were 

performed under the same oxygen tension. Proteoglycan deposition was 
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significantly improved within the collagen scaffold over the HA scaffold when 

culture specifically involved normoxic isolation/expansion followed by hypoxic 

differentiation. During chondrogenesis, collagen-based constructs progressively 

contracted to 60% of the initial diameter after 14 days, while HA-based construct 

size was maintained at 110%. 

 

The findings of this study are important given that hypoxic enhancement 

of BMSC chondrogenesis had been previously studied extensively in pellet, 

micromass and hydrogel models [332, 368-372], but not in porous scaffolds that 

are commonly used to study three-dimensional (3D) cartilage formation in vitro 

and in clinical BMSC transplantation protocols [41, 45, 194, 254, 318, 363]. The 

results further support hypoxic incubation as a tool that may be used during 

BMSC isolation, expansion or precultivation to improve cartilaginous tissue in 

BMSC transplantation protocols. To date, normoxic incubation has been the 

standard in a clinical realm [363]. Scaffolds composed of type I collagen and HA 

porous were assessed in this study given that these biomaterials are commonly 

used in cartilage engineering applications and clinical BMSC transplantation [43, 

45, 254, 318]. Each scaffold was shown to be capable of fostering gene 

expression and ECM formation consistent with hyaline-like cartilage from 

BMSCs. The collagen I scaffold demonstrated increased expressions of genes 

related to hyaline, fibrous, and hypertrophic cartilage. However, ECM deposition 

was similar between scaffolds in most oxygen tension groups. Therefore both 

collagen I and HA scaffolds are suitable for use in BMSC transplantation 
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protocols. The HA scaffold was able to maintain size during chondrogenesis, 

which could be beneficial for defect filling in a clinical setting. 

 

Chapter 4 involved a study that characterized the contraction during 

chondrogenesis of a porous collagen I scaffold seeded with human BMSCs that 

were isolated and expanded under different oxygen tensions. It was noted in 

Chapter 3 that BMSC-seeded collagen scaffolds contracted significantly during 

the 14-day differentiation period and that hypoxic isolation and expansion 

reduced the contraction. In Chapter 4, the goal was to characterize contraction of 

human BMSC-seeded collagen scaffolds over 30 days with a detailed assessment 

of diameter in 3-day increments. During chondrogenesis, the diameter of scaffolds 

was found to increase to a peak at 3-6 days, return to the original size by 9 days 

and then decrease thereafter to the end of the 30-day culture period. Scaffold-

specific diameter changes and cell-mediated diameter changes were elucidated. 

Hypoxic isolation and expansion were found to reduce contraction at a 

statistically significant level in comparison to normoxia. After 15 days, scaffold 

diameter contractions were measured at 14% and 21% in scaffolds that were 

seeded with hypoxia- and normoxia-expanded BMSCs. After 30 days, diameter 

contractions were 18% and 24%, respectively. Cell-mediated contraction was 

more pronounced in scaffolds seeded at higher densities. It was noted that 

proteoglycan production during contraction was higher in hypoxia-cultured 

BMSCs than normoxia-cultured BMSCs, particularly after 15 days. 

 



	   233 

The results of this study are relevant to BMSC transplantation given that 

collagen scaffolds are routinely used in a clinical setting and contraction is an 

issue that presumably reduces defect filling and promotes implant delamination 

[39, 41, 43]. This study provides evidence that in vitro differentiation of BMSCs 

on collagen I scaffolds should be limited to a time period that reduces contraction 

but allows for cartilaginous ECM formation prior to implantation. Hypoxic 

isolation and expansion may be used to reduce contraction as an adjunct to other 

previously developed techniques, such as dehydrothermal treatment (DHT) and 

ultraviolet (UV) crosslinking, given that this novel technique did not fully prevent 

contraction  [48, 49]. 

 

In Chapter 5, isolation and expansion environment and cell seeding 

density of a collagen I scaffold were assessed using ovine BMSCs in an in vitro 

model. BMSCs that were isolated and expanded by a conventional two-

dimensional (2D) technique in tissue-culture flasks were seeded at densities of 50, 

10, 5, 1, and 0.5 x106 BMSCs/cm3 within collagen scaffolds. BMSCs seeded at all 

densities were capable of proteoglycan production and displayed increased 

expressions of aggrecan and collagen II mRNA relative to pre-differentiation 

controls. Collagen II deposition was apparent in scaffolds seeded at 0.5-10 x106 

BMSCs/cm3. Chondrogenesis of 2D-expanded BMSCs was most pronounced in 

scaffolds seeded at 5-10 x106 BMSCs/cm3 based on aggrecan and collagen II 

mRNA, safranin O staining, Bern histological score, total GAG, and GAG/DNA.  
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For three-dimensional (3D) isolation and expansion, bone marrow 

aspirates containing known quantities of mononucleated cells (BMNCs) were 

seeded on scaffolds at 50, 10, 5, 1, and 0.5 x106 BMNCs/cm3 and cultured in 

expansion medium for an equivalent duration to 2D expansion, and then 

differentiated in chondrogenic medium. All densities of BMSCs had increased 

aggrecan and collagen II mRNA expressions relative to controls. Proteoglycan 

deposition was present in scaffolds seeded at 0.5-50 x106 BMNCs/cm3, while 

collagen II deposition occurred in scaffolds seeded at 10-50 x106 BMNCs/cm3. 

The highest levels of aggrecan and collagen II mRNA, Bern score, total GAG, 

and GAG/DNA occurred with seeding at 50 x106 BMNCs/cm3. 

 

 This study further supports the previous work showing that a 3D 

environment is a viable option for isolation and expansion of BMSCs [266]. The 

results related to cell seeding density provide information that was previously 

lacking in the field of BMSC-based cartilage engineering. Chondrogenesis 

appeared to be most pronounced with seeding densities of 5-10 x106 BMSCs/cm3 

and 50 x106 BMNCs/cm3 for 2D and 3D expansion protocols, respectively. These 

densities could be considered when seeding collagen I scaffolds in BMSC 

transplantation protocols in future in vitro and in vivo studies. 

 

The final study of this thesis described in Chapter 6 utilized an in vivo 

sheep model with full-thickness articular cartilage defects to assess a novel 

protocol for BMSC transplantation that involved BMSCs that were isolated, 
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expanded, seeded within HYAFF scaffolds, and chondrogenically primed using a 

short (four-day) culture period in chondrogenic medium prior to implantation. 

The impact of oxygen tension during pre-implantation culture on cartilaginous 

tissue formation was also investigated. Implantation of BMSC-seeded scaffolds 

yielded repair tissues that varied in quality and were consistent with hyaline 

cartilage and fibrocartilage. Defects implanted with cell-seeded scaffolds had 

significantly higher histological scores and repair tissue areas than cell-free 

controls. Analysis per donor demonstrated that histological scores were 

significantly higher with cell-seeded scaffolds than cell-free controls in two 

sheep. Normoxia- and hypoxia-cultured BMSC-seeded scaffolds were compared 

in three other sheep and outcomes were variable. Two sheep had histological 

findings that suggested improved repair tissue formation following hypoxic 

culture of BMSCs, while histological scores and defect fill were superior in a 

third sheep following normoxic culture. Macroscopic scoring was not 

significantly different between groups. 

 

This finding provided preliminary evidence that a protocol of BMSC 

isolation, expansion, scaffold seeding, chondrogenic priming, and implantation is 

promising and may serve as an option for treatment of full-thickness cartilage 

defects. This benefit of this protocol is that BMSCs may be predisposed to enter 

the chondrogenic lineage while avoiding a time- and resource-intensive 

differentiation period that is required by precultivation protocols [36, 274, 308]. 

This study provided the first investigation of the effect of incubator oxygen 
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tension during ex vivo culture on the quality of cartilaginous repair tissue 

developed in vivo within large-animal joint cartilage defects. However, a 

consistent effect of oxygen tension was not established across donors. 

 

The studies performed as part of this thesis have furthered our knowledge 

of particular aspects of BMSC chondrogenesis and generated questions to be 

answered in future research. Although culture in hypoxic conditions during 

BMSC isolation, expansion and differentiation has been shown to improve 

chondrogenesis in vitro in pellet, micromass, hydrogel, and porous scaffold 

models (Chapters 3 and 4), and in vivo in subcutaneous mouse models, it is still 

unclear whether hypoxic culture is relevant to BMSC transplantation protocols 

[332, 368-372]. Although we have started this assessment with a pilot study in 

sheep (Chapter 6), further investigation is required in large-animal studies with 

larger sample sizes before this technique becomes relevant to consider in a 

clinical realm.  

 

Isolation and expansion under 3D conditions has been proposed as a 

method of mimicking the natural bone marrow microenvironment and 

maintaining multipotency and chondrogenic capacity [266, 341]. The results of 

Chapter 5 indicate that both 2D and 3D isolation and expansion lead to BMSCs 

that differentiate into cells the create hyaline-like cartilage that is rich in 

proteoglycans and type II collagen. Future investigation is required to compare 

the quality of cartilaginous tissue derived from cells isolated and expanded within 
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each environment. Whole bone marrow and bone marrow-derived cell (BMDC) 

collections created from centrifugation and separation systems have been seeded 

into tissue-culture flasks and on scaffolds for 2D and 3D isolation protocols [31, 

32, 261, 332, 405, 435]. Components of bone marrow and cell collections have 

been elucidated and compared recently by Fortier et al. [417, 435]. However, 

characterization of the properties of cells – including cell surface markers, 

adherence capability and differentiation capacity – derived using each method 

should be performed. 

 

Several BMSC transplantation protocols have been proposed with no clear 

consensus on technique established. Clinically, BMDC collections, also known as 

bone marrow aspirate concentrates (BMACs) or bone marrow concentrates 

(BMCs), and isolated and expanded BMSCs have been implanted on biomaterial 

matrices [38, 39, 41, 43, 254, 328]. Precultivated BMSCs on matrices have been 

implanted within large-animal joints but not used clinically to date [36, 274, 308]. 

In Chapter 6, a hybrid method was proposed that consisted of BMSC isolation, 

expansion, priming with a short differentiation period, scaffold seeding, and 

implantation. Although some comparison of protocols has been performed in 

animal models [274, 308, 311], more rigorous study is required to compare 

different protocols available to each other and to chondrocyte transplantation 

(MACT). Furthermore, the use of tissue engineering strategies such as hypoxic 

incubation, cell co-culture and mechanical stimulation using bioreactors within 
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each protocol should be considered during protocol comparison and optimization 

[332, 357, 447]. 

 

7.2	  	  	  Conclusions	  

This research investigated tissue engineering variables associated with the 

bioengineering of articular cartilage from BMSCs. Hypoxic incubation of BMSCs 

during isolation, expansion and differentiation within collagen I and hyaluronic 

acid scaffolds improved the quality of cartilaginous repair tissue formed in vitro. 

BMSCs that were isolated and expanded within 2D and 3D environments were 

shown to be capable of producing hyaline-like cartilage in vitro. Within a 

collagen I scaffold, the optimal seeding densities of 2D- and 3D-expanded 

BMSCs was 5-10 x106 BMSCs/cm3 and 50 x106 BMNCs/cm3, respectively. 

BMSCs that were isolated, expanded, seeded within hyaluronic acid scaffolds, 

and chondrogenically primed prior to implantation were capable of producing 

hyaline-like cartilaginous repair tissue that was superior to controls within full-

thickness, distal femoral articular cartilage defects in sheep. Incubator oxygen 

tension during ex vivo culture modulated the quality of repair tissue variably 

between animals. 
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A1.1	  	  	  Introduction	  

Bone marrow-derived mesenchymal stromal stem cells (BMSCs) are a promising 

cell source for treating articular cartilage defects [363]. BMSCs can be seeded 

within porous biomaterial scaffolds that support three-dimensional (3D) cell 

organization, chondrogenic differentiation and extracellular matrix (ECM) 

deposition for the creation of bioengineered cartilage. This protocol describes our 

defined methods for isolation and expansion of human and ovine BMSCs, seeding 

of BMSCs within porous scaffolds and in vitro chondrogenic differentiation [332, 

405]. 
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A1.2	  	  	  Materials	  and	  Reagents	  

1.   Bone marrow aspirate, human or ovine, collected through needle aspiration 

at the iliac crest 

2.   Crystal violet solution (Sigma-Aldrich, catalog number: HT90132) 

3.   Alpha minimal essential medium (αMEM), containing Earle’s salts, 

ribonucleosides, deoxyribonucleosides and L-glutamine (Corning, 

Mediatech, catalog number: 10022CV) 

4.   Fetal bovine serum (FBS), heat inactivated at 56 °C in the laboratory (Life 

Technologies, Gibco, catalog number:  12483) 

5.   Penicillin-streptomycin-glutamine (Life Technologies, Gibco®, catalog 

number: 1248310378, see Recipes) 

6.   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1 M (Life 

Technologies, Gibco, catalog number: 15630) 

7.   Sodium pyruvate, 100 mM (Life Technologies, Gibco, catalog number: 

11360) 

8.   Fibroblast growth factor-two (FGF-2), human recombinant (Neuromics, 

catalog number: PR80001) 

9.   Trypsin-ethylenediaminetetraacetic acid (EDTA) (Corning, Mediatech, 

catalog number: 25052, see Recipes) 

10.   Dulbecco’s phosphate buffered saline (PBS), sterile filtered (Sigma-Aldrich, 

catalog number: D8537) 
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11.   Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, catalog 

number: D6429, see Recipes) 

12.   Insulin-transferrin-selenium (ITS+) premix (BD Biosciences, catalog 

number: 354352, see Recipes) 

13.   Human serum albumin (Sigma-Aldrich, catalog number: A4327) 

14.   Transforming growth factor-beta three (TGF-β3), human recombinant, HEK 

(ProSpec, catalog number: CYT-113)  

15.   Ascorbic acid 2-phosphate (Sigma-Aldrich, catalog number: A8960) 

16.   Dexamethasone (Sigma-Aldrich, catalog number: D2915)  

17.   L-proline (Sigma-Aldrich, catalog number: P5607) 

18.   Trypan blue solution, 0.4% (Sigma-Aldrich, catalog number: T8154) 

19.   Porous scaffolds, collagen I or esterified hyaluronic acid (described in detail 

by Bornes et al., [405]) 

20.   Culture plate, 24 wells (Becton Dickinson Labware, catalog number: 

353047) 

21.   Expansion medium (see Recipes) 

22.   Serum-free medium (see Recipes) 

23.   TGF-β3 working solution (see Recipes) 

24.   Chondrogenic medium (see Recipes) 

 

A1.3	  	  	  Equipment	  

1.   Biosafety cabinet (Microzone, catalog number: BK-2-6 A2) 
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2.   Incubator, containing humidified air at 37 °C with 5% carbon dioxide, and 

3% oxygen (Thermo Scientific, catalog number: Forma Series II Water 

Jacket CO2) 

3.   Centrifuge, 1,500 revolutions per min (rpm) (Beckman Coulter, Allegra, 

catalog number: X-22R) 

4.   Light microscope (Omano, catalog number: OM159T) 

5.   Pipette (Drummond Scientific, catalog number: Pipet Aid XP) 

6.   Micropipettes, volumes of 100-1000 µl, 20-200 µl, 2-20 µl, and 0.5-10 µl 

(Bio-Rad, catalog numbers: 1660508, 1660507, 1660506, and 1660505) 

7.   Pipette tips, 1000 µl, 200 µl and 10 µl volumes (Corning, DeckWorks, 

catalog numbers: 4124, 4121 and 4120) 

8.   Suction source 

9.   Pasteur pipettes, 230 mm length (Wheaton, catalog number: 4500448667) 

10.   Forceps 

11.   Water bath, set to 37 °C (vWR, catalog number: 89501) 

12.   Cell strainer, nylon with 100 µm pores (BD Biosciences, catalog number: 

352360) 

13.   Conical tube, 50 ml volume (Falcon, catalog number: 352070) 

14.   Neubauer hemocytometer, 0.1 mm deep (Reichert Bright-Line, Sigma-

Aldrich, catalog number: Z359629) 

15.   Tissue-culture flask, 150 cm2 surface area (T150) (Falcon, catalog number: 

355000) 
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16.   Conical microtube, 1.5 ml volume (Bio Basic Canada, catalog number:  

TC152SN) 

17.   Biopsy punch, circular with 6 mm diameter (Miltex, catalog number: 3336) 

 

A1.4	  	  	  Procedure	  

Methods involving manipulation of bone marrow aspirate, cells and porous 

scaffolds must be performed within a biosafety cabinet. Instruments, solutions and 

media in contact with bone marrow aspirate, cells and porous scaffolds must be 

sterile. Solutions and medium should be preheated to 37 °C in a closed container 

submersed in a water bath. 

 

A1.4.1	  	  	  Isolation	  and	  expansion	  of	  bone	  marrow-‐derived	  mesenchymal	  

stromal	  stem	  cells	  

1.   Obtain a sterile bone marrow aspirate. Collection of heparinized human and 

ovine iliac crest aspirates has been described in detail previously [254, 405]. 

Aspirate volumes of 15-60 ml and 20-40 ml may be obtained from human and 

ovine donors, respectively [43, 254, 274, 317, 405]. Aspirates should be taken 

to the laboratory directly following collection for processing in order to avoid 

cell death. 

2.   Filter the bone marrow aspirate using a 100 µm cell strainer to remove clots 

and tissue. Collect the filtrate in a sterile 50 ml conical tube. 

3.   For mononucleated cell counting, micropipette 50 µl of diluted bone marrow 

aspirate filtrate (1:10 in PBS; dilution might have to be increased to 1:50 if 
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cells are highly concentrated) and 50 µl of diluted crystal violet solution (1:50 

in PBS) into a 1.5 ml conical microtube and mix thoroughly. Micropipette 20 

µl of this mixture into a hemocytometer. Count the number of mononucleated 

cells within the four grid squares of the hemocytometer using a light 

microscope. Divide the number of cells counted by four (number of grid 

squares in hemocytometer), multiply by 20 (dilution of aspirate filtrate) and 

multiply by 10,000 (hemocytometer factor) to calculate the concentration of 

mononucleated cells per ml of aspirate filtrate. The total number of 

mononucleated cells is then determined my multiplying the concentration by 

the total volume (in ml) of the aspirate filtrate. 

4.   Calculate the volume of bone marrow aspirate filtrate containing 15 million 

human mononucleated cells or 80 million ovine mononucleated cells and 

pipette this volume into a sterile 50 ml conical tube [332, 405]. Pipette 20 ml 

of expansion medium into the 50 ml conical tube and mix with the aspirate 

filtrate. Transfer the aspirate filtrate-medium mixture into a T150 flask 

(passage 0). If large numbers of mononucleated cells are present in the 

aspirate filtrate, multiple T150 flasks may be seeded. 

5.   Statically incubate each T150 flask for seven days undisturbed at 37 °C. No 

media changes should be performed during this period. 

6.   After seven days, aspirate off medium and wash adherent BMSCs with 10 ml 

of PBS. Pipette 20 ml of fresh expansion medium into each T150 flask.  

7.   Statically incubate each T150 flask at 37 °C, and change the medium twice 

per week until 80% confluence is obtained based on microscopy. 
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8.   Once 80% confluence has been reached, aspirate off medium and wash cells 

with 10 ml of PBS. 

9.   Pipette 6 ml of trypsin-EDTA into each T150 flask and incubate at 37 °C for 5 

min. Agitate the flask to promote detachment of BMSCs from the flask 

surface. Microscopy may be used to confirm detachment of cells. 

10.  Pipette the BMSC-trypsin-EDTA mixture into a 50-ml conical tube and add 2 

ml of serum-containing medium (expansion medium or αMEM with FBS) to 

deactivate trypsin. 

11.  Centrifuge the resulting mixture for 10 min (1,500 rpm) and aspirate off the 

liquid component. The BMSC collection will be present at the bottom of the 

50 ml conical tube. 

12.  For BMSC counting, re-suspend the BMSC collection within a known 

quantity of expansion medium (e.g. 10 ml). Micropipette 50 µl of BMSC 

collection and 50 µl of trypan blue into a 1.5-ml conical microtube and mix 

thoroughly. Micropipette 20 µl of this mixture into a hemocytometer. Count 

the number of BMSCs within the four grid squares of the hemocytometer 

using a light microscope. Divide the number of cells by four (number of grid 

squares), multiply by 2 (dilution of BMSC suspension) and multiply by 

10,000 (hemocytometer factor) to calculate the concentration of cells (BMSCs 

per ml of suspension). The total number of BMSCs is then determined by 

multiplying this concentration by total volume (in ml) of the BMSC 

suspension. Each T150 flask can be expected to yield 1-3 million BMSCs for 

human donors and 3-10 million BMSCs for ovine donors. 
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13.  Add expansion medium to the BMSCs and re-suspend. BMSCs derived from 

one T150 flask during passage 0 should be re-suspended in 40 ml of 

expansion medium and divided into two T150 flasks for passage 1. There are 

a total of two T150 flasks during passage 1 per one T150 flask during passage 

0. 

14.  Repeat steps A7-12 for passage 1. 

15.  Add expansion medium to the BMSCs and re-suspend. BMSCs derived from 

each T150 flask during passage 1 should be re-suspended in 40 ml of 

expansion medium and divided into two T150 flasks for passage 2. There are 

a total of four T150 flasks during passage 2 per one T150 flask during passage 

0. 

16.  Repeat steps A7-12 for passage 2 BMSCs (Figures A1.1A and A1.1B). 

Subsequent passaging may be performed beyond passage 2 to increase the 

number of BMSCs available for use, although prolonged BMSC expansion 

has been shown to result in de-differentiation and loss of multipotent 

differentiation capacity of BMSCs [334, 368]. Therefore, the authors 

recommend using passage 2 BMSCs for use in chondrogenic differentiation. 

 

A1.4.2	  	  	  Seeding	  of	  porous	  biomaterial	  scaffolds	  with	  bone	  marrow-‐

derived	  mesenchymal	  stromal	  stem	  cells	  and	  chondrogenic	  

differentiation	  

1.   Porous scaffold composition and size should be based on the goals of the 

study. For in vitro assessment of chondrogenesis, porous scaffold sheets 
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composed of collagen I sponge or esterified hyaluronic acid mesh (Bornes et 

al., 2015) may be cut into 6 mm-diameter cylinders using a biopsy punch. 

Dimensions of the scaffold of choice must be known to calculate BMSC 

seeding density. 

2.   Calculate the number of BMSCs required to create a seeding density of 10 

million BMSCs per cm3 of scaffold. Other densities may be considered, 

although the authors recommend a seeding density of 5-10 million BMSCs 

per cm3 of scaffold to be used in chondrogenic differentiation. For cylindrical 

collagen I scaffolds with a diameter of 6 mm and height of 3.5 mm, 989,602 

BMSCs are required per scaffold for a density of 10 million BMSCs per cm3. 

For cylindrical esterified hyaluronic acid scaffolds with a diameter of 6 mm 

and height of 2 mm, 565,487 BMSCs are required per scaffold. 

3.   Following counting of passage 2 BMSCs, centrifuge the resulting mixture for 

10 min (1,500 rpm) and aspirate off the liquid component. The BMSC 

collection will be present at the bottom of the 50 ml conical tube. 

4.   Re-suspend BMSCs in chondrogenic medium with a total volume dependent 

on the number of scaffolds to be seeded (Figure A1.1C). For each 6 mm 

diameter scaffold, BMSCs (number calculated in step 2) should be re-

suspended in 20 µl of chondrogenic medium. 

5.   Place scaffolds within empty wells of a 24 well culture plate using forceps 

(Figure A1.1D). 

6.   Micropipette the 20 µl BMSC-medium suspension onto the central area of the 

flat surface of each scaffold (Figure A1.1E). If the suspension does not spread 
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throughout the entirety of the surface of the scaffold, pre-soaking the scaffold 

with 20 µl of cell-free chondrogenic medium may be required to promote full 

dispersion of the BMSC-medium suspension over the scaffold. If a larger 

scaffold is to be used, multiple BMSC-medium suspensions may be 

micropipetted onto different areas of the scaffold to promote uniform seeding. 

7.   Incubate BMSC-seeded scaffolds at 37 °C for 15 min. 

8.   Micropipette 100 µl of chondrogenic medium onto the base of each BMSC-

seeded scaffold. 

9.   Incubate BMSC-seeded scaffolds at 37 °C for 30 min. 

10.  Micropipette 1 ml of chondrogenic medium into each well to submerse the 

BMSC-seeded scaffolds. 

11.  Statically incubate 24 well plates at 37 °C for 2-3 weeks. Change the 

chondrogenic medium twice per week. BMSCs will differentiate into cells 

capable of producing cartilaginous extracellular matrix (Figure A1.1F). 
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Figure	  A1.1	  	  	  Isolation,	  expansion,	  seeding,	  and	  chondrogenic	  differentiation	  of	  bone	  marrow-‐

derived	  mesenchymal	  stromal	  stem	  cells. (A) A tissue-culture flask (T150) containing isolated 

bone marrow-derived mesenchymal stromal stem cells (BMSCs0 and expansion medium. (B) 

Adherent, human BMSCs on the surface of a tissue-culture flask demonstrating a characteristic 

spindle-shaped morphology during expansion. (C) Re-suspension of BMSCs in chondrogenic 

medium within a 50 ml conical tube prior to scaffold seeding. (D) Collagen I scaffold placement 

into the empty well of a 24-well culture plate using forceps. (E) Micropipetting of a BMSC-

chondrogenic medium suspension onto the central area of a collagen I scaffold. (F) Extracellular 

cartilaginous proteoglycans stained with safranin O following 3 weeks of chondrogenic 

differentiation of human BMSCs seeded within a collagen I scaffold. Remnant collagen I scaffold 

is stained with fast green counterstain (7× combined magnification of objective and camera 

lenses). 
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A1.5	  	  	  Recipes	  

Penicillin-streptomycin-glutamine 

10,000 units/ml penicillin 

10 mg/ml streptomycin  

29.2 mg/ml L-glutamine 

 

Trypsin-ethylenediaminetetraacetic acid (EDTA)  

0.05% trypsin  

0.53 mM EDTA without sodium bicarbonate 

Calcium and magnesium  

 

Dulbecco’s modified Eagle’s medium (DMEM)  

4.5 mg/ml glucose,  

110 µg/ml sodium pyruvate  

L-glutamine  

 

Insulin-transferrin-selenium (ITS+) premix 

625 µg/ml insulin 

625 µg/ml transferrin  

625 µg/ml selenium  

125 µg/ml bovine serum albumin  

535 µg/ml linoleic acid  
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Expansion medium, 565 ml total volume with final concentrations listed 

500 ml αMEM 

50 ml FBS [8.8% volume/volume (v/v)] 

5 ml penicillin-streptomycin-glutamine  

a.   88.5 units/ml penicillin 

b.   88.5 µg/ml streptomycin  

c.   258.4 µg/ml L-glutamine 

5 ml HEPES (8.8 mM) 

5 ml sodium pyruvate (885.0 µM) 

282.5 µl FGF-2, 10 µg/ml stock solution  (5 ng/ml) 

 

Serum-free medium, 182 ml total volume with final concentrations listed 

166 ml DMEM 

2 ml HEPES (11.0 mM) 

2 ml penicillin-streptomycin-glutamine  

109.9 units/ml penicillin  

109.9 µg/ml streptomycin  

320.9 µg/ml L-glutamine 

2 ml ITS+ premix 

10 ml human serum albumin, 25 mg/ml stock solution (1.4 mg/ml) 

 

TGF-β3 working solution, 10 ml total volume with final concentrations listed 

9.4 ml DMEM 
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100 µl TGF-β3, 10 µg/ml stock solution (100 ng/ml)  

500 µl human serum albumin, 25 mg/ml stock solution (1.3 mg/ml) 

 

Chondrogenic medium, 100 ml total volume with final concentrations listed 

87 ml serum-free medium  

DMEM 

9.6 mM HEPES  

95.6 units/ml penicillin 

95.6 µg/ml streptomycin 

279.2 µg/ml L-glutamine  

1 ml ITS+ premix 

10 ml TGF-β3 working solution  

DMEM 

10.0 ng/ml TGF-β3  

125 µg/ml human serum albumin 

1 ml ascorbic acid 2-phosphate, 3.65 mg/ml stock solution (365 µg/ml)  

1 ml dexamethasone, 10 µM stock solution (100 nM)  

1 ml L-proline, 4 mg/ml stock solution (40 µg/ml) 
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Appendix	  2	  
	  

Reverse-‐Transcription	  Quantitative	  
Polymerase	  Chain	  Reaction	  Product	  
Sequencing	  
	  

Troy	  D.	  Bornes	  

  

This	  chapter	  has	  been	  published	  in	  part	  in	  Stem	  Cell	  Research	  &	  Therapy.	  

Bornes	  TD,	  Jomha	  NM,	  Mulet-‐Sierra	  A,	  Adesida	  AB:	  Hypoxic	  culture	  of	  bone	  

marrow-‐derived	  mesenchymal	  stromal	  stem	  cells	  differentially	  enhances	  in	  

vitro	  chondrogenesis	  within	  cell-‐seeded	  collagen	  and	  hyaluronic	  acid	  porous	  

scaffolds.	  Stem	  Cell	  Res	  Ther	  2015,	  6:84.	  

  

  

  

A2.1	  	  	  Introduction	  

Reverse-transcription quantitative polymerase chain reaction (RT-qPCR) products 

from Chapter 3 were sequenced to confirm that expression levels were based on 

appropriate sequences for each gene. RT-qPCR products were purified using a 

QIAquick Gel Extraction Kit (Qiagen Canada, Toronto, Canada), combined with 

each primer – forward and reverse primers separately – and sequenced using the 

Sanger method (The Applied Genomics Centre, University of Alberta, Edmonton, 

Canada). The resulting traces were read using FinchTV Software Version 1.5 

(Geospiza, Seattle, USA) and matched to corresponding regions within 

characterized gene sequences using the nucleotide Basic Local Alignment Search 
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Tool (BLAST) of the National Center for Biotechnology Information (NCBI, 

Bethesda, USA). 

 

A2.2	  	  	  Beta-‐actin	  (ACTB)	  

Forward primer for ACTB: 

5’-cggcgggaccaccat-3’  NCBI sequence base pairs: 986-1000 

 

Reverse primer for ACTB: 

5’-gcagtgatctctttctgcatcct-3’  NCBI sequence base pairs: 1020-1042 

 

PCR product within NCBI sequence for ACTB: 

Ovis aries actin, beta (ACTB), mRNA – starting at base pair 981 

5’-ctgtccggcg ggaccaccat gtaccctggc atcgcagaca ggatgcagaa agagatcact gccctg-3’ 

3’-gacaggccgc cctggtggta catgggaccg tagcgtctgt cctacgtctt tctctagtga cgggac-5’ 

 

Sanger sequencing of PCR product using forward primer of ACTB: 

Clearly sequenced region on chromatograph: 5’-gaaagagatcactgc-3’ 

BLAST of sequenced region: Ovis aries actin, beta (ACTB), mRNA (100% 

coverage, 100% identification) 

5’-ctgtccggcg ggaccaccat gtaccctggc atcgcagaca ggatgcagaa agagatcact gccctg-3’ 

3’-gacaggccgc cctggtggta catgggaccg tagcgtctgt cctacgtctt tctctagtga cgggac-5’ 

 

Sanger sequencing of PCR product using reverse primer of ACTB: 

Clearly sequenced region on chromatograph: 5’-catggtggtcccgccg-3’ 
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BLAST of sequenced region: Ovis aries actin, beta (ACTB), mRNA (100% 

coverage, 100% identification) 

5’-ctgtccggcg ggaccaccat gtaccctggc atcgcagaca ggatgcagaa agagatcact gccctg-3’ 

3’-gacaggccgc cctggtggta catgggaccg tagcgtctgt cctacgtctt tctctagtga cgggac-5’ 

	  

A2.3	  	  	  Aggrecan	  (ACAN)	  

Foward primer for ACAN: 

5’-tggaatgatgtcccatgcaa-3’  NCBI sequence base pairs: 6019-6038 

 

Reverse primer for ACAN: 

5’-gccactgtgccctttttacag-3’  NCBI sequence base pairs: 6077-6057 

 

PCR product within NCBI sequence for ACAN: 

Ovis aries aggrecan (ACAN), mRNA (predicted) - starting at base pair 6015 

5’-cgagtg gaatgatgtc ccatgcaatt accagctgcc cttcacctgt aaaaagggca cagtggcctg-3’ 

3’-gctcac cttactacag ggtacgttaa tggtcgacgg gaagtggaca tttttcccgt gtcaccggac-5’ 

 

Sanger sequencing of PCR product using forward primer for ACAN: 

Clearly sequenced region on chromatograph: 5’-cccttcacctgtaaaaagggcacagtggc-

3’  

BLAST of sequenced region: Ovis aries aggrecan (ACAN), mRNA (100% 

coverage, 100% identification) 

5’-cgagtg gaatgatgtc ccatgcaatt accagctgcc cttcacctgt aaaaagggca cagtggcctg-3’ 

3’-gctcac cttactacag ggtacgttaa tggtcgacgg gaagtggaca tttttcccgt gtcaccggac-5’ 

	  

Sanger sequencing of PCR product using reverse primer for ACAN: 
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Clearly sequenced region on chromatograph: 5’-ctggtaattgcatgggacatcattcca-3’ 

BLAST of sequenced region: Ovis aries aggrecan (ACAN), mRNA (100% 

coverage, 100% identification) 

5’-cgagtg gaatgatgtc ccatgcaatt accagctgcc cttcacctgt aaaaagggca cagtggcctg-3’ 

3’-gctcac cttactacag ggtacgttaa tggtcgacgg gaagtggaca tttttcccgt gtcaccggac-5’ 

 

A2.4	  	  	  Cartilage	  oligomeric	  matrix	  protein	  (COMP)	  

Forward primer for COMP: 

5’-cctaactgggtggtgctcaac-3’  NCBI sequence base pairs: 1654-1674 

 

Reverse primer for COMP: 

5’-ctgggtcgctgttcatcgt-3’  NCBI sequence base pairs: 1714-1696 

 

PCR product within NCBI sequence for COMP: 

Ovis aries cartilage oligomeric matrix protein (COMP), mRNA (predicted) - 

starting at base pair 1651 

5’-gaccctaact gggtggtgct caaccagggt atggagatcg tgcagacgat gaacagcgac ccaggcct-3’ 

3’-ctgggattga cccaccacga gttggtccca tacctctagc acgtctgcta cttgtcgctg ggtccgga-5’ 

 

Sanger sequencing of PCR product using forward primer for COMP 

Clearly sequenced region on chromatograph: 5’-tgcagacgatgaacagcgacccag-3’ 

BLAST of sequenced region: Ovis aries cartilage oligomeric matrix protein 

(COMP), mRNA (100% coverage and 100% identification) 

5’-gaccctaact gggtggtgct caaccagggt atggagatcg tgcagacgat gaacagcgac ccaggcct-3’ 

3’-ctgggattga cccaccacga gttggtccca tacctctagc acgtctgcta cttgtcgctg ggtccgga-5’ 

	  



	   335 

Sanger sequencing of PCR product using reverse primer for COMP 

Clearly sequenced region on chromatograph: 5’-ccctggttgagcaccacccagttagg-3’ 

BLAST of sequenced region: Ovis aries cartilage oligomeric matrix protein 

(COMP), mRNA (100% coverage and 100% identification) 

5’-gaccctaact gggtggtgct caaccagggt atggagatcg tgcagacgat gaacagcgac ccaggcct-3’ 

3’-ctgggattga cccaccacga gttggtccca tacctctagc acgtctgcta cttgtcgctg ggtccgga-5’ 

	  

A2.5	  	  	  Collagen	  I	  (COL1A1)	  

Forward primer for COL1A1: 

5’-cgccccagaccaggaatt-3’  NCBI sequence base pairs: 4419-4436 

 

Reverse primer for COL1A1: 

5’-gtggaaggagtttacaggaagca-3’ NCBI sequence base pairs: 4481-4459 

 

PCR product within NCBI sequence for COL1A1: 

Ovis aries collagen, type I, alpha 1 (COL1A1), mRNA (predicted) - starting at 

base pair 4415 

5’-ttggcg ccccagacca ggaattcggc ttcgacatcg gctctgtctg cttcctgtaa actccttcca ccc-3’ 

3’-aaccgc ggggtctggt ccttaagccg aagctgtagc cgagacagac gaaggacatt tgaggaaggt ggg-5’  

 

Sanger sequencing of PCR product using forward primer for COL1A1: 

Clearly sequenced region on chromatograph: 5’-gtctgcttcctgtaaactccttccac-3’ 

BLAST of sequenced region: Ovis aries collagen, type I, alpha 1 (COL1A1), 

mRNA (100% coverage and 100% identification) 

5’-ttggcg ccccagacca ggaattcggc ttcgacatcg gctctgtctg cttcctgtaa actccttcca ccc-3’ 

3’-aaccgc ggggtctggt ccttaagccg aagctgtagc cgagacagac gaaggacatt tgaggaaggt ggg-5’  
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Sanger sequencing of PCR product using reverse primer COL1A1: 

Clearly sequenced region on chromatograph: 5’-tcgaagccgaattcctggtctggggcg-3’ 

BLAST of sequenced region: Ovis aries collagen, type I, alpha 1 (COL1A1), 

mRNA (100% coverage and 100% identification) 

5’-ttggcg ccccagacca ggaattcggc ttcgacatcg gctctgtctg cttcctgtaa actccttcca ccc-3’ 

3’-aaccgc ggggtctggt ccttaagccg aagctgtagc cgagacagac gaaggacatt tgaggaaggt ggg-5’  

 

A2.6	  	  	  Collagen	  II	  (COL2A1)	  

Forward primer for COL2A1: 

5’-acctcacgtctccccatca-3’  NCBI sequence base pairs: 4372-4390 

 

Reverse primer for COL2A1: 

5’-ctgctcgggccctcctat-3’  NCBI sequence base pairs: 4428-4411 

 

PCR product within NCBI sequence for COL2A1: 

Ovis aries collagen, type II, alpha 1 (COL2A1), mRNA (predicted) - starting at 

base pair 4371 

5’-gacctcacgt ctccccatca ttgacattgc acccatggac ataggagggc ccgagcagga attc-3’ 

3’-ctggagtgca gaggggtagt aactgtaacg tgggtacctg tatcctcccg ggctcgtcct taag-5’ 

 

Sanger sequencing of PCR product using forward primer 

Clearly sequenced region on chromatograph: 5’-tggacataggagggcccgagcag-3’ 

BLAST of sequenced region: Ovis aries collagen, type II, alpha 1 (COL2A1), 

mRNA (100% coverage and 100% identification) 

5’-gacctcacgt ctccccatca ttgacattgc acccatggac ataggagggc ccgagcagga attc-3’ 
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3’-ctggagtgca gaggggtagt aactgtaacg tgggtacctg tatcctcccg ggctcgtcct taag-5’ 

 

Sanger sequencing of PCR product using reverse primer for COL2A1: 

Clearly sequenced region on chromatograph: 5’-caatgatggggagacgtgaggt-3’ 

BLAST of sequenced region: Ovis aries collagen, type II, alpha 1 (COL2A1), 

mRNA (100% coverage and 100% identification 

5’-gacctcacgt ctccccatca ttgacattgc acccatggac ataggagggc ccgagcagga attcg-3’ 

3’-ctggagtgca gaggggtagt aactgtaacg tgggtacctg tatcctcccg ggctcgtcct taagc-5’ 

 

A2.7	  	  	  Collagen	  X	  (COL10A1)	  

Forward primer for COL10A1: 

5’-caggctcgaatgggctgtac-3’  NCBI sequence base pairs: 2000-2019 

 

Reverse primer for COL10A1: 

5’-ccaccaagaatcctgagaaagag-3’ NCBI sequence base pairs: 2062-2040 

 

PCR product within NCBI sequence for COL10A1: 

Ovis aries collagen, type X, alpha 1 (COL10A1), mRNA (predicted) - starting at 

base pair 1996 

5’-aatgc aggctcgaat gggctgtact cctctgagta cgtccactcc tctttctcag gattcttggt ggct-3’ 

3’-ttacg tccgagctta cccgacatga ggagactcat gcaggtgagg agaaagagtc ctaagaacca ccga-5’ 

 

Sanger sequencing of PCR product using forward primer for COL10A1: 

Clearly sequenced region on chromatograph: 5’-ccactcctctttctcaggattcttggtgg-3’ 

BLAST of sequenced region: Ovis aries collagen, type X, alpha 1 (COL10A1), 

mRNA (100% coverage and 100% identification) 
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5’-aatgc aggctcgaat gggctgtact cctctgagta cgtccactcc tctttctcag gattcttggt ggct-3’ 

3’-ttacg tccgagctta cccgacatga ggagactcat gcaggtgagg agaaagagtc ctaagaacca ccga-5’ 

 

Sanger sequencing of PCR product using reverse primer for COL10A1: 

Clearly sequenced region on chromatograph: 5’-ctcagaggagtacagcccattcgagcctg-

3’ 

BLAST of sequenced region: Ovis aries collagen, type X, alpha 1 (COL10A1), 

mRNA (100% coverage and 100% identification) 

5’-aatgc aggctcgaat gggctgtact cctctgagta cgtccactcc tctttctcag gattcttggt ggct-3’ 

3’-ttacg tccgagctta cccgacatga ggagactcat gcaggtgagg agaaagagtc ctaagaacca ccga-5’ 

 

A2.8	  	  	  Sex	  determining	  region	  Y-‐box	  9	  (SOX9)	  

Forward primer for SOX9: 

5’-gctgctggccgtgatga-3’  NCBI sequence base pairs: 956-972 

 

Reverse primer for SOX9: 

5’-gggtcgcgcgtttgttt-3’  NCBI sequence base pairs: 1007-995 

PCR product within NCBI sequence for SOX9: 

Ovis aries SRY (sex determining region Y)-box 9 (SOX9), mRNA (predicted) - 

starting at base pair 951 

5’-cccacgctgc tggccgtgat gatcgcagaa agaacccaag aaacaaacgc gcgacccttt-3’ 

3’-gggtgcgacg accggcacta ctagcgtctt tcttgggttc tttgtttgcg cgctgggaaa-5’ 

 

Sanger sequencing of PCR product using forward primer for SOX9: 

Clearly sequenced region on chromatograph: 5’-aaacgcgcgaccc-3’ 
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BLAST of sequenced region: Ovis aries SRY (sex determining region Y)-box 9 

(SOX9), mRNA (100% coverage and 100% identification) 

5’-cccacgctgc tggccgtgat gatcgcagaa agaacccaag aaacaaacgc gcgacccttt-3’ 

3’-gggtgcgacg accggcacta ctagcgtctt tcttgggttc tttgtttgcg cgctgggaaa-5’ 

 

Sanger sequencing of PCR product using reverse primer for SOX9: 

Clearly sequenced region on chromatograph: 5’-catcacggccagcagc-3’ 

BLAST of sequenced region: Ovis aries SRY (sex determining region Y)-box 9 

(SOX9), mRNA (100% coverage and 100% identification) 

5’-cccacgctgc tggccgtgat gatcgcagaa agaacccaag aaacaaacgc gcgacccttt-3’ 

3’-gggtgcgacg accggcacta ctagcgtctt tcttgggttc tttgtttgcg cgctgggaaa-5’ 
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Appendix	  3	  
 

Histological	  Scoring	  using	  the	  Modified	  
O’Driscoll	  Scoring	  System	  
	  

Troy	  D.	  Bornes	  

	  

	  

 

A3.1	  	  	  Introduction	  

The modified O’Driscoll scoring system was used in Chapter 6 to assess sections 

of distal femoral defect sites stained with safranin O and fast green. 

 

A3.2	  	  	  History	  of	  the	  O’Driscoll	  scoring	  system	  

A3.2.1	  	  	  Original	  system	  

Parameters of the O’Driscoll scoring system were first described by O’Driscoll et 

al. in 1986 to assess cartilaginous repair tissue following transplantation of 

autologous periosteum into patellar groove osteochondral defects in rabbits [437]. 

These parameters and others were subsequently combined into a defined, 24-point 

scoring system that was used to evaluate cartilage regeneration in the same model 

in 1988 [438]. O’Driscoll et al. later analyzed the subjective assessment of 

parameters of the scoring system relative to computerized methods [456]. It was 

shown that untrained observers – orthopaedic surgeons with no experience in 

cartilage research – were able to grade cartilage based on cellular morphology and 

safranin O staining in a similar fashion to a validated, computerized image 
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analysis system. It was also demonstrated that expert observers – researchers 

experienced in cartilage histology – were able to visually estimate the percentage 

of cartilage within safranin O-stained sections with a strong correlation to actual 

percentage measured using image analysis software with good inter-observer 

reliability. Subsequently, the original scoring system was used to assess femoral 

condyle cartilage regeneration in sheep following matrix-assisted microfracture, 

matrix-associated autologous chondrocyte implantation (MACI) and bone 

marrow-derived mesenchymal stem cell (BMSC) transplantation [274, 306, 308]. 

 

A3.2.2	  	  	  Previously	  modified	  systems	  

Multiple modified scoring systems have been created based on the original 

system. Ben-Yishay et al. developed a 24-point scoring system to assess femoral 

trochlea repair tissue following MACI in rabbits [448]. Parameters of cellular 

morphology (maximal score of 4 points) and safranin O staining of the matrix 

(maximal score of 3 points) from the original system were replaced with 

percentage of hyaline articular cartilage (maximal score of 8 points) to provide a 

quantitative assessment of hyaline cartilage. The maximal score of hypocellularity 

was reduced from 3 to 2 points. Frenkel et al. subsequently modified the scoring 

system into a 27-point scoring system to assess repair tissue in the medial femoral 

condyles of rabbits following scaffold implantation [439]. This group maintained 

the percentage of hyaline articular cartilage addition of Ben-Yishay et al., but 

reinstated safranin O staining from the original score that was removed by Ben-

Yishay et al [439, 448]. Parameters for reconstitution of subchondral bone 
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(maximal score of 2 points) and bonding of repair cartilage to de novo 

subchondral bone (maximal score of 2 points) were added. Hypocellularity 

(maximal score of 2 points) and chondrocyte clustering (maximal score of 2 

points) were replaced with a combined parameter of freedom from cellular 

changes of degeneration (maximal score of 3 points). The maximal score of 

surface regularity was reduced from 3 to 2 points. Munirah et al. used the system 

modified by Frenkel et al. to assess femoral condyle regeneration following 

MACI in sheep [449]. The percentage ranges used in scoring were clarified. For 

example, ranges of 80-100% (8 points) and 60-80% (6 points) were modified to 

80-100% (8 points) and 60-79% (6 points) to reduce ambiguity related to 

percentages at the division between two ranges. In our study, a system based on 

the work of Frenkel et al. was modified and adapted for use in assessing cartilage 

regeneration in full-thickness cartilage defects [439, 449]. 

 

A3.3	  	  	  Analysis	  using	  the	  current	  modified	  system	  

The system used in this study involved several modifications in comparison to 

previously modified systems [439, 448]. The definition of hyaline-like 

cartilaginous repair tissue was clarified. Hyaline-like cartilaginous tissue and 

percentage of safranin O staining parameters were normalized to: area of repair 

tissue / area of defect site. Thickness of repair tissue was normalized to: width of 

the defect site containing repair tissue / total width of defect site. With respect to 

changes in repair tissue and changes in adjacent native cartilage parameters, the 

definitions for cellularity and cell clusters were updated. The parameters of the 
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score are listed in Table A2.1 described in detail below given the complexity of 

the system. 

 

 

Table	  A3.1	  	  	  Modified	  O’Driscoll	  histological	  scoring	  system	  

Nature of repair tissue 
Hyaline-like cartilaginous repair tissue*: 80 – 100% of all repair tissue    8 
    60 – 79% of all repair tissue    6 
    40 – 59% of all repair tissue    4 
    20 – 39% of all repair tissue    2 
    0 – 19% of all repair tissue    0 
 
Safranin O staining*:   80 – 100% of all repair tissue    2 
    40 – 79% of all repair tissue    1 
    0 – 39% of all repair tissue    0 
 
Structural characteristics of repair tissue 
Surface regularity:   Smooth and intact     2 
    Fissures present     1 
    Severe disruption and/or fibrillation   0 
  
Structural integrity:   Normal      2 

   Slight disruption and/or including cysts   1 
   Severe lack of integrity    0 

  
Thickness&:   100% of adjacent native cartilage    2 

   50 – 99% of adjacent native cartilage   1 
   0 – 49% of adjacent native cartilage   0 

  
Bonding to adjacent cartilage:  Both ends bonded fully    2 

   Bonded at one end or partially at both ends   1 
   Not bonded     0 
 

Bonding to subchondral bone:  100% of repair tissue bonded    2 
   50 – 99% of repair tissue bonded   1 
   0 – 49% of repair tissue bonded    0 
        

Freedom from degeneration 
Changes in repair tissue:  Normal cellularity, no clusters    2 
    Slight hypocellularity, <25% clusters   1  
    Moderate hypocellularity/hypercellularity, ³25% clusters 0 
        
Changes in adjacent native cartilage: Normal cellularity, no clusters, and normal staining  3 
    Normal cellularity, mild clusters, moderate staining  2 
    Mild-moderate hypocellularity, slight staining  1 
    Severe hypocellularity, poor or no staining   0 

 
Intactness of subchondral bone plate:  100% of defect width intact    2 

    50 – 99% of defect width intact    1 
    0 – 49% of defect width intact    0 

  
 
* Normalized to the area of repair tissue / area of defect site 
& Normalized to the width of repair tissue / width of defect site 
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A3.3.1	  	  	  Hyaline-‐like	  cartilaginous	  repair	  tissue	  

In 1986, O’Driscoll et al. provided a definition of “hyaline-like cartilage” [437]: 

 

To be called hyaline-like cartilage, the [extracellular] matrix of the tissue 

had to stain normally or nearly normally with safranin O and, under high-

power magnification, its cells had to demonstrate the normal 

morphological characteristics of chondrocytes (well demarcated lacunae 

containing round or oval nuclei with one or more nucleoli). The term 

hyaline-like is used rather than hyaline in order to indicate that, although 

the newly formed tissue resembled normal hyaline articular cartilage 

histologically and histochemically, the ultrastructure of this tissue was not 

assessed by electron microscopy, and the tissue frequently was more 

cellular and less organized into specific zones than is normal articular 

cartilage. 

 

The original O’Driscoll scoring system was subsequently published in 

1988 [438]. Cellular morphology and safranin O staining of the matrix served as 

parameters under nature of predominant tissue [438]. The term “hyaline articular 

cartilage” was used in the system instead of “hyaline-like cartilage” although 

presumably the authors were defining hyaline articular cartilage with the 

description provided in the previous article [437]. In the modification of Ben-

Yishay et al., percentage of hyaline articular cartilage was introduced with a 

maximal score of 8 points [448]. This parameter replaced both cellular 
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morphology and safranin O staining from the original score. Through this 

revision, it appeared as though the definition of hyaline articular cartilage was 

based on cellular morphology and safranin O staining. However, it was not 

described in detail whether positive staining with safranin O was required to 

define tissue as hyaline articular cartilage. Furthermore, the heading cellular 

morphology alone was used in the table above percentage of hyaline articular 

cartilage. There was not another parameter included to assess for safranin O 

staining.  

 

In the modification by Frenkel et al., the 8-point parameter described as 

percentage of hyaline- or articular-appearing repair tissue – and termed more 

simply as percentage of hyaline articular cartilage in Figure 3 of the article – was 

used with no heading describing cellular morphology or or safranin O staining. 

However, it was stated in the Materials and methods section that “hyaline-like 

appearance was judged by comparison with normal, unoperated host tissue, with 

respect to the type and density of cells populating the repair, and columnar 

arrangement of these cells.” This raises the question of whether safranin O 

staining was used in addition to cellular morphology to confirm the presence of 

hyaline-like cartilaginous tissue. Is a cell located within a lacuna considered to be 

a chondrocyte with hyaline properties if it is not surrounded by extracellular 

matrix that stains positive for safranin O? A separate parameter called safranin O 

staining related to percentage of tissue stained homogeneously with safranin O. 
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During analysis in our study, we used the term “hyaline-like cartilage” as 

this was the term initially used by O’Driscoll et al. [437]. To determine hyaline-

like cartilaginous repair tissue, we utilized the following definition to describe 

repair tissue that was deemed to be hyaline-like cartilage: 

  

Hyaline-like cartilaginous repair tissue is tissue that contains 

predominantly circular cells (³75% of cells present within the area of 

tissue) within lacunae surrounded by extracellular matrix that stains 

positively with safranin O. Superficial repair tissue may be considered 

hyaline-like if it contains flattened, non-circular cells, lacks lacunae and 

safranin O staining, and is adjacent to deeper tissue containing 

predominantly circular cells within lacunae and positive safranin O 

staining given that this phenotype resembles the structural organization of 

native hyaline articular cartilage. 

 

With respect to positive safranin O staining in our study, tissue had to be 

stained moderately (light pink) or strongly (deep pink-red-orange) to fulfill the 

requirement of the definition. In the event that the extracellular matrix appeared to 

be stained with both safranin O and fast green, the tissue was only considered as 

moderately stained with safranin O if it was closer in color to pink (safranin O) 

than green (fast green). The staining did not have to be uniform throughout the 

matrix to fulfill the definition. The quality and uniformity of the staining was 

assessed more thoroughly with a separate parameter called safranin O staining. 
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The density and organization of the cells (i.e. columnar arrangement) was not 

included in our definition as it was in the definition of Frenkel et al. given that we 

presumed that our repair tissue would be relatively immature as it was derived 

from BMSCs and assessed after a 6-month period. Consistent with this, 

O’Driscoll et al. stated that: “hyaline-like is used rather than hyaline in order to 

indicate that, although the newly formed tissue resembled normal hyaline articular 

cartilage histologically and histochemically… the tissue frequently was more 

cellular and less organized into specific zones than is normal articular cartilage” 

[437]. Tissue containing clustered cells was also considered to be hyaline-like if 

they were seen within lacunae. 

 

Percentage of repair tissue area present fulfilling the definition described 

was documented during analysis and used for scoring. If a thin portion of the 

superficial repair tissue contained circular or flattened cells and lacked the 

presence of lacunae and safranin O staining, it was considered as hyaline-like 

tissue only if the tissue deep to it was rich in round cells surrounded by lacunae 

and safranin O staining. Although this tissue would meet the requirements of 

hyaline-like cartilage for this parameter, the superficial portion would not fulfill 

the requirements for the parameter safranin O staining.  

 

A tidemark stained with safranin O that was present below the repair 

tissue was considered to be native tissue and not repair tissue for this analysis. In 

the event that the subchondral bone plate appeared to have shifted superficially 
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due to bony ingrowth, the level of the original, native subchondral plate was 

estimated from surrounding native tissues and the percentage of all repair tissue 

including bony repair tissue and cartilaginous repair tissue in the proposed defect 

site was assessed.  

 

We normalized percentage of tissue with hyaline-like features to: area of 

repair tissue / area of defect site. All repair tissue, including tissue located both 

inside and outside of the defect site was used to estimate the area of repair tissue. 

The defect site was defined as the area created by the level of the native 

subchondral bone plate, top of lesion based on surface of the adjacent native 

cartilage, and interfaces between native cartilage and the defect on each side. The 

normalized value was documented following calculation using: percentage of 

repair tissue containing hyaline-like cartilage ´ (area of repair tissue / area of 

defect site). This value was used to determine a normalized score for this 

parameter. 

	  

A3.3.2	  	  	  Safranin	  O	  staining	  

The parameter of hyaline-like cartilaginous tissue described above was used to 

assess tissue containing a specific cell morphology and extracellular matrix 

confirmed with positive safranin O staining, whereas safranin O staining was 

used to quantify the amount of tissue containing homogeneous staining, 

regardless of cell type or morphology. 
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During analysis, the percentage of repair tissue area that was stained with 

safranin O to at least a moderate intensity and in a homogeneous fashion was 

documented and used for scoring. To fulfill the requirements of safranin O 

staining, tissue had to be stained moderately (light pink) or strongly (deep pink-

red-orange). In the event that an area of extracellular matrix appeared to be 

stained with both safranin O and fast green, the tissue was only considered to be 

moderately stained with safranin O if it was closer in color to pink (safranin O) 

than green (fast green).  If there were areas with more intense staining within the 

homogeneously and moderately stained tissue, they were included in the 

percentage area, although less intensely stained areas were not included.  

 

A tidemark that stained positively below the repair tissue was considered 

to be native tissue and not repair tissue for this analysis. In the event that the 

subchondral bone plate appeared to have shifted superficially due to bony 

ingrowth, the level of the native subchondral plate was estimated from 

surrounding osteochondral interfaces and all repair tissue including bony repair 

tissue and cartilaginous repair tissue in the proposed defect site was assessed. 

 

Similar to the parameter of hyaline-like cartilaginous repair tissue, 

safranin O staining was also normalized to: area of repair tissue / area of defect 

site (see description within hyaline-like cartilaginous repair tissue). The 

normalized value was documented following calculation using: percentage of 
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repair tissue stained homogeneously with safranin O ´ (area of repair tissue / area 

of defect site). This value was used to determine a normalized score. 

 

A3.3.3	  	  	  Surface	  regularity	  

Surface regularity was used for assessment of the surface architecture of the 

repair tissue. For this parameter, fissures were defined as focal or linear 

disruptions in the surface that course downward towards the subchondral bone, 

whereas fibrillation was considered to be shredding of the superficial tissue.  

 

During analysis, the entire defect site was assessed for irregularities in the 

surface. A score of 2 points was given only if there were no irregularities or 

disruptions in the surface architecture. If any irregularities were present, a score of 

1 or 0 points was considered depending on the level of disruption.  

 

A score of 1 point was given if one or more fissures were present. A defect 

noted centrally was considered to be a fissure to prevent over-scoring of sections 

containing an unfilled defect centrally with only small amounts of repair tissue 

near the repair tissue – native cartilage junctions. Lack of bonding between repair 

tissue located adjacent to native tissue and native cartilage was not considered as 

a fissure given that this finding was considered to be an indication of lack of 

integration rather than surface compromise of repair tissue. Lack of integration 

was assessed with a separate parameter called bonding to adjacent cartilage. 

Therefore, if there were no irregularities in the defect site other than lack of 
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integration between the repair tissue and native cartilage, a score of 2 points rather 

than 1 point was given.  

 

Severe disruption related to the presence of many fissures or fibrillation in 

the surface, or complete lack of repair tissue present in the defect site was given a 

score of 0 points. 

 

A3.3.4	  	  	  Structural	  integrity	  

Structural integrity was “considered separately from the surface regularity” and 

referred to “the degree to which tissue below the surface appears to be intact 

histologically” [437]. However, structural integrity may be affected by surface 

irregularities in the setting of a fissure coursing downward to the subchondral 

bone through the repair tissue. 

 

During analysis, a score of 2 points was awarded if the sub-surface tissue 

appeared to be completely intact. If any irregularities were present, a score of 1 or 

0 points was considered depending on the level of disruption.  

 

A score of 1 point was given if there were only minor horizontal cleavage 

planes or if fissures were found to extend from the surface to the subchondral 

bone [437]. A focal break or narrow fissure between repair tissue and native tissue 

localized to the junction was not considered to be a fissure extending to 

subchondral bone as this finding was considered to be an indication of lack of 
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integration rather than structural compromise (assessed with bonding to adjacent 

cartilage). However, areas of the defect site that lacked repair tissue with exposed 

subchondral bone – considered to be unfilled defects – were considered to be 

fissures extending to subchondral bone and received a score of 1 point, regardless 

of whether they were located centrally or near the junction with native cartilage. 

 

A score of 0 points was given if there were large horizontal clefts within 

the newly formed tissue or if there was no repair tissue present. Lack of 

integration between repair tissue and subchondral bone was not considered a 

horizontal cleft. In the initial O’Driscoll scoring system, disruptions between the 

repair tissue and subchondral bone were considered as disruptions of structural 

integrity [438]. However, a separate parameter was not used to assess this 

condition. Given that the modified system used in our study contained a 

parameter called bonding to subchondral bone to assess bonding of repair tissue 

to subchondral bone, disruptions between repair tissue and bone were not 

included in analysis of structure. 

 

A3.3.5	  	  	  Thickness	  

Thickness of repair tissue is determined as a percentage relative to adjacent native 

cartilage. 

 

During analysis, the average thickness of the repair tissue was estimated as 

a percentage relative to the height of the defect site. The defect site was defined as 
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the area created by the level of the native subchondral plate, top of lesion based 

on surface of the adjacent native cartilage, and interfaces between native cartilage 

and the defect on each side. The percentage calculated by repair tissue / native 

cartilage ´ 100 was documented and used for scoring. 

 

In the event that there was a subchondral bone plate defect and cellular 

repair tissue into the underlying bone that was noted to be different than adjacent 

native bone, the thickness of the repair tissue found in the subchondral area was 

included in the thickness analysis. As a result, it was possible for the calculated 

thickness to be higher than that estimated by including only tissue within the 

chondral defect site superficial to the presumed height of the original subchondral 

plate. If the subchondral plate appeared to have shifted superficially due to bony 

ingrowth into the defect site, the level of the native subchondral plate was 

estimated from surrounding native osteochondral interfaces. In this latter case, 

bony repair tissue was considered to be repair tissue in the measurement of 

thickness along with cartilaginous tissue.  

 

The value of thickness was normalized to the percentage of defect width 

that was occupied by repair tissue in the defect site. The normalized value was 

documented following calculation using: percentage of thickness of repair tissue 

relative to adjacent native cartilage ´ (width of the defect site containing repair 

tissue / total width of defect site). This value was used to determine a normalized 

score. 
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A3.3.6	  	  	  Bonding	  to	  adjacent	  cartilage	  

Bonding to adjacent cartilage was used in the assessment of integration of repair 

tissue with surrounding native cartilage. Based on the description by O’Driscoll et 

al., bonding is defined as “perfect apposition of the two tissues” [437]. 

 

During analysis, the two interfaces between the repair tissue and adjacent 

native cartilage were assessed. A score of 2 points was awarded only if there was 

full bonding noted at both interfaces, i.e. the entire thickness of the repair tissue 

adjacent to the native cartilage was bonded to the native cartilage, and this 

occurred on both sides.  A score of 1 point was given if there was full bonding on 

one interface only with some or no bonding on the other interface, or if both 

interfaces displayed partial bonding. A score of 0 points was given if one side of 

the repair tissue displayed no bonding and the other side displayed either partial 

or no bonding. 

 

A3.3.7	  	  	  Bonding	  to	  subchondral	  bone	  

Bonding to subchondral bone was not included in the original O’Driscoll scoring 

system [438]. Frenkel et al. introduced this parameter to assess repair cartilage 

bonding to de novo subchondral bone generated within osteochondral defects 

[439]. Our study involved full-thickness chondral defects without destruction of 

the subchondral bone prior to implantation. Therefore, the goal was to look at the 
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integration between repair tissue and native subchondral bone, not de novo 

subchondral bony repair tissue. 

 

During analysis, bonding to subchondral bone was based on the quantity 

of width of the repair tissue that was bonded to underlying bone. The native 

tidemark was present in some sections between the subchondral bone and repair 

tissue. In these sections, attachment of the repair tissue to the tidemark served as 

an assessment of integration of repair tissue with subchondral bone.  

 

A score of 2 points was awarded when 100% of the repair tissue width 

was bonded to the subchondral bone (or native tidemark). A score of 1 point was 

given when 50-99% of the width of the repair tissue was bonded to the 

subchondral bone (or tidemark), while a score of 0 points was given for 0-49% 

bonding. 

 

A3.3.8	  	  	  Changes	  in	  repair	  tissue	  

Changes in repair tissue is a parameter focused on cell density and the presence 

of cell clusters that relate to degeneration. The original O’Driscoll scoring system 

included hypocellularity and presence of clusters as separate parameters [438]. 

Frenkel et al. combined these parameters into one parameter [439]. This group 

also introduced hypercellularity into the parameter. 
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Hypercellularity referred to tissue that was very hypercellular with respect 

to native cartilage and appeared to have a significantly reduced quantity of 

extracellular matrix surrounding each cell. Tissue that had mild hypercellularity 

relative to the native cartilage but still contained prominent extracellular matrix 

stained either green (fast green) or red-orange-pink (safranin O) was not be 

defined as demonstrating hypercellularity based on our definition, but was 

considered to display normocellularity. The reason for this was that the repair 

tissue in our study was derived from BMSCs and it was anticipated that the tissue 

formed would still display at least some characteristics of immaturity after 6 

months. Based on the work of O’Driscoll et al., the term “hyaline-like” was used 

to describe tissue that resembled “normal hyaline articular cartilage histologically 

and histochemically” although the tissue was “frequently more cellular and less 

organized into specific zones than normal articular cartilage” [437].  Therefore, to 

score all immature hyaline-like tissues containing mild hypercellularity relative to 

native cartilage the same (hypercellularity yields a score of 0 points) would not be 

appropriate as it would lead to underscoring and would not decipher between 

immature tissues that varied in cell density and clustering.  

 

In order to define hypercellularity, we employed a technique reported by 

Grogan et al. in the Bern score, a scale used to evaluate in vitro-generated neo-

cartilage. This technique involved quantifying the distance between cells using 

cell size or diameter [413]. In our modified scale, tissue was defined as displaying 

hypercellularity when there was an average of <2 cell diameters of distance 
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between adjacent cells. Tissue containing cells that were separated on average by 

³2 cell diameters of extracellular matrix was defined as displaying either normal 

cellularity or hypocellularity. Hypocellularity was used to refer to tissue with a 

cell density that was lower than the native cartilage in the section. Therefore, 

normal cellularity was defined as tissue containing cells that were separated by ³2 

cell diameters of extracellular matrix but with a density that was equivalent or 

greater than the native cartilage in the section.  

 

Cell clustering was not clearly defined in the studies by O’Driscoll et al. 

and Frenkel et al. [437-439]. It has been shown in human knees without 

osteoarthritis that cells in the superficial zone of native, articular cartilage 

naturally occur as single cells (90%) and doublets [457]. Within the deep zone of 

native cartilage, cells are typically oriented in vertical columns of multiple cells, 

often in groups of 3-4 cells [457]. Clusters in arthritic native tissue are typically 

larger and more prevalent than those in non-arthritic tissue, and are 

characteristically round and located within large lacunae [458]. One group 

recently defined a cluster as >6 cells within one lacuna [459]. Therefore, in our 

analysis, a clusters was defined as a group of >6 cells within a large lacuna. Cells 

in a vertical column consistent with the structure of native cartilage were not 

considered as clustered cells [457].  

 

During analysis, the repair tissue was assessed in whole if quality was 

consistent throughout. When there were clear differences in tissue quality 
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between regions within a section, each region was assessed separately and given a 

sub-score. Sub-scores from multiple regions were then averaged and rounded to 

the nearest whole number to determine the score for the section. In the event that 

the subchondral plate appeared to have shifted superficially due to bony ingrowth, 

the level of the native subchondral plate was estimated from surrounding 

osteochondral interfaces and all repair tissue including bony repair tissue and 

cartilaginous repair tissue in the proposed defect area was assessed. 

 

Normal cellularity and lack of cell clusters were necessary to award a 

score of 2 points.  

 

For a score of 1 point, both slight hypocellularity and <25% of cells 

present in clusters were required, or just one of these findings with the other sub-

parameter being normal. For example, if normal cellularity – that would yield a 

score of 2 points if no clusters were present – and clusters with <25% 

involvement were present, then 1 point was given. On the other hand, if there 

were no clusters – that would yield a score of 2 points if normal cellularity was 

present – and slight hypocellularity, then a score of 1 point was given.  

 

For a score of 0 points, both moderate (to severe) hypocellularity (or 

hypercellularity) and ³25% clusters were required, or just one of either moderate 

(to severe) hypocellularity (or hypercellularity) or the presence of clusters with 

³25% of cell involvement. If there was slight hypocellularity - that would yield a 
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score of 1 point with no clusters or <25% clusters - and clusters present to ³25%, 

then a score of 0 points was given. If there was <25% clusters - that would yield a 

score of 1 point with slight hypocellularity or normal cellularity - and moderate 

(or severe) hypocellularity or hypercellularity, then a score of 0 points was given.  

 

A3.3.9	  	  	  Changes	  in	  adjacent	  cartilage	  

Changes in adjacent cartilage is a parameter based on cellular density, presence 

of cell clusters and safranin O staining in the native cartilage adjacent to the 

defect site. 

 

During analysis, the adjacent cartilage was assessed over a width 

equivalent to 1´ thickness of the native cartilage at the junction of the defect and 

native cartilage. Given that this parameter involved assessment of two separate 

areas of adjacent cartilage on each side of the defect, sub-scores were determined 

for each side and averaged. The averaged score was rounded to the nearest whole 

number. Cell clusters were defined as described under changes in repair tissue. 

 

Normal cellularity, lack of cell clusters and normal safranin O staining 

were required to award a score of 3 points.  

 

For a score of 2 points, all of normal cellularity, mild clusters and 

moderate staining were required, or normal cellularity was noted with either mild 

clusters and normal staining or no clusters and moderate staining.  
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For a score of 1 point, mild-moderate hypocellularity and slight staining 

were required, or mild-moderate hypocellularity was noted with either moderate 

or normal staining. On the other hand, if there was slight staining combined with 

normal cellularity, a score of 1 point was given. 

 

For a score of 0 points, severe hypocellularity and poor or no staining 

were required, or severe hypocellularity was noted with slight, moderate or 

normal staining. On the other hand, a score of 0 points was also given for poor or 

no staining combined with mild-moderate hypocellularity or normal cellularity. 

 

A3.3.10	  	  Intactness	  of	  subchondral	  bone	  plate	  

Intactness of subchondral bone plate was not present in the original scoring 

system [438]. Frenkel et al. introduced this parameter for assessment of 

reconstitution of subchondral bone following surgical intervention for 

osteochondral lesions [439]. Given that the model in our study involved a full-

thickness chondral defect without destruction of the subchondral bone prior to 

implantation, the goal was to assess intactness of subchondral bone in the context 

of degeneration. Presumably, destruction of the subchondral plate in a full-

thickness cartilage model related to degenerative changes that occurred with time 

following implantation. 
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During analysis, the width of the subchondral plate that was intact was 

assessed. In some cases, the tidemark was present, while in others it was not. The 

presence or absence of the tidemark was not used to assess the subchondral plate, 

even if presence of the tidemark was variable within a section. Rather, the level of 

the subchondral bone located deep to the tidemark was assessed relative to the 

adjacent bone in the defect site and adjacent native cartilage. A small defect that 

appears to be related to a superficial bone sinusoid was not considered to be a 

subchondral plate defect. The presence of an obvious depression or disruption 

within the plate was required to consider the plate as not intact. If the subchondral 

plate has shifted superficially due to bony ingrowth, the subchondral plate was 

considered to be intact provided that the repair tissue that resembles bone was 

intact. 

 

A score of 2 points was awarded when 100% of a plate’s width was intact. 

A score of 1 point was given for 50-99% of width intactness, while 0 points was 

given for 0-49% of width intactness. 
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Appendix	  4	  
	  

Macroscopic	  Scoring	  using	  the	  
Modified	  Goebel	  Scoring	  System	  
	  

Troy	  D.	  Bornes	  

	  

 

 

A4.1	  	  	  Introduction	  

The modified Goebel scoring system was used in Chapter 6 to assess photographs 

taken of distal femoral defect sites. 

 

A4.2	  	  	  Original	  system	  

The system was created in 2012 by Goebel et al. to assess treatment of full-

thickness cartilage defects in sheep treated with subchondral drilling [441]. The 

authors compared their new system to the International Cartilage Repair Society 

(ICRS) cartilage repair assessment score, Oswestry arthroscopy score, O’Driscoll 

macroscopic scoring system, and Jung macroscopic scoring system. The Goebel 

scoring system had the best intra- and inter-observer reliabilities and the highest 

correlation with defect fill on the magnetic resonance observation of cartilage 

repair score (MOCART). 
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A4.3	  	  	  Analysis	  using	  the	  current	  modified	  system	  

There were several modifications made in comparison to the original Goebel 

scoring system [441]. The point scale was numbered inversely. Color of repair 

tissue, presence of blood vessels, and degeneration of adjacent cartilage 

parameters were analyzed as described by Goebel et al. and shown in Table A3.1 

[441]. The surface quality parameter was clarified with respect to the definition of 

incomplete repair tissue.  The defect fill parameter was assessed based on 

percentage of the defect filled to the level of the adjacent native cartilage rather 

than depth, which we believe is difficult to assess when viewing a defect from 

above.  
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Table	  A4.1	  	  	  Modified	  Goebel	  macroscopic	  scoring	  system	  

Characteristics of repair tissue 
Color of repair tissue:  Hyaline or white (100%)    4 
    Predominantly white (50 – 99%)   3 
    Predominantly translucent or empty (50 – 99%)  2 
    Translucent (100%)     1 
    Empty      0 
 
Presence of blood vessels:  0% of tissue     4 
    0 – 24% of tissue      3 
    25 – 49% of tissue     2 
    50 – 74% of tissue     1 
    75 – 100% of tissue     0 

 
Surface quality:   Full resurfacing with smooth, homogeneous tissue 4 
    Full resurfacing with smooth, heterogeneous tissue 3 
    Full resurfacing with presence of fibrillated tissue  2 
    Incomplete repair tissue with subchondral bone exposed 1 
    No repair tissue with subchondral bone exposed  0 
 
Characteristics of defect site 
Defect fill:   100% of defect filled to level of adjacent cartilage 4 
    50 – 99% of defect filled to level of adjacent cartilage 3 
    <50% of defect filled to level of adjacent cartilage 2 
    Empty defect     1 
    Subchondral bone damage in at least part of the defect site 0 
 
Characteristics of native cartilage 
Degeneration of adjacent cartilage: No changes in normal cartilage   4 
    Cracks or fibrillations in integration zone  3 
    Diffuse degenerative changes    2 
    Extension of defect into adjacent cartilage  1 
    Subchondral bone damage    0 


