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 Functional articular cartilage tissue repair continues to be an unsolved 

problem for orthopedic surgeons, biologists, and bioengineers alike. Recently, 

researchers have begun investigating the potential of human embryonic stem 

cells (hESCs) as a potential cell source for repair of the cartilage tissue. In this 

thesis, a high yield population of mesodermal progenitor cells was derived 
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from hESCs, and induced toward the chondrogenic lineage via the traditional 

pellet culture method, and through encapsulation in a degradable biomaterial. 

The subsequent hyaline cartilage-like tissue that formed through both methods 

was evaluated based on histology, gene expression, and biochemical 

analysis. Using the pellet method, the cartilage tissue that formed had large 

amounts of the articular cartilage marker Collagen type II and aggrecan 

distributed evenly throughout. When the cells were encapsulated in diacryloyl-

diaminoethanol polyethylene glycol (PEG-EADA), they were also able to 

successfully undergo chondrogenesis in both early and late passage based on 

upregulated Collagen II and Aggrecan gene expression, positive collagen II 

and aggrecan staining, and total collagen and GAG content confirmed via 

biochemical assays.  The hESC-derived population of cells was thus 

confirmed as a viable cell source for cartilage formation due to its expansion 

potential through passage 6 while still maintaining chondrogenic differentiation 

potential when induced with chondrogenic growth medium and transforming 

growth factor beta-1. 
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Chapter 1. Introduction 

The exploration of alternative cell sources for cartilage tissue formation 

and repair has been an area of great interest due to the physically debilitating 

nature of cartilage injuries, which rarely heal on their own [9]. Cartilage injuries 

can result from falls, sports injuries, or other related forms of trauma. Articular 

cartilage, the cartilage covering bones in joints, is responsible for both the 

cushioning and lubricating of the joint during physical activity [36]. It is 

avascular in nature, which is the reason that resulting injuries are often more 

difficult to heal. In many cases, small injuries can become progressively 

worse, and result in chronic inflammation and osteoarthritis (OA). Over 40 

million Americans suffer from OA, a figure that is projected to rise to 67 million 

by 2030 [11]. 

A logical solution for treating cartilage injuries that don’t heal on their 

own would be to use native chondrocytes to reform tissue in vitro, and then 

implant the newly formed tissue into the area of cartilage damage. However, a 

severe problem has arisen from this approach. Chondrocytes de-differentiate 

when cultured in 2-D on a tissue culture surface, so expanding a set of 

chondrocytes to the appropriate number needed for forming tissue is nearly 

impossible [37]. This has led to the exploration of using stem cells for forming 

cartilage tissue, since they can be expanded efficiently in 2-D monolayer 

culture, and then differentiated toward the chondrogenic lineage once 

sufficient cell numbers have been achieved. There has been extensive 

research done with human mesenchymal stem cells and chondrogenesis, but 
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they exhibit limitations in number of passages that can be performed before 

senescence, and also tend to undergo endochondral ossification on their way 

toward bone tissue formation [23, 28, 37-39].  

Recently, researchers have been investigating the chondrogenic 

potential of other stem cell sources, namely induced pluripotent stem cells 

(iPSCs) and human embryonic stem cells (hESCs) [27, 28, 30, 31, 33, 40]. 

Human embryonic stem cells are favorable because they’re indefinitely 

expandable and yet still have the ability to differentiate toward the 

chondrogenic lineage [41]. The aim of the present study was to derive a high 

yield population of mesodermal-progenitor cells from human embryonic stem 

cells and evaluate the cells’ ability to undergo chondrogenesis. The 

chondrogenic potential of these hESCs was evaluated by first differentiating 

them toward the chondrogenic phenotype through both pellet culture and 

encapsulation, and then characterizing the cartilage-like tissue they formed 

through histology, the biochemical content, and the gene expression of the 

cells within.  
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Chapter 2. Literature Review 

Cartilage is one of the principal tissue types in the musculoskeletal 

system, and comprises the connective tissue found in the ears, nose, 

intervertebral discs, and joints. It serves to provide structure, absorb 

compressive forces, and create a smooth, lubricating surface between bones 

in joints [42]. There are three main types: fibrous, elastic, and hyaline cartilage 

[42]. These types of cartilage differ in their overall composition, structure and 

function. Fibrous cartilage, or fibrocartilage, is used for structural support, and 

has a high amount of collagen type I. It is generally found in intervertebral 

discs, menisci, ligaments and tendons [1]. Elastic and hyaline cartilage are 

more similar to each other in composition, but elastic cartilage also has elastin 

fibers that give it structural flexibility. For this reason, elastic cartilage is the 

type that’s found in the ears, larynx and epiglottis. Hyaline cartilage is known 

for its smooth, blue-white surface, and has a high collagen type II content 

compared to the other types [42]. It is typically found in the bronchial tubes, 

and covering the articular ends of bones. The hyaline cartilage covering the 

ends of bones in joints like the shoulder and knee is deemed articular 

cartilage, and is responsible for absorbing compression as well as reducing 

friction by providing a lubricating surface that prevents bones from rubbing 

against each other. If damaged, bone-on-bone contact can result, which 

causes substantial pain during physical activity. For this reason, articular 

cartilage has received much of the focus in cartilage tissue engineering to 

date.  
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The main components of articular cartilage are extracellular matrix 

(ECM) (50-75%/dry weight), proteoglycans (15-30%/dry weight) and a small 

portion of cells called chondrocytes (1-5%/dry weight) [2]. In order to 

understand how collagen achieves its function, it’s important to detail the 

structure and function of its main components. The ECM of cartilage is 

comprised of proteins produced by chondrocytes, with collagen as the largest 

component. 

Collagen is a triple helical structured protein with strands comprised of 

the motif glycine-pro-X, where X can be any amino acid, but is usually 

hydroxyproline [3]. Glycine is the only amino acid with an R-group (Hydrogen) 

small enough to fit in the core of the helix, which is why it’s necessary to form 

the helix. The collagen helices contribute to long chains and a fibrous 

structure, resulting in great tensile strength [3]. This mechanical property of 

collagen is what allows cartilage to also resist tension when placed under load. 

There are different collagen types that arise as a result of different amino acids 

in the “X”-position of the motif. Depending on the amino acid, the triple helix 

structure can be interrupted, thus forcing different 3-D conformations [3]. 

These different types of collagen contribute to the structure and mechanical 

properties of articular, fibrous and elastic cartilage. For example, collagen type 

II has been shown to be the most prevalent collagen component in articular 

cartilage, whereas fibrocartilage contains a majority of collagen type I. 

Collagen type II has smaller, more randomly oriented fibrils that allow it to 

resist deformations in shape, and absorb compressive forces [3]. This is one 
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of the reasons articular cartilage is also able to resist compression. 

Additionally, after chondrocytes undergo endochondral ossification toward 

bone formation, they start to secrete the non-fibrillar collagen type X [23, 29]. 

The presence of specific collagen types within the tissue can be used as 

identifying criteria for characterization of the cartilage.  

Glycosaminoglycans (GAGs) are unbranched chains of a repeating 

disaccharide unit. The most common types are chondroitin sulfate, heparin 

sulfate, keratan sulfate and hyaluronic acid (HA) [4,5]. Both chondroitin sulfate 

and HA are found in high concentrations in articular cartilage and synovial 

fluid. These structures are highly polar, with a dense accumulation of negative 

charges. Their large molecular weight (HA can reach sizes of 1 million 

Daltons) and extended conformations contribute to high viscosity when in 

solution. This makes GAGs favorable components for lubricating solutions like 

synovial fluid, because high viscosity results in low compressibility [5,6]. 

Proteoglycans are proteins that have been post-translationally modified 

with oligosaccharides. The most common type of proteoglycan in articular 

cartilage is aggrecan, and contains many chondroitin sulfate oligosaccharide 

chains. Structurally, proteoglycans have core proteins that covalently link 

many GAG chains, which gives them the same properties GAGs offer on a 

larger scale. As seen in Figure 1, the GAG chains form brush-like structures. 

Given that the GAG chains are negatively charged, linking many together in 

this conformation results in a highly negative charge density. These strands 

repel each other, which contributes to the lubricating effect proteoglycans have 
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since they can more easily glide past one another [32]. In addition, the highly 

polar, negatively charged GAG chains attract water molecules around them. 

Under compressive loads, the water is squeezed away from the 

proteoglycans, but is restored once the compression dissipates. This greatly 

increases the proteoglycans’ ability to absorb compression. These properties 

explain why aggrecan is present in high concentrations in articular cartilage, 

since the function of articular cartilage is to also absorb compression and 

provide a lubricating surface for bones to glide across. 

 

Figure 1. The brush-like structure of aggrecan is shown, where the chondroitin 
sulfate ‘brushes’ are linked to a core protein. Link proteins attach the aggrecan 
to an HA backbone. Adapted from [32]. 
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The cells within healthy cartilage are called chondrocytes. These cells 

are derived from the mesoderm, and exhibit a round phenotype within the 

tissue. Given that they only comprise 1-5% of cartilage by dry weight, they’re 

relatively sparsely dispersed throughout [2]. They’re often grouped in small 

clusters and surrounded by ECM in an arrangement known as lacunae [7]. 

Articular chondrocytes are responsible for continually maintaining the ECM 

and proteoglycan content and arrangement within the tissue by degrading old 

or damaged ECM or proteoglycan and secreting new protein in its place. 

They’re aided in carrying out this function by having low metabolic activity and 

not undergoing any proliferation [7]. 

Articular cartilage damage can result from falls, sports injuries, 

progressive wear and tear or related sources of trauma. It results in pain, 

swelling, stiffness and restricted range of motion in the joint, and in many 

cases, a reduced ability for physical activity [41]. Damage to articular cartilage 

has been a topic of great interest because it has a very low capacity to 

intrinsically heal itself. It’s avascular in nature, so repair is complicated by the 

inability to receive nutrients from the blood supply [29]. Instead, the cartilage 

relies on nutrients from the synovial fluid, a much more limited source. As 

previously stated, the mature articular chondrocytes don’t proliferate, which 

curbs their ability to repair larger cartilage lesions. They also have difficulty in 

secreting ECM with the same mechanical properties as the uninjured ECM, 

which often results in fibrocartilage in the repaired area that doesn’t hold up 

mechanically over time [9, 24]. Additionally, chondrocytes’ ability to maintain 
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ECM and proteoglycans within the cartilage tissue has been shown to diminish 

with age [8]. Both aggrecan molecule size and collagen crosslinking decrease 

with age, thus reducing the capacity of the cartilage to absorb shock [8].  

A disease state known as osteoarthritis (OA) can further contribute to 

articular cartilage degeneration. During OA, articular chondrocytes become 

activated, where they proliferate and synthesize both ECM and matrix-

degrading enzymes like matrix metalloproteinase-13 (MMP-13) and 

aggrecanases [9]. These degrading enzymes target collagen type II and 

aggrecan respectively. The degradation rate eventually exceeds the ECM 

synthesis rate, and the cartilage progressively degenerates resulting in pain 

and inflammation. In addition to previous cartilage damage, other risk factors 

for OA include gender, age, genetic predisposition and mechanical factors [9].  

As of 2005, there were an estimated 47.8 million Americans diagnosed with 

OA, and that number is projected to rise to 67 million by 2030 [11].  

Numerous methods have been created to aid in cartilage repair, some 

of which include: microfracture, mosaicplasty, allografts, unicompartmental or 

total knee arthroplasty and autologous chondrocyte implantation (ACI). The 

microfracture process is the current standard of care for cartilage repair 

techniques approved for use in the US by the FDA [16]. It’s a one-procedure 

surgery that entails debridement of damaged cartilage around the defect, 

piercing of the subchondral bone, which releases blood and induces clot 

formation. From the clot, fibrocartilage is subsequently formed [12]. Although 

microfracture surgery results have shown an improvement in pain relief and 
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restored knee function in ~75% of patients, a decline in clinical outcomes after 

only a couple of years has also been reported, most likely due to the 

inadequate biomechanical nature of the fibrocartilage, or incomplete defect 

filling [12, 13]. Mosaicplasty is another surgical technique for small to medium 

sized lesions. In this procedure, a hole is drilled into the subchondral bone 

under the site of the cartilage defect after debridement. An osteochondral plug 

is then taken from a non load-bearing site and press fit into the hole, thus 

replacing the defect with cartilage. The cartilage integrates well, but there can 

be donor site morbidity, the surface of the graft is difficult to contour to the 

surrounding surface of articular cartilage, and there’s a risk of chondrocyte 

death and subsequent graft failure. Allografts follow the same principle as 

mosaicplasty, but are used for larger sized defects and the osteochondral plug 

often comes from a cadaver. Allografts don’t have the limitation of donor site 

morbidity, but they still end up with formation of inferior fibrocartilage, are 

limited by graft availability and create the risk of disease transfer from the graft 

donor [12]. In knee arthroplasty, all or part of the knee joint is removed and 

replaced by a mechanical joint. This procedure is designed for older patients, 

but it is effective in relieving joint pain and a relatively adequate range of 

mobility. The artificial joints do have a durability limit of 10-20 years, which is 

one of the primary reasons this procedure is generally designated for older 

patients.  

ACI differs from the previously mentioned repair strategies because it 

incorporates a cell isolation and expansion step to aid in the healing process. 
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The procedure scheme can be visualized in Figure 2. In the first step, 

chondrocytes are harvested from a non load-bearing portion (usually the 

femoral intercondylar notch or trochlear border) of the patient’s cartilage. The 

chondrocytes are isolated and expanded for six weeks. The cartilage lesion is 

debrided, then a periosteal flap is sutured or attached over the damaged area 

with fibrin glue. The expanded population of chondrocytes is then injected into 

the damaged site, where new cartilage forms. This method has shown clinical 

results that last up to 10 years, but several limitations still remain. There’s still 

a risk of donor site morbidity, the dual-surgery procedure is more daunting and 

takes longer to recover from, the repaired tissue still has a fibrocartilage 

component, and the periosteal flap can hypertrophy, thus leading to secondary 

operations [12]. In addition, chondrocytes de-differentiate in 2-D culture, which 

drastically limits their ability to be expanded while still maintaining their 

chondrogenic potential.  

 

Figure 2. The different steps of the ACI process. A biopsy is taken to obtain 
chondrocytes, which are expanded and then injected into the cartilage defect 
site. The chondrocytes help form new cartilage tissue. Adapted from [21]. 
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Commercially available products for cartilage repair are still very limited. 

Companies and researchers have been trying to modify the microfracture or 

ACI processes to achieve improved clinical results, as outlined by Table 1.  

Currently, there is only one FDA approved treatment option for use in the US: 

Carticel by Genzyme. Carticel is the commercialized name for ACI, and in the 

current version, the chondrocytes that are extracted from the biopsy may be 

combined with a collagen scaffold upon implantation to improve adhesion of 

cells to the defect. According to Genzyme’s website, the average number of 

chondrocytes delivered in the procedure is 12 million after a 9 week culture 

period. This reflects the difficulties posed by the slow proliferation rate of 

chondrocytes. Neocart, by Histogenics is another product that utilizes the ACI 

concept and is getting closer to approved commercial use, as it is currently in 

a Phase III clinical trial. This method uses proprietary, in-house optimal culture 

conditions for the chondrocytes, then seeds them onto a Collagen I/III bilayer 

gel before implanting back into the cartilage defect. Clinical results have 

reported comparable results to microfracture, with improved long-term 

outcomes [16]. These products do represent small steps forward toward 

complete cartilage regeneration, but they still suffer from the same limitations 

as outlined with ACI, plus both microfracture and ACI are also completely 

ineffective in patients suffering from OA [12]. There’s also an inherent limit on 

the number of chondrocytes that can be extracted and subsequently 

expanded, and it’s unclear what the cell survival rate is in these procedures, 

which may cap the restorative potential of these methods. Thus, there’s a long 
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way to go before accomplishing the goal of achieving pre-injury cartilage 

function. 

It’s clear that one of the biggest limitations to cartilage repair techniques 

is that mechanical properties of the new tissue formed don’t match that of the 

native tissue. The mismatch in mechanical properties between newly the 

formed fibrocartilage and surrounding hyaline cartilage creates a durability 

issue that drastically limits the duration and efficacy of the repair process. 

Since current repair methods for articular cartilage have proven to be 

inadequate, many researchers are looking toward stem cell approaches for 

cartilage repair. Stem cell-based approaches mix any combination of cells, 

scaffolds, soluble cues and mechanical signals to create cartilage tissue that: 

more closely mimics the biomechanical properties of articular cartilage, 

integrates well with surrounding host tissue, and holds up under in vivo forces.  

Most research conducted thus far has combined all three of cells, 

scaffolds and soluble factors to promote cartilage tissue formation [40, 41, 43]. 

The options for scaffold material fall into two different categories, natural or 

artificial, which are organized more cohesively in Table 1. Natural scaffold 

material options include: agarose, alginate, chitosan, chitin, hyaluronate, 

Collagen (Type I, II or III), gelatin, and fibrin [12]. All of these materials can be 

used to encapsulate the cells, which allows them to have a spherical 

morphology, which is similar to that of native chondrocytes. The carbohydrate-

based polymers were chosen based on the large presence of GAGs in native 

cartilage, which are polysaccharides themselves. In addition, HA and collagen 
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are already present in native cartilage, so they were also logical choices for 

scaffold material. These materials offer different properties and varying 

degrees of success, but overall they have shown positive initial results through 

the promotion of formation of cartilage-specific markers like collagen II and 

aggrecan by the cells encapsulated inside [17]. They’re also promising 

because some of the polymers like alginate can be utilized in an injectable 

platform, which would allow for potentially much less invasive methods of 

clinical implementation. Additionally, hybrid scaffolds have been explored that 

possess the favorable properties of each of the scaffolding components [12, 

17].  

Artificial scaffold materials that have been previously used include: 

poly(glycolic) acid (PGA), poly(lactic) acid (PLA), poly(lactic-co-glycolic) acid 

(PLGA) and polyethylene glycol (PEG) [12].  These synthetic materials are 

favorable because of their ability to maintain cell morphology, they’re cost-

effective, biocompatible, and have tunable mechanical properties while still 

allowing for encapsulated cells to lay down cartilage-specific matrix proteins 

[18]. For example, PEG/PEGDA hybrid polymers have been shown to support 

chondrogenesis of encapsulated hMSC’s when cultured in chondrogenic 

growth medium, as they allowed for deposition of GAG’s and collagen type II 

[25]. An added benefit of synthetic polymers is that they’re 

photopolymerizable, which potentially allows for construct formation both in 

vitro and in vivo.  
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Given that articular chondrocytes have trouble proliferating in vitro and 

also de-differentiate when cultured in 2-D, other cell sources have been 

explored. Human mesenchymal stem cells (hMSCs) have been studied 

extensively since they’re naturally released into cartilage lesions from the bone 

marrow during the microfracture procedure. They’re also easily culturable on 

tissue culture plastic. Despite significant research efforts MSC 
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chondrogenesis, some limitations still remain. When cultured in vitro they often 

express Collagen type I and exhibit the hypertrophy marker Collagen type X 

[25]. Bone marrow MSC’s are obtained from bone marrow aspirate, which 

requires a painful and invasive procedure. In bone marrow aspirate, the MSC’s 

are estimated to comprise only 0.01% of the cell population [29]. Additionally, 

MSC’s from older patients don’t proliferate as well as those from younger 

patients [29]. Because of these reasons, researchers are exploring other cell 

sources to gauge their chondrogenic potential.  

Human embryonic stem cells (hESCs) are a cell source that are 

infinitely expandable, and have the potential to differentiate into any cell type 

[41]. They have recently been investigated for their chondrogenic potential. 

Oldershaw, et al. created a protocol for deriving hESCs toward the 

chondrogenic lineage without use of serum or feeder layer [26]. Nakagawa et 

al. showed that hESCs can be induced toward chondrogenesis with the use of 

BMP-7 and TGF-β1 [30]. Toh, et al. also reported favorable chondrogenic 

results of encapsulated hESC-derived progenitor cells [27]. A logical critique of 

hESCs would be their lack of availability for adult patients, however, articular 

cartilage is thought to be an immune-privileged site since it is avascular and 

separated by a physical capsule [29]. Human ESCs are also considered 

immune-privileged due to low expression of MHC antigens [29]. If the immune 

reaction could be avoided, an allogenic construct could possibly be used, thus 

giving hESCs for cartilage repair much more applicability. These promising 

results showcase the potential that hESCs may have toward cartilage repair. 
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Chapter 3. Materials and Methods 

3.1 Culture Medium 

3.1.1 10% FBS Growth Medium 

Materials: 

• 500mL Dulbecco’s Modified Eagle Medium (DMEM) with High Glucose 

(4.5g/L) 

• 100X Penicillin-Streptomycin 

• Hyclone FBS (stored @ -20)  

• L-glutamine 

Procedure: 

1. Add 500 mL of DMEM with High Glucose (already has 5mL of L-

glutamine/500 mL DMEM) 

2. 50mL of Hyclone FBS (10%) 

3. 2.0 mL of 100X Penstrep 

If using Hyclone instead of Premium Select, ALWAYS use no more than 10% 

Hyclone even if the protocol called for 10 or 20% Premium Select.  

 

 

 

 



17 

 

3.1.2 Chondrogenic Growth Medium  

(T.V. = total volume) 

Table 2. Medium components for chondrogenic growth medium. 

Component 522.5 mL 

T.V. 

418 mL 

T.V. 

313.5 mL 

T.V. 

209 mL 

T.V. 

104.5 mL 

T.V. 

DMEM (high 

glucose) 

500 mL 400 mL 300 mL 200 mL 100 mL 

Dexamethasone 

stock 

1 mL 800 µl 600 µl 400 µl 200 µl 

Proline stock 1 mL 800 µl 600 µl 400 µl 200 µl 

Ascorbic Acid-2-

phosphate stock 

1 mL 800 µl 600 µl 400 µl 200 µl 

Sodium Pyruvate 

stock 

4.5 mL 3.6 mL 2.7 mL 1.8 mL 900 µl 

ITS+ Premix 

 

5 mL 4 mL 3 mL 2 mL 1 mL 

Pen/Strep  5 mL 4 mL 3 mL 2 mL 1 mL 

TGF-β1 stock 5 mL 4 mL 3 mL 2 mL 1 mL 

 

Stock Solutions 

1) Dexamethasone 

Final concentration in medium: 100 nM; 1 M solution = 392.5g/L 

100 nM solution = 392.5g/L x 1x10-7 = 0.03925 mg/L 
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For 500 mL of medium base (alpha MEM or DMEM) you need 0.03925 

mg/L x 0.5 L = 0.019625 mg of Dexamethasone. The dexamethasone 

powder is only 6.5% dexamethasone, therefore 0.019625 mg/0.065 = 

0.302 mg of powder for 500 mL. 

It is better to make a stock solution of an amount that is more easily 

weighable.  

0.302 mg x 20 (aliquots) = 6.04 mg of powder 

a) Dissolve 6.04 mg of dexamethasone- water soluble into 20 mL of 

medium base (alpha MEM for Tulane cells, DMEM for all others). 

b) Pass the 20 mL solution through a 0.22 micron sterilization filter into a 

sterile 50 mL centrifuge tube. 

c) Pipet 1.0 mL of solution into sterile 1.5 mL microcentrifuge tubes 

(labeled). 

d) Store at -20°C until needed. 

2) Proline 

Final concentration in medium: 40 µg/mL 

Product info: Proline (Sigma P-5607, 25 g, MW 115.1) 

40 µg/mL x 500 mL medium base = 20 mg of proline per aliquot 

a. To make stock solution of proline for 20 aliquots, measure 0.4 g of 

proline and put in a 50 mL centrifuge tube. 

b. Dissolve into 20 mL of medium base (alpha MEM for Tulane cells, 

DMEM for all others). 
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c. Filter sterilize and pipet 1 mL of solution into 1.5 mL microcentrifuge 

tubes. 

d. Store at -20°C until needed. 

3) Ascorbic Acid-2-phosphate 

Final concentration in medium: 50 µg/mL 

Product info: Ascorbate-2-phosphate (Sigma A-8960, 5 g) 

50 µg/mL x 500 mL = 25 mg 

a) To make stock solution of AA2P for 20 aliquots, measure 0.5 g of AA2P 

and put in a 50 mL centrifuge tube. 

b) Dissolve into 20 mL of medium base (alpha MEM for Tulane cells, 

DMEM for all others). 

c) Filter sterilze and pipet 1 mL of solution into 1.5 mL microcentrifuge 

tubes. 

d) Store at -20°C until needed. 

4) Sodium Pyruvate 

Final concentration in medium: 100 µg/mL 

Product info: MEM Sodium Pyruvate 100X solution (GibcoBRL 11360-070, 

100 mL, 11,004 mg/L) 

100 µg/mL x 500 mL = 50 mg 

50 mg/ (11,004 mg/L) = 0.0045 L = 4.5 mL 

Pipet 4.5 mL of the 100X solution into 500 mL of medium base. 

Store at 4°C until needed. 
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5) ITS+ Premix 

Used at 1X 

Product info: ITS+ Premix (BD Biosciences 354352, 20 mL) 

Pipet 5 mL into 500 mL of medium base. 

Store at 4°C until needed. 

Note: BD also sells ITS Premix, which is different. Must get the ITS+ 

Premix. 

6) Pen/Strep 

Final concentration in medium: 1% Pen/Strep 

Product info: Penicillin/Streptomycin (Gibco 15070, 100 mL, 5,000 units/mL 

Pen, 5,000 µg/mL Strep) 

Pipet 5 mL into 500 mL of medium base. 

Store at 4°C or -20°C until needed. 

7) TGF-β1 

Final concentration in medium: 10 ng/mL 

Product info: Human Recombinant TGF-β1 (Fitzgerald 30R-AT027, 5 

µg/vial) 

Vials should be stored at -20°C before reconstitution. 

Reconstitute in 10 mM Citric Acid pH 3.0 to a concentration of 5 µg/100 µL. 

Dilute further in PBS: 

a. Add 4.9 mL 1X sterile PBS to the 100 µL reconstituted TGF-β1. 

b. Pipet 1 mL of solution into 5- 1.5 mL microcentrufuge tubes. 
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c. Store at -20°C until needed. 

3.1.3 hESC medium (HUES9 medium) 

Materials: 

• Knockout DMEM (Gibco 10829) 

• 10% Knockout serum replacement (Gibco 10828) 

• 10% Human Plasmanate 5%, USP (Telecris 13533-613) 

• 1% NEAA (10 mM = 100x) (Gibco 11140) 

• 0.5% Pen/Strep (1x from stock) (Gibco 15140) 

• 1% Gluta-MAX (200 mM = 100x) (Gibco 35050) 

• 55 uM 2-mercaptoethanol (Gibco 21985) 

• 30 ng/mL bFGF (add just before using media) (Stemgent 03-0002) 

Protocol:  

1) 385 mL Knockout DMEM 

2) 50 mL Knockout serum replacement 

3) 50 mL Human Plasmanate 

4) 5 mL NEAA 

5) 5 mL Pen/Strep 

6) 5 mL Gluta-MAX 

7) 0.5 mL 2-mercaptoethanol 

When ready to use, aliquot the amount of medium you intend on using 

right away and add 30ng of bFGF per 1mL of medium. (Do this every time 

you need it!)  
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Final Concentrations:  

• 10% Knockout serum replacement  

• 10% Human Plasmanate 5%, USP  

• 1% NEAA (10 mM = 100x) (Gibco 11140) 

• 0.5% Pen/Strep (1x from stock) 

• 1% Gluta-MAX (200 mM = 100x)  

• 55 uM 2-mercaptoethanol  

• 30 ng/mL bFGF (add just before using media) 

3.2 Human embryonic stem cell (hESC) derivation and culture 

Primary HUES9 ESCs were cultured on a mouse embryonic fibroblast 

(MEF) feeder layer for seven days with hESC growth medium plus 30ng/mL 

freshly added bFGF. Following expansion, the hESCs were then transferred to 

non-attachment 6-well plates (Corning) for one week with chondrogenic 

growth medium plus 10% FBS to induce embryoid body (EB) formation.  After 

one week, the EBs were removed from the plates by pipette and transferred to 

gelatin-coated 10 cm petri dishes. The 10 cm tissue culture petri dishes 

(manufacturer) were prepared by coating with 5ml of 0.1% gelatin solution and 

incubating at 37°C for 30 minutes. The EBs were cultured for another week in 

10% FBS growth medium, and the cells that migrated out of the EBs were 

collected. These cells were designated hESC-derived (hESC-d) and isolated 

by trypsinizing the dishes as previously described, and filtering off the EBs 

with a 40 µm filter (Falcon). 
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The hESC-d cell population was cultured on 0.1% gelatin-coated 10 cm 

tissue culture dishes in 10% FBS growth medium. Cells were plated at 10,000 

cells/cm2 and culture medium was changed every third day. The cells were 

passaged upon reaching 90% confluency.  

 

3.3 Pellet formation and culture 

 Culture medium was aspirated and the cells were washed once with 3 

ml PBS. Cells were trypsinized using 3 ml 0.05% Trypsin-EDTA (Gibco) at 

37°C for 3 minutes. The trypsin-cell solution was neutralized with 3 ml 10% 

FBS growth medium, and centrifuged at 1000 rpm for 5 minutes. Cell solution 

was then distributed to 15 ml tubes (Fisher Scientific) for a total of 3.5x105 

cells per tube. Each tube was then filled with 2 ml chondrogenic medium with 

TGFβ-1. Finally, pellets were formed by centrifuging each tube again at 1000 

rpm for 3 minutes. Pellets were incubated at 37°C with 5% CO2 for 21 days, 

with partial medium changes every fourth day. One milliliter of medium (half 

the total volume) would be taken out, and one milliliter of fresh medium would 

be added back, with enough fresh TGF-β1 for the total volume, since it has a 

relatively short half-life. 
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3.4 Synthesis of diacryloyl-diaminoethanol PEG (PEG-EADA) (C) 

Synthetic scheme: 

 

Figure 3. Diagram for synthesis of diacryloyl-diaminoethanol PEG. 

 

Diacryloyl-diaminoethanol PEG was synthesized in a three-step 

manner, as outlined by Figure 3. First, polyethyene glycol (PEG, Mw – 3350 

Da) was modified with p-nitrophenyl carbonate as previously described [20]. 

Briefly, 5 g (1.49 mmol) of PEG was added with 0.630 ml (4.47 mmol, 3 eq) 

triethylamine in 25 ml anhydrous acetonitrile. The reaction mixture was stirred 

for 15 minutes followed by addition of 0.884 g (4.47 mmol, 3 eq) of p-

nitrophenyl chloroformate. After stirring for 24 hours at room temperature, the 

precipitated triethylammonium chloride was filtered, excess ethyl ether was 

added and the solution was left to crystallize at 4°C. PEG-di-p-nitrophenyl 

carbonate (A) was filtered, washed with ether, and recrystallized again from 

acetonitrile-ether with an 80% yield.  

Two grams of activated PEG di-p-nitrophenyl carbonate was added to 
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10 ml of 0.1 M borate buffer (pH 9.3) containing 0.210 ml of aminoethanol (6 

equivalent). The reaction mixture was vigorously stirred for 4 hours at room 

temperature. After completion of the reaction, the diamino ethanol modified 

PEG (B) was purified using a sephadex (g-25) column. It was then dried using 

lyophilization (90% yield) and was characterized by 1H-NMR. 

Two grams (0.57 mmol) of dried diamino ethanol modified PEG (B) was 

dissolved in 20 ml of anhydrous dichloromethane in presence of argon 

followed by addition of 0.239 ml (1.71 mmol, 3 equivalent) of triethylamine. 

The reaction mixture was stirred for 15 minutes and 0.138 ml (1.71 mmol, 3 

equivalent) of acryloyl chloride was added drop-wise with vigorous stirring. 

The reaction mixture was stirred for an additional 24 hours at room 

temperature. After completion, the reaction was precipitated by adding excess 

diethyl ether and kept at 4°C for several hours. The diacryloyl-diaminoethanol 

PEG (PEG-EADA) (C) was filtered and recrystallized thrice from 

dichloromethane–diethyl ether mixture. The PEG-EADA was further purified by 

a sephadex (g-25) column. After lyophilization, it was collected and 

characterized by 1H-NMR and FT-IR. 

 

3.5 Encapsulation of hESC-derived cells 

 Cells were encapsulated in a 10% (w/v) diacryloyl diaminoethanol PEG 

(PEG-EADA) hydrogel. The PEG-EADA hydrogel solution was prepared by 

mixing 10% (w/v) of the PEG-EADA polymer in sterile PBS and 0.5% Irgacure 

2959 photoinitiator (PI). P3 or P6 hESC-d cells were trypsinized as previously 



 

 

26 

described, pelleted, and combined with the gel solution at a cell density of 2.0 

x 107 cells/ml. Sterile 500 µl microcentrifuge tube caps were used as molds, 

and 60 µl of polymer-cell solution was transferred to the cap for each gel. The 

gels were polymerized under UV light for 5 minutes, and then were transferred 

to 5 cm petri dishes (Corning) for further culturing. 

 

3.6 Culture of encapsulated cells 

 The cells encapsulated in hydrogels were cultured for up to three weeks 

in 5 cm petri dishes to prevent cell attachment on the culture surface. The 

hydrogels were sufficiently covered by 15 ml of chondrogenic growth medium 

plus 10 ng/ml TGFβ-1 that was changed every other day. The chondrogenic 

medium consisted of Dulbecco’s Modified Eagle Medium (DMEM), 100 nM 

Dexamethasone, 50 ug/ml Ascorbic acid-2-phosphate, 40 ug/ml proline, and 

10 ng/ml TGFβ-1. 

 

3.7 Histology 

3.7.1 4% Paraformadehyde (PFA) 

    For a 50 mL solution: 

        1.  30 mL of dH20: heat it up in microwave for 20 secs. 

        2.  add 2 grams of PFA (formaldehyde para, located in cabinet) 

        3.  100 µl of 6 Molar NaOH 

        4.  shake well until everything is dissolved 

        5.  add 5 mL of 10x PBS 
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        6.  Bring up to 50 mL with dH20 

-‐ Freeze remaining PFA in -20 degree 

 

3.7.2 Histology Sample Preparation using Optimal Cutting Temperature 

solution (OCT) 

1. Submerge pellet or construct in 4% PFA overnight in a 1.5 ml centrifuge 

tube. 

2. Transfer pellet/construct to 20% sucrose solution in PBS to the 4°C 

refrigerator overnight. ~1ml of solution is needed per tube. 

3. Transfer pellet/construct to a 1:1 solution of OCT : 20% Sucrose in PBS 

overnight at 4°C. 

4. Freeze samples 

a. Have histology molds ready and labeled.  

b. Grab a tin can with a holding wire and fill it about half way with 

isopentane (aka 2-methylbutane).  

c. Add OCT solution to the labeled mold and then submerge the 

pellet/construct in the middle of the mold. If freezing a hydrogel 

construct (cylindrical shaped) make sure the construct is 

submerged so that it’s parallel to the lab bench in the mold. 

d. Fill an appropriate container with 100-200 ml of liquid nitrogen 

and submerge the isopentane-filled can into the liquid nitrogen. 

Hold until the isopentane forms a frozen white layer on the 

bottom of the can (usually takes approximately 1-2 minutes). 
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e. Using long tweezers, submerge the OCT-filled mold into the 

isopentane and freeze for 1 minute. OCT should turn completely 

white. Upon removing the mold from the isopentane, make sure 

the surface is completely covering the construct, and that no 

cracks have formed. If cracks have formed, add more OCT to the 

surface and refreeze. 

f. Immediately wrap samples in foil and put in -80°C. 

 

3.7.3 Live/Dead Assay 

Materials: 

- Live/Dead Viability/Toxicity Kit for mammalian cells (Cat #L3224); 

stored at -20 

- PBS 

- Scalpel or box cutting blade (non-sterile) 

Procedure: 

1. Cut hydrogels into very thin slices (try to make sections that are even 

and not jagged) 

2. Wash slices with PBS until solution runs clear 

3. Add live/dead solution:  

a. 500 µl DMEM or PBS 

b. 0.25 µl Calcein AM 

c. 1 µl of  EthD-1 (red solution) 

4. Incubate for 30 min 
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5. Turn on fluorescence machine 

6. Wash slices with PBS 

7. Take Pictures: dead cells are stained with ETHD-1 

 

3.7.4 Safranin O Staining for Cryosectioned Tissues 

Total time required: About 1.5 hours 

Procedure: 

1. Rehydrate slides in PBS for 5 minutes at room temperature. Do not let 

tissue sections dry after rehydration! 

2. Fix tissues in 4% PFA for 10 minutes at RT. 

3. Wash slides 1-2 times in PBS for 10 mins/wash. 

4. Mix 0.05 g Safranin-O powder and 50 ml of MilliQ water to form the 

0.1% Saf-O dye. 

5. Aspirate off PBS and add ~1 ml of Saf-O dye to each slide for 5 

minutes at RT. 

6. Aspirate off the Saf-O dye, and wash in PBS 3x at 5 mins/wash. Be 

careful when adding and removing PBS so as to not rip the sections 

from the slide. 

7. If the PBS runs clear after the last wash, aspirate the solution from the 

slides and evaporate any remaining PBS by running the slide quickly 

under the air hose with a moderate amount of airflow. 

8. Mount the slides with glycerol (4 drops/slide) and a rectangular 

coverslip. 
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9. Seal edges with nail polish and store at -20°C. 

 

3.7.5 Hematoxylin & Eosin (H&E) Staining for Cryosectioned Tissues 

Total time required: About 1 hr 15 min 

Hematoxylin stains acidic tissue components such as nucleic acids and thus is 

a good nuclear stain. Eosin stains alkaline tissue components like fibrous and 

muscle tissue and eosinophils. 

1. Rehydrate slides in PBS for 5 minutes at room temperature. Do not let 

tissue sections dry after rehydration! 

2. Fix tissues in 4% PFA for 10 minutes at RT. 

3. Wash slides 1-2 times in PBS for 10 mins/wash. 

4. Stain in hematoxylin solution for 5 minutes. 

5. Wash slides in PBS 3x at 5 mins/wash. Make sure PBS wash solution 

runs clear by the last wash, or add another wash. 

6. Counterstain in eosin solution for 1 minute. 

7. Wash slides in PBS 2x at 5 mins/wash. After second wash, aspirate the 

slides completely, as Eosin will form a film that sticks to the slides. Then 

add PBS for a third and final wash. Make sure PBS wash solution runs 

clear by the last wash, or add another wash. 

8. Aspirate off PBS, quickly dry under air hose, and mount with glycerol. 

Use 4 drops per slide and place coverslip on top (try to avoid leaving 

bubbles under coverslip). 

9. Image using the light microscope and store mounted slides at -20°C. 
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3.7.6 Blocking buffer 

1. For 0.5% Triton-X blocking buffer, add 50 µl Triton-X to a 15 ml tube.  

2. Add 10 ml PBS to the tube and vortex until Triton-X dissolves. 

3. Add 0.3 g BSA to the solution and vortex until no chunks remain in 

solution. 

*For 0.1% Triton-X blocking buffer, follow steps 1-3 but only start with 10 µl in 

the 15 ml tube. 

 

3.7.7 Anti-Type I, II or X Collagen Immunofluorescent Staining Protocol for 

Cryosectioned tissues 

Note: The only difference between type I and II staining is the primary antibody 

used. For Col X staining, everything is the same except for the primary 

antibody, and the primary dilution is 1:300 and secondary dilution is 1:250. 

Total time required: about 4.5 hours 

1. Rehydrate slides in PBS for 5 minutes at room temperature. Do not let 

tissue sections dry after rehydration! 

2. Fix tissues in 4% PFA for 10 minutes at RT. 

3. Wash slides 1-2 times in PBS for 10 mins/wash. 

4. Prepare Blocking Buffer for blocking step (3% BSA and 0.5% Triton-X 

100 in PBS) and diluting antibodies (3% BSA and 0.1% Triton-X 100 in 

PBS). 

5. Block for non-specific binding by incubating slides in Blocking Buffer for 

1 hour at RT in a humidified chamber. An empty pipet tip box partially 
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filled with water works well as a humidified chamber. Use ~500 µl 

Blocking Buffer per slide. 

6. Trace a border around the tissue sections using a PAP pen so that less 

volume of antibody is required to cover them in subsequent steps. 

7. Dilute type I collagen polyclonal antibody (Fitzgerald 70R-CR007X) in 

blocking buffer (0.1% Triton-X) at 1:200 and incubate sections overnight 

at 4°C in a humidified chamber. Use ~200-250 µl per slide. 

Note: Type II collagen antibody (Fitzgerald 70R-CR008X) or Type X 

collagen antibody (20R-CR030) can be used at this point. 

8. Drain primary antibody from slides. Wash 3x10 minutes in PBS at RT. 

Dilute the secondary antibody (Alexa Fluor 488 goat anti-rabit IgG, 

stored at 4°C in a dark box) at 1:200 in blocking buffer (0.1% Triton-X). 

Also add Hoescht 33342 to stain for nuclei (Usually comes in 1000x. 

Dilute 1:10, then add the 100x dye at 1 µl for every 100 µl secondary 

solution). Use ~200-250 µl secondary solution per slide. Incubate for 1 

hour at RT in a humidified chamber. Keep dark, as secondary 

antibodies are fluorescent. 

9. While in the dark, drain secondary antibody from slides. Wash 2x10 

minutes in PBS. After the second wash, use a kim wipe to remove as 

much PAP pen residue as possible from the slides. Once PAP pen 

residue has been removed, wash one last time in PBS for 10 minutes. 

10.  Aspirate all PBS from the slides and quickly run under air hose to 

evaporate any last drops of liquid. 
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11. Mount with Anti-Fade mounting medium (Stored in a red box in -80°C). 

Use 4 drops of Anti-Fade and cover with a rectangular coverslip. Seal 

edges with clear fingernail polish.  

12. Image slides with fluorescent microscope and store slides at -20°C. 

 

3.8 Biochemical Assays   

3.8.1 Papain Digestion 

Materials: 

PBE buffer (kept in 4°C) 

1. Papainase solution  (Papain is stored at 4°C) 

2. Dissolve 0.0242 g of L-cysteine per 20mL of PBE buffer 

3. Add 100 µl of sterile papain using 1mL TB syringe and needle 

per 20mL of PBE buffer 

Digestion: 

**Note: normal volume of digest solution: 1mL / sample. Since our 

samples were very small then we reduced the volume to 500 µl. 

1. Add 50 µl papainase solution into each construct first 

2. Allow for some swelling of the gel, then homogenize using a 

pellet crusher so there are no chunks present 

3. Add remaining 450 µl per construct (total is 0.5 mL) 

4. Incubate at 60°C for 16 hours using the heating block. 

*Digests can be stored short-term at 4°C OR long-term at -20°C.  
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3.8.2 PicoGreen DNA assay 

The DNA content was measured by the PicoGreen DNA Assay. For 

each sample, 3.5 µl of the digested papain solution was combined with 346.5 

µl of TE buffer, then 100 µl each was aliquotted into three wells of a 96-well 

plate. In the dark, 100 µl of PicoGreen solution was added to each sample 

well, and the plate was read on a Beckman Coulter DTX 880 Multimode 

Detector.	  

	  
3.8.3 DMMB assay for GAGs 

Materials: 

• Chondrotin Sulfate (CS) Standards 

o Stock: (kept at -20°C) – 50mg/mL of cys/PBE 

1. 0.105 g cysteine in 60 ml PBE OR  0.0875g cysteine in 50 ml 

PBE 

2. Dissolve 50 mg CS into 1ml PBE/cys solution  

o Working CS: 100 µg/mL in PBE/cys 

1. Add 100 µl of CS stock to 49.9 mL PBE/cys OR 25 µL of CS 

stock to 12.5 ml of PBE/cys 

• PBE buffer:  

o Add 7.1 g Na2HPO4 (molar mass; 143 g/mole) and 1.86 g Na2EDTA 

(molar mass 372 g/mole) into 500 ml dH2O 

o Use concentrated HCL to adjust pH to 6.5 (Store at 4°C) 

• Dimethlmethylene Blue (DMMB) Dye- Best to make fresh!  
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o Stock: 16 µg/ mL in glycine/NaCl, pH 3.0 (store dark at 4°C) 

1. Add 3.04 g glycine, 2.37 g NaCl, and 95 mL 0.1M HCL to 905 mL 

DI 

2. Using a magnetic stirrer, dissolve 16mg DMMB into the above 

solution 

3. Make sure pH is 3 and OD525 is 0.31-0.34 

*(use concentrated HCl to adjust the pH) 

Protocol: 

1. Set spectrophotometer to OD525 vs dH2O 

2. Standards:  volume = 100µl 

In cuvette : add dH2O à add working solution à mix the 2 à add 

DMMB 

 BLANK with Standard 1 
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Table 3. Volume ratios for standards of DMMB assay. 

Standard µL CS working 

sol. (100 µg 

CS/mL) 

Amount of 

CS (µg) 

µL 

dH2O 

mL DMMB 

dye 

(16µg/mL) 

1 0 0 100 2.5 

2 5 0.5 95 2.5 

3 10 1 90 2.5 

4 20 2 80 2.5 

5 30 3 70 2.5 

6 40 4 60 2.5 

7 50 5 50 2.5 

8 60 6 40 2.5 

9 70 7 30 2.5 

10 80 8 20 2.5 

11 90 9 10 2.5 

12 100 10 0 2.5 

 

3. Samples : dilute 20:80 (µL sample: µL dH2O)  

• Read each sample twice to make sure values are accurate. 

 

3.8.4 Hydroxyproline Assay for Collagen 

Solutions: 
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Solutions are found on the chemical bench and may be stored for up to 3 

months at room temperature.  

1) pH 6 buffer (for the Chloramine T solution) 

a. In a beaker with a stir bar, add 250 mL of MilliQ H2O 

b. Add  

i. 17 g NaOH 

ii. 25g Citric Acid Monohydrate 

iii. 60g Sodium Acetate trihydrate 

iv. 6mL Glacial Acetic Acid 

c. When Dissolved, add 244 mL of MilliQ H2O to bring the 

solution up to 500 mL 

d. Transfer to a Glass Storage container 

e. Add 

i. 150 mL isopropanol 

ii. 100mL MilliQ H2O 

iii. Bring to pH 6 with HCl 

iv. 5 drops of Toluene 

f. Wrap with parafilm 

2) Hydroxyproline solution (100 µg/mL) 

a. Add 10mg of hydroxyproline to 100mL MilliQ H2O 

3) Other solutions needed 

a. 2.5 NaOH 

b. 0.5 M NaOH 
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c. 0.5M HCl 

DAY 0 (Day before experiment) 

24 hours prior to the experiment, the following solutions must be prepared. 

Each tube requires 0.5 mL of both solutions. It is advisable to double the 

solution volume to have enough for the 6 standard curve tubes and to account 

for multiple dilutions in a sample.  

1) Chloramine T solution 

a. In a glass bottle, add 

i. 0.705 g Chloramine T (found on chemical shelf)  

ii. 40 mL of pH 6 buffer    

iii. 5 mL Isopropanol       

b. Shake well, cap, wrap with parafilm, and let sit at room 

temperature for 24 hours.  

2) pDAB solution 

a. In a brown bottle with a stir bar, add 

i. 7.5 g p-Dimethylaminobenzaldehyde (large bottle on 

bench)  

ii. 30 mL Isopropanol                   

b. Place bottle in a glass bowl containing ice on stirrer in fume hood 

c. While stirring slowly, add 13 mL of 60% Perchloric Acid     

d. Stir for 10 minutes 

e. Cap, wrap with parafilm, and leave at RT for 24 hours.  
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Note: the pDAB powder will take time to dissolve. Make sure stir bar is 

spinning and that solution is clear before removing from stirrer. 

Note: Perchloric acid is highly reactive with any organic substance. It is 

advisable to read the attached information and MSDS sheet before use. 

While using it, place a layer of bench paper under all the experiments. 

Dispose of paper when done to leave area free of residue.  

3) Hydrolyzation of Samples (NOT STANDARDS) 

a. Hydrolyze samples in 6N HCl in glass test tubes 

b. If Papain Digest of 500 µl à 50 µL sample  450 µL 

c.                               1 mL à 100 µL sample   900 µL 

d.                               2 mL à 200 µL sample  1800 µL 

e. Place cap tightly onto tubes *be sure to fully tighten cap 

otherwise the sample will evaporate. Use the 2 ml 

microcentrifuge tubes with locks. 

f. Place tubes in a glass beaker and place in oven  

g. Cook at 115o (110-120o) for 18 hours 

4) Label empty tubes that will be used on the day of assay for transfer of 

diluted sample. 

Day 1 (Experiment Day) 

1) Warm up Spectrophotometer and set at 550 nm 

2) Bring water bath up to 60 o for the final incubation step 

3) Make hydroxyproline standard 
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a. Dilute 10mL of stock solution with 90 mL MilliQ H2O for working 

solution of 10 µg/mL 

b. Standard Curve Tubes  

Table 4. Volume ratios for standards of the hydroxyproline assay. 

Tube # µL working solution µg OH-

Pro 

µL H20 

1 0 0 1000 

2 25 0.25 975 

3 50 0.5 950 

4 100 1 900 

5 200 2 800 

6 300 3 700 

7 400 4 600 

8 500 5 500 

9 600 6 400 

10 700 7 300 

      

4) Remove tubes from oven and allow to cool to room temperature 

5) Bring samples into the fume hood 

6) Add 2 drops of methyl red to the Samples (NOT THE STANDARDS). 

(Methyl red is found in the chemical closet under the Chemical hood) 
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7) Neutralize with approximately 2.2 mL of 2.5 M NaOH. Add 0.5 mL to the 

tube first, and then add drop wise until the pink color disappears. Vortex 

between the drops.  

8) Add 0.5 M HCl. 2-3 drops at a time until the pink color reappears.  

9) Add 1-2 drops fore of 0.5 M NaOH until the solutions from a faint straw 

color. 

10)  Add MilliQ H2O to bring the volume up to 5 mL (10mL and 15 mL will 

likely over-dilute the sample).  

11)  Transfer 1mL of diluted sample to new 15mL Pyrex tube before 

assaying 

12)  Bring standard curve tubes and samples to fume hood. 

13)  Add 0.5 mL Chloramine T solution to each tube.  

14)  Vortex and let sit at room temperature for 20 min. 

15)  Add 0.5 mL pDAB to each tube while vortexing. Vortex vigorously until 

no schlieren (white milky appearance) is visible. Recap tubes tightly. 

16)  Incubate in 60oC water bath for 30 min. 

17)  Place rack of tubes in tube of cool water for approximately 5 minutes to 

rapidly bring to room temperature.  

18)  Transfer 500 µL to 1.5 mL cuvette. The 500 µL is not important 

however remaining consistent in the volume transferred for all samples 

is important. 

19)  Set spectrophotometer to 550 nm and set zero (blank) to first standard 

tube containing no OH-Pro. 
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20)  Read through samples carefully, but quickly as the color is stable for 

only an hour.  

21)  OH-pro content * 7.5 = collagen content 

Note: Read Samples & Cuvettes may be thrown away. No need for disposal in 

chemical waste.  

 

3.9 Gene Expression 

3.9.1 Trizol RNA Extraction 

**This protocol does not include DNase 1 step for genomic DNA 

contamination** 

Note: Must set centrifuge to 4 degrees before starting & keep samples on ice 

unless stated otherwise. 

Materials:  

• Micro-centrifuge tubes 

• Chloroform (In flammable safety cabinet) 

• Glycogen (@ -20) 

• Isopropanol or 2-propanol (in flammable safety cabinet) 

• 75% Molecular Biology Grade, 200 or 190 proof, Ethanol (in flammable 

safety cabinet) in DEPC 

Protocol: 

1) Add 500 µl Trizol to cells. Aliquot into tube and wash wells with another 

500 µl (total=1ml) 

2) Can be stored at -80°C until ready to extract the RNA. 
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3) Thaw on ice and add 250 µl of Chloroform per 1 ml of Trizol 

4) Mix vigorously by hand for 5-10 seconds. 

5) Sit at room temperature for 5 minutes.  

6) Spin at 14,000g (rcf) X 20 min @4°C (exactly) 

7) Carefully take out upper (clear) layer and put it into a new, labeled 

micro-centrifuge tube. Leave some of the upper layer behind to prevent 

contamination from the middle (white) layer comes with it.  

8) Add 1 µl of glycogen (20 µg) and 500 µl of Iso-propanol – mix – let sit at 

room temperature for 5 minutes.  

9) Spin at 14,000g (rcf) X 20min @4°C (exactly) 

10) Carefully remove and discard the supernatant - add 1ml of 75% Ethanol 

(made with DEPC water) 

11) Vortex briefly (1-2 seconds) and spin at 10,000g (rcf) X 10min @4°C 

(exactly) 

12) Remove supernatant, and let air dry for 5-10 minutes - Don’t over dry! 

The pellet will not dissolve! 

13) Add 15 or 20 µl of DEPC water (depending on size of the pellet) and 

dissolve by incubating samples overnight at 4°C OR incubating for 10 

min at 55°C  

14) Measure RNA concentrations the next day using a nanodrop. 
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3.9.2 BioRad cDNA Synthesis protocol 

Note: everything is to be kept on ice (samples, solutions, enzymes, DEPC 

water) 

Materials:  

• DEPC water 

• PCR tubes 

• BioRad iScript Reaction Mix (5x) – Stored @ -20°C 

• BioRad iScript Reverse Transcriptase – Stored @ -20°C 

Protocol 

1) Thaw samples and solutions on ice. 

2) Turn on / warm up the thermocycler. 

3) Determine the RNA concentrations using nanodrop (should have been 

done after RNA isolation). Use RNA concentrations to determine what 

volumes of sample to use.  

4) It is recommended to use 1 to 5 µg of RNA for cDNA synthesis, and all 

samples should use the same amount of RNA.  

• For 10 µl cDNA: we use 0.5 µg RNA diluted up to 7.5 µl using 

DEPC water 

• For 20 µl cDNA: we use 1µg RNA diluted up to 15 µl using 

DEPC water 

For example: If your sample has a RNA concentration of 108.8 ng/µl and you 

 need 1µg of RNA, then you will need to aliquot 9.2 µL of the sample 

into a new tube. Then dilute that sample with 5.8 µL of DEPC.  
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5) After samples have been diluted  

• For 10µl cDNA: add 2µl iScript reaction mix to each sample 

• For 20µl cDNA: add 4µl iScript reaction mix to each sample 

6) Cap the lids - tap the samples with your fingers to mix thoroughly - 

centrifuge briefly (1 or 2 seconds) 

7) Spin down the iScript Reverse Transcriptase for a few seconds and 

then add to each sample 

• For 10µl cDNA: add 0.5µl iScript Reverse Transcriptase to each 

sample 

• For 20µl cDNA: add 1µl iScript Reverse Transcriptase to each 

sample 

8) Repeat step 6 and keep samples on ice until ready to use.  

9) On the thermocycler à use the Program/Method: “cDNAbiorad” and 

start run 

10) Once the run is complete, cDNA can be stored at -20 degrees. 

 

3.9.3 Quantitative Real-Time PCR (qRT-PCR) 

Note: keep everything on ice! (samples, primer solutions, plate) 

Note: for aliquoting solution directly into plate, you must use the yellow box of 

tips specific for PCR (located above PCR machine).  

Note: Do not speak during PCR to prevent contamination.  

1) Thaw pre-aliquoted primers and cDNA on ice. 
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2) Dilute your cDNA 1:5 with DEPC water (if you have not done so already) 

i.e. if you have 20µL of cDNA made, dilute it with 80µL DEPC to make 

100µL. 

3) Calculate how much primer solution is required and make solutions in 

fresh 0.5 mL tubes.  

 

Table 5. Volume calculation for qPCR components. 

For each primer solution: 

7.50 µL of DEPC            µL of DEPC 

0.25 of Forward Primer     x  (# of wells)*  =  µL of F primer 

0.25 of Reverse Primer           µL of R primer 

5.75 µL of SybrGreen           µL of SybrGreen 

* # of wells = 3 (# of samples) + 3 (Non-Template controls) 

 

4) Aliquot 13.75 µL of primer solution into each respective well. Try not to 

make bubbles since they can give inaccurate readings and do not pipette 

up and down.  

5) Aliquot 1.25 µL of sample into their respective wells. Don’t create any 

bubbles. 

6) Seal the plate – centrifuge at 1,000 rpm for less than 1 min- put into PCR 

machine 

7) Turn on the RT-PCR machine with the program opened. 

8) Computer:  
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• Click “7300 System Software” icon à “Create New Document” à 

“Next 

• Select “SYBR Green”à click “add” and for Passive Reference select 

“none” à Next 

• On the grid, select the wells you have filled so that it shows up 

highlighted à click the “use” box for sybrgreen à click “Finish” 

• Select a filled well à right click mouse à select “Well Inspector” à 

name your wells (include what sample and what primer) 

• Go to file à click “save as” à name your file 

• Go to “instrument” tab à change sample volume to 15uL à click 

“start” à click “save and continue” 

 

 

 

 

 

 

Figure 4. Example qPCR plate diagram. 

	  
3.9.4 Conventional PCR 

Note: keep EVERYTHING on ice! (samples, reagents, tubes) 

Materials 

• Stock of synthesized cDNA (1:5 diluted) 
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• Gotaq qPCR Master Mix (stored @ -80°C) 

• PCR tubes 

• Thermocycler 

Protocol:  

1. Turn on / warm up the thermocycler 

2. For each cDNA sample, add the following in order.  

DEPC water = 5.75 µL 

Forward Primer = 0.25 µL 

Reverse Primer = 0.25 µL 

cDNA= 1.25 µL 

Gotaq = 7.5 µL 

3. Run the Gotaq program on the thermocycler machine 

1 cycle: 95°C for 2 min 

35-40 cycles: 93°C for 30 sec, 60°C for 30 sec, 72°C for 20 sec 

1 cycle: 15 °C 

4. While the reaction is running, make a 2% agarose gel.  

a. Smaller cast = 50ml (or larger cast = 100mL) 

b. 2% Agarose in 1X TAE buffer  = 1 gm/50ml (or 2g/100ml) 

c. Microwave agarose + TAE for about 45 seconds (or more) 

until all the agarose dissolves.  

d. Add 2.5µl of Ethidium Bromide per 50mL volume. Mix 

thoroughly. 
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e. Add desired combs to the gel cast and carefully pour the 

agarose solution  

f. Remove bubbles using a tip (push bubbles to the 

edges/sides of the gel) 

g. Allow gel to completely cool. To test if the gel is solidified, 

slightly tilt the gel. Gel will become opaque when cooled.  

h. Add 1X TAE until you reach the “fill” line on the cast, then 

remove combs gently. 

5. Run all 15µl of each sample on the gel & 10µl of the 2-log DNA 

ladder in 1 other well @ 100V for 30-45 min. Check the bands 

periodically to manually stop the machine if needed.  

6. Image on GelDocIt machine. 

 

Chapter 3, in part, is currently being prepared for submission for 

publication of the material. Patton, A.; Hwang, Y.; Kar, M.; Varghese, S. The 

dissertation author was the primary investigator and author of this material. 

 

  



	  

50 

Chapter 4. Results 

4.1 Derivation of mesodermally-committed cells from hESCs 

The pluripotency of undifferentiated HUES9 human embryonic stem 

cells was verified by immunofluorescent staining for the pluripotency markers 

Oct4 and Nanog (Fig. 5). A number of studies have shown that mesoderm 

progenitor cells with multi-lineage differentiation potential can be derived from 

human embroyonic stem cells (hESCs) [33-35]. We followed our previously 

developed protocol with slight modifications to derive mesenchymal progenitor 

cells from HUES9 cells (Fig. 6) [34]. Briefly, embryoid bodies (EBs) were 

formed via suspension culture in chondrogenic medium without TGF-β1. The 

EBs were transferred to 0.1% gelatin-coated tissue culture plates to facilitate 

their adhesion, and cells were allowed to migrate from them. The cells that 

migrated from the EBs were mechanically isolated and re-plated onto gelatin-

coated culture dishes in 10% FBS culture medium for further expansion.  

 

Figure 5. Fluorescent images showing pluripotency markers of HUES9 cells. 
*Bar = 200 µm. 
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These ESC-derived cells were cultured and expanded on tissue culture 

dishes to passage 3 or passage 6 before being induced toward 

chondrogenesis. Figure 7 shows the gross morphology of the hESC-d cell 

population in monolayer culture during expansion as a function of time and 

passage. Throughout the culture, the hESC-d cells exhibited a dependence on 

seeding density, with an optimal seeding density of 10,000 cells/cm2. When 

plated below 8,000 cells/cm2, the cells exhibited an almost neuronal-like 

morphology. 

 

Figure 6. A. Derivation process for obtaining mesodermal progenitor cells from 
HUES9 hESCs. 
B. Bright field images of the cells at each step of the derivation. Not shown: 
hydrogels and pellets. *Bar = 200 µm.  
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Figure 7. ESC-derived cells were imaged by passage and by day. *Bar = 200 
µm. 

 

4.2 Chondrogenic differentiation of hESC-derived population via pellet culture 

The chondrogenic differentiation potential of hESC-derived 

mesenchymal progenitor cells at passage 6 was first evaluated using a pellet 

culture. Each pellet was formed using approximately 3.5 x 105 passage 6 

hESC-d cells and evaluated after three weeks of culture in chondrogenic 

medium plus TGF-β1. Initially, the pellets took the conical shape of the 15 ml 

centrifuge tube they were formed in. After only one day of culture, the cells 

formed a round pellet at the bottom of the tube. The pellets became 

progressively larger and more round throughout the three-week culture period. 

By day 21, the cells had formed a solid, smooth piece of tissue, about 1-1.5 

mm in diameter (Fig. 8). The tissue was mechanically robust, as it was difficult 
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to grind for biochemical and gene expression assays. The pellets were 

evaluated histologically to check for the presence of chondrogenic markers 

(Fig. 9). Hematoxylin & Eosin (H&E) staining indicated an even distribution of 

cells and ECM throughout the pellet, suggesting that the cells in the center of 

the pellets did not undergo necrosis. The Safranin-O staining for sulfated 

glycosaminoglycans (GAGs) showed positive staining all throughout the pellet, 

indicating biosynthesis and homogeneous distribution of GAGs throughout the 

pellet. The Saf-O staining was strongest on the periphery, but still had very 

positive staining in the center. Immunofluorescent staining of the articular 

cartilage marker Collagen type II indicated a strong presence of the protein 

throughout the pellet, suggesting that the tissue formed was hyaline-like. The 

pellets also stained positively for Collagen Type I, which was expected since 

the cells had been previously expanded in 2-D monolayer culture, a condition 

that favors collagen type I expression by the hESC-derived cells. Collagen 

type X staining of the pellet showed some positive staining. Next, we used the 

hESC-derived cells to engineer cartilage tissue using a biomaterial.  

 

Figure 8. P6 ESC-d pellet at d21. *Bar = 5 mm. 
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4.3 Polymer synthesis and degradation 

 The biomaterial used was Diacryloyl-diaminoethanol PEG (PEG-

EADA). Figure 10 describes the three-step process for the synthesis of the 

3,350 Da PEG-EADA polymer. The chemical structure of the polymer was 

verified with 1H-NMR at each step (Fig. 12). The ester-bound oxygen atoms 

boxed in blue are the sites for pH-mediated degradation of the polymer (Fig. 

10). An acellular degradation study was conducted to assess the degradation 

rate of the polymer over a period of 9 weeks (Fig. 11). As predicted, the acidic 

pH 5 environment resulted in the highest rate of degradation, followed by the 

alkaline pH 9 condition, and then pH 7.4.  
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Figure 9. Histological staining of P6 hESC-d Day 21 pellet. *Bar = 100 µm. 

 

 

 

Figure 10. Synthetic scheme for PEG-EADA. The polymer is degraded by 
reaction of the ester-bound oxygen (boxed in blue) reacting with protons. 
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Figure 11. Degradation profiles of the acellular PEG-EADA hydrogels over the 
course of 9 weeks in vitro. 

 

Figure 12. 1H-NMR profile of the PEG-EADA (C) and its intermediate products 
(A, B) during the synthesis process. 
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4.4 Chondrogenic differentiation of hESC-derived population via encapsulation 

Given that the initial results indicated that the hESC-derived cells were 

able to undergo chondrogenesis through the pellet method, we next 

encapsulated the hESC-derived cells at varying passages (P3 and P6) within 

PEG-EADA using photopolymerization. The cell-dispersed polymer solution of 

10% w/v was photopolymerized for 5 minutes to create cylindrical constructs 

of ~5 mm diameter, and a height of ~2 mm (Fig. 13). The live/dead staining of 

the cell-laden hydrogels 1 hour post-encapsulation showed the cell viability to 

be greater than 90% for both P3 and P6 cells, indicating that neither the 

hydrogel nor the photopolymerization process was cytotoxic to the cells (Fig. 

14). The cell-laden constructs (hydrogels) were cultured for three weeks in 

chondrogenic growth medium plus TGFβ-1. On day 0, the constructs were 

relatively transparent, and became opaque by day 21 (Fig. 13). This opacity 

indicates the biosynthesis of ECM and its accumulation during the three weeks 

of culture.  
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Figure 13. Cell-laden constructs with either P3 or P6 hESC-d cells.  
*Bar = 5 mm. 

 

Figure 14. Live/Dead analysis showing cell viability immediately after 
encapsulation. *Bar = 100 µm. 
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4.4.1 Histology of Encapsulated hESC-d cells 

Hematoxylin & eosin staining (Fig. 15, top row) was performed and 

indicated even distribution of cells and ECM throughout the hydrogels. The 

staining verified that the cells maintained their spherical morphology, and were 

clustered together in small groups. Both P3 and P6 sections exhibited highly 

positive Safranin-O staining (Fig. 15, second row) in the immediate vicinity of 

the cells, suggesting high levels of GAG and proteoglycan accumulation. The 

cell-laden hydrogels were immunofluorescently stained for collagen types I, II 

and X.  

Collagen type II was strongly present in both P3 and P6 sections (Fig. 

15, third row), suggesting that the cells successfully underwent 

chondrogenesis. Similarly to the pellet culture, collagen type I was also 

present (Fig. 15, fourth row), which was expected since the cells were 

expanded in monolayer culture. The constructs were also positive for collagen 

type type X (Fig. 15, bottom row), akin to the pellet culture. 
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Figure 15. Staining results of the hESC-d-laden hydrogels. *Bar = 100 µm. 
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4.4.2 Gene Expression of Encapsulated hESC-d cells 

Chondrogenic differentiation of cell-laden hydrogels were examined as 

a function of culture time for chondrogenic markers, Collagen type II (Col II) 

and Aggrecan (AGN). We also measured collagen type I (Col I) expression. 

Passage 3 samples showed a steady increase in AGN expression from 

day 7 to day 21 (Fig. 18). The P3 collagen II expression decreased by day 21 

compared to day 7, but was still well above day 0 expression levels (Fig. 17). 

Collagen I expression also decreased progressively over the three week 

duration, suggesting that the tissue was more hyaline than fibrocartilaginous. 

Passage 6 samples exhibited a similar trend, where both Aggrecan and 

Collagen type II showed a steady increase with culture time while Collagen 

type I showed a down regulation. By day 21, the AGN expression level was 

35.96 fold greater than at P6 day 0. Collagen II expression followed a similar 

trend, with expression levels increasing at each time point, and leading to a 

53-fold upregulation by day 21 compared to the day 0 value. The P6 sample 

also showed that Collagen I expression levels downregulated by day 21, 

which suggests that the cartilage formed was indeed hyaline, as opposed to 

fibrous.   
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Figure 16. Col I gene expression of P3 and P6 cells as compared to their d0 
samples. *p<0.05, **p<0.01, and ***p<0.001 

 

Figure 17. Col II gene expression of P3 and P6 cells as compared to their d0 
samples. *p<0.05, **p<0.01, and ***p<0.001 

 

Figure 18. AGN gene expression of P3 and P6 cells as compared to their d0 
samples. *p<0.05, **p<0.01, and ***p<0.001 
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4.4.3 Biochemical Assays of Encapsulated hESC-d cells 

The secretion and accumulation of ECM was further quantified by 

biochemical assays for collagen and GAG. The biochemical assays indicated 

successful chondrogenesis and cartilage tissue formation by the cells. The P3 

hydrogels nearly tripled their GAG content from 33.6 to 95.6 µgram 

GAG/µgram DNA (Fig. 19).  P6 GAG content increased from 29.8 to 151.8 

µgram GAG/µgram DNA. Total collagen content increased from 23.69 to 318.4 

µg collagen/(µg DNA/mg hydrogel) in P3, and 5.543 to 252.7 µg collagen/(µg 

DNA/mg hydrogel) in P6 hydrogels.  

  
Figure 19. Biochemical analysis of cell-laden constructs showing GAG/DNA 
and Collagen/DNA. *p<0.05, **p<0.01, and ***p<0.001 

 

Chapter 4, in full, is currently being prepared for submission for 

publication of the material. Patton, A.; Hwang, Y.; Kar, M.; Varghese, S. The 

dissertation author was the primary investigator and author of this material. 
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Chapter 5. Discussion 

This line of ESC-derived mesodermal progenitors was evaluated on its 

ability to form cartilage tissue through histology, gene expression analysis, and 

biochemical activity. The cells were induced toward the chondrogenic lineage 

via pellet culture and by encapsulation in a degradable hydrogel. Pellet culture 

in the presence of chondrogenic growth factors is the traditional way to induce 

chondrogenesis [44]. This method mimics the condensation process that 

occurs during cartilage development in vivo, and also allows the cells to 

maintain the round 3-D morphology similar to that of native chondrocytes [44, 

45]. For these reasons, pellet culture was employed to initially evaluate the 

chondrogenic potential of the hESC-derived cells. One of the limitations of the 

pellet method is the diffusion limit that arises when pellets become too large, 

however we didn’t observe any evidence of necrosis in center of the pellets in 

this study, as they were likely under the size threshold for diffusion limitation.  

Degradable and non-degradable PEG hydrogels have been extensively 

used for cartilage tissue engineering [39, 40, 43]. The encapsulated cells 

within the hydrogels were able to maintain their spherical morphology, while 

still allowing for secretion of ECM. As previously stated, the spherical 

morphology mimicking that of native chondrocytes has been shown to promote 

chondrogenic differentiation of stem cells [43]. Hydrogels also facilitate 

diffusion of the culture medium throughout the construct. This supports the 

cells in the center of the construct by allowing them to receive nutrients and 

growth factors necessary for differentiation, and allows the constructs to 
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occupy a larger volume than traditional cell pellets. The encapsulation platform 

for inducing chondrogenesis has some general benefits during clinical 

application compared to cells alone. The hydrogels can take any shape, which 

would be especially useful when trying to fill irregularly shaped chondral 

defects. Depending on the type of polymer used, the hydrogels could be 

injectable, which would reduce invasiveness during clinical implementation. In 

addition, encapsulating the cells in the gel prevents the cells from leaking out 

of the defect site, which is a common problem during ACI procedures [12]. 

Finally, since the hydrogel itself is space filling, larger constructs can be 

formed with proportionally fewer cells required compared to cell pellets.  

Characterization of pellet culture and cell-laden hydrogels suggest that 

the hESC-derived cells can undergo chondrogenic differentiation even after 

extensive in vitro expansion. The in vitro expansion of the hESC-derived cells 

indeed resulted in down regulation of genes Col II and AGN, as well as 

upregulation of Col I. However, the encapsulated cells were still able to form 

cartilage tissue despite this downregulation. One of the challenges with in vitro 

culture of chondrocytes is that they de-differentiate when cultured in 2-D [33, 

34, 35]. If used as the cell source in cartilage tissue formation, these hESC-d 

cells could bypass this limitation, as they’re able to undergo chondrogenesis 

despite numerous passages in 2-D monolayer during expansion.  

Chapter 5, in part, is currently being prepared for submission for 

publication of the material. Patton, A.; Hwang, Y.; Kar, M.; Varghese, S. The 

dissertation author was the primary investigator and author of this material.
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Chapter 6. Conclusion 

Overall, this population of hESC-derived cells showed very strong 

ability to undergo chondrogenesis at both early and late passages, in both 

traditional pellet culture and an encapsulation platform. These cells could be 

suitable source for cartilage tissue repair due to their ability to expand 

efficiently in 2-D monolayer culture for several passages before being fully 

induced toward chondrogenesis.  
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