
GROWTH FACTORS AND CHONDROGENIC DIFFERENTIATION OF ADIPOSE-DERIVED STEM 

CELLS 

Approved by: 

By 

COREY ANTONIO BENJAMIN 

A Thesis Submitted to The Honors College 

In Partial Fulfillment of the Bachelors Degree 

With Honors in 

Physiology 

THE UNIVERSITY OF ARIZONA 

MAY 2015 

Department of Orthopaedic Surgery 



Growth Factors and Chondrogenic Differentiation of Adipose-Derived Stem Cells 1

Acknowledgements

I would like to thank my mentor, Dr. John A. Szivek, for the opportunity to work and 

study with him in his lab. The non-stop encouragement and help from Dr. Szivek to me and 

many other students has helped each and every one of us engage in the scientific process in ways 

we would not have thought possible. Not only was I given the opportunity to take textbook 

knowledge and apply it in real and impactful ways, but I was also given the confidence and the 

intellectual curiosity to solve problems, even when the solution seems difficult or unorthodox.

This research experience was supported by Dr. Szivek’s Orthopedic Research Laboratory and the 

Honors College at the University of Arizona, Tucson, AZ.



Growth Factors and Chondrogenic Differentiation of Adipose-Derived Stem Cells 2

Table of Contents

1. Abstract Page 3

2. Introduction and Literature Review Page 4

3. Materials and Methods Page 8

4. Results and Discussion Page 12

5. Conclusion Page 15

6. Works Cited Page 16



Growth Factors and Chondrogenic Differentiation of Adipose-Derived Stem Cells 3

Abstract

Osteoarthritis is the result of the breakdown of articular cartilage, which often begins 

with a traumatic injury to the joint. The loss of cartilage leads to joint pain, stiffness, and reduced 

physical mobility and activity. Although joint replacement with artificial joints is currently the 

standard of care for osteoarthritis, there are drawbacks that limit the types of activity the patient 

can be involved in after surgery and other side effects that can lead to failure of the artificial 

joint. Infection following surgery, loss of proprioception (the ability to know where the joint is in 

space), and the possibility of a failure of parts of the synthetic joint that requires additional 

surgeries are all risks that this treatment presents.

One possible alternative to total joint replacement is tissue engineering that can be used 

to regenerate the damaged joint. Stem cells that are differentiated into cartilage cells and re-

introduced into the area or areas with cartilage defects will form cartilage tissue. The conversion 

of stem cells into cartilage cells (chondrocytes) can be induced through the use of growth factors, 

including TGF-β3, TGF-β1, BMP-2, and BMP-6. [4, 10] The differentiation of stem cells into 

chondrocytes will be examined with each growth factor separately as well as in combination. 

Safranin-O staining results will be compared to determine which growth factor or combination of 

growth factors most effectively converts stem cells into chondrocytes.
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Introduction and Literature Review

Osteoarthritis is a debilitating disease caused by articular (joint) cartilage damage. Bone-

on-bone contact leads to symptoms such as joint pain, joint stiffness, swelling around the joint, 

and a reduced range of motion or even total loss of use of the affected joint. Approximately 27 

million adults in the U.S. and 630 million people worldwide (15% of the world’s population) [6]

are affected by this disease.

Cartilage can be categorized into three varieties: hyaline cartilage, elastic cartilage, and 

fibrocartilage. Articular cartilage is hyaline cartilage and it is found on the articular surface of 

bones, where a joint exists. All cartilage tissue contains chondrocytes that produce an extra-

cellular matrix. The structure of the extra-cellular matrix is responsible for the various properties 

of different cartilage forms. 

The extra-cellular matrix of articular cartilage includes water, collagen, and 

proteoglycans. The presence of water helps move nutrients to the chondrocytes and remove 

waste products from their vicinity. It also provides support to the joint in the same way that air 

in a car tire functions to support the tire and consequently the vehicle. Approximately 90-95% of 

the collagen in the extra-cellular matrix is type II collagen. Type II collagen provides a structural 

framework and strength to articular cartilage, and its triple helix structure gives the tissue shear 

and tensile strength. [4] Proteoglycans are proteins with glycosaminoglycan chains that extend 

from their cores. These chains are charged and responsible for the compression resistance of 

articular cartilage in part by helping retain water within the tissue. An example of an abundant 

proteoglycan in articular cartilage is aggrecan, which uses negatively-charged chondroitin sulfate 
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and keratin sulfate chains to interact with positively-charged hyaluronic acid to form large 

protein networks that provide the cartilage with compressive strength.

While there are options for treating osteoarthritis, none cure this disease. Exercise and 

physical therapy can help improve strength and function. Some medications relieve pain, but can 

have serious side effects. 

Focal cartilage defect repair techniques, which repair rather than replace damaged tissue, 

can be used to treat cartilage damage before that damage results in osteoarthritis.  However these 

techniques are not consistent and each has its own drawbacks.  These techniques include marrow 

stimulation, autologous or allograft transplant techniques and autologous chondrocyte 

implantation techniques.  Autologous chondrocyte implantation (ACI) is the most sophisticated 

tissue engineering technique in which chondrocytes (cartilage cells) from the patient are 

extracted, expanded and injected into the site of injury. This is a useful procedure but animal 

studies suggest that the success rate is no better than marrow stimulation in this technique’s 

ability to regenerate hyaline-like cartilage. It can result in the formation of fibrocartilage, a stiffer 

form of cartilage tissue. 

Total joint replacement, or arthroplasty, is generally offered to patients when the other 

options are no longer useful.  The drawbacks of surgical total joint replacement include the 

potential of post-surgical infection, joint loosening secondary to infection, wear, particle-induced 

osteolysis and loss of proprioception due to bone resection. 

One alternative to the currently available osteoarthritis treatments involves the use of 

adult stem cells. The stem cells can be isolated, expanded, differentiated into chondrocytes, and 

introduced into the site of the defect, either directly or on a scaffold. The advantages to using this 
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treatment include the following: I) this can be done arthroscopically and consequently is not as 

invasive which reduces surgical; II) this technique may be able to avoid the formation of 

fibrocartilage; III) and the use of adult stem cells removes the moral and ethical issues associated 

with the use of embryonic stem cells. Retrieving cells that will be introduced back into a patient 

will also eliminate rejection problems. 

In order to use a therapy that begins with stem cells, an approach that includes cell 

isolation from extracted tissue, cell expansion in culture, and cell differentiation into 

chondrocytes, is required. There are many different steps that can be taken to complete this 

approach including, co-culture or mono culture, pellet culture or alginate bead culture, the use of 

mechanical or shear stress while expanding, etc.).

This thesis will focus on how different growth factors during pellet culture affect the 

chondrogenic differentiation of adipose-derived adult stem cells into chondrocytes.  Through 

both an analysis of previous literature and experimentally-derived data, the efficacy of certain 

combinations of growth factors in chondrogenic differentiation will be determined.

The three growth factors that were tested in this study are TGF-β1, TGF-β3, and BMP-2. 

These growth factors belong to the transforming growth factor beta superfamily and have similar 

structures. Each of these growth factors plays a part in cell proliferation and differentiation. 

These growth factors will primarily be evaluated for their ability to induce cells to produce 

chondrocytic extracellular matrix that resembles native hyaline cartilage.

TGF-β1 was first used to induce chondrogenesis in embryonic rat muscle cells in 1986. [9]

Since then, the vast majority of studies in which TGF-ß1 was used have reported an overall 

increase in proteoglycan content when compared to controls without this growth factor. These 
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results have been consistent in experiments that included multiple culture procedures such as 

pellet cultures, and cell suspension procedures. Unfortunately, some experiments using TGF-β1 

have also caused pathologic effects in test animals, including death. [4] TGF-β3 has also 

stimulated cartilage extracellular matrix formation including increased glycosaminoglycan 

content in cultures containing stem cells treated with this growth factor. [5, 7]

Bone morphogenetic proteins 2 and 6 play a role in both the development of cartilage and 

bone. BMP-2 has inhibited the production of type I collagen (abundant in fibrocartilage) and 

induced the production of cartilaginous extracellular matrix compared to controls. [1] Both BMP-

2 and BMP-6 have shown possible synergistic effects with other growth factors, including TGF-

β1 and TGF-β3. [2, 7]
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Materials and Methods

Step One: Cell Isolation

1. Type I Collagenase (0.2%) was prepared by adding 0.006g of collagenase (Sigma, St. 

Louis, MO) to 3mL of Hank’s Buffered Salt Solution (HBSS) for every 2 grams of fat to 

be processed. It was filtered through a 0.2 micron filter and placed in a sterile 15mL

centrifuge tube.

2. An autoclaved fat processing pack, including scissors, forceps, a 150mL beaker, metal 

strainer, and spatula, were sprayed with 70% ethanol and placed into the hood. The 

strainer was placed on top of the beaker once in the hood.

3. The fat sample was taken from the incubator where it was stored and placed into the 

hood.

4. The sample was removed using the forceps and placed in the metal strainer. 

5. The sample was washed with Phosphate-Buffered Saline (PBS, Sigma, St. Louis, MO) 

and unwanted tissue was minced away using the scissors and placed back in the specimen 

bottle.

6. Remaining fat was minced into the smallest pieces possible, while being rinsed 

periodically with PBS to keep the fat moist.

7. Collagenase and fat were added to 15mL centrifuge tubes in equal volumes; after being 

shaken, the tube or tubes were placed in a 37°C water bath for 2 hours. Tubes were 

constantly shaken using the water bath’s shaker and additionally shaken manually every 

30 minutes.

8. After 2 hours, approximately double the volume of Stem Cell Expansion Media (SCEM) 

containing: Dulbelcco’s Modified Eagle’s Medium (DMEM) low-glucose, 10% Fetal 
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Bovine Serum (FBS, Sigma, St. Louis, MO), 1% penicillin-streptomycin-fungizone (PSF, 

Sigma, St. Louis, MO), 1% GlutaMAX (LifeTechnologies, Carlsbad, CA) was added to

the now-digested samples to neutralize the collagenase.

9. The tubes were centrifuged for 5 minutes at 200 x g.

10. Once centrifugation has ended, the solid fat was removed from each tube with a spatula, 

making sure to not disturb the pellet.

11. The pellet was agitated using a 1mL pipettor and resuspended, then filtered through a 

100µm and 40µm cell strainer.

12. The filtered sample was centrifuged again for 5 minutes at 200 x g.

13. Without disturbing the pellet, the supernatant was aspirated. The pellet was resuspended 

in SCEM and placed in a T-25 cm2 flask (Corning, St. Louis, MO). The flask was placed 

into an incubator (5% CO2 atmosphere, 37°C temperature).

Step 2: Cell Expansion

1. After isolation, cells were fed three times per week by replacing the SCEM and washing 

the cells with PBS.

2. Once the cells reached 80-90% confluence (7-10 days), the SCEM was removed and the 

cells were washed with PBS.

3. The cells were then trypsinized by adding warmed (37°C) 0.25% trypsin/EDTA (Gibco, 

Carlsbad, CA) to each flask (3mL for T-25 cm2 flasks, 5mL for larger flasks). The flasks 

were agitated to detach the cells.

4. Once cells were fully detached, equal amounts of SCEM was added to the flasks to 

neutralize the trypsin.
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5. The detached cells from each flask were placed into one 15mL centrifuge tube and 

centrifuged for 5 minutes at 1500 rpm.

6. The supernatant was removed from the centrifuge tube and the pellet was resuspended in 

SCEM. 

7. 20µL of resuspended cells were placed into a 200µL conical tube and combined with 

20µL of Trypan Blue.

8. 10µL of the mixture was added on both sides of a hemocytometer and counted by

counting the cells in the central counting area of the hemocytometer (see Figure X) for 

both sides, dividing by two, multiplying by 10,000, the dilution factor (x2), and the

number of mL used to resuspend the cells.

9. Resuspended cells were again centrifuged for 5 minutes at 1500 rpm after being counted.

10. The supernatant was removed and the resulting pellet was resuspended using SCEM and 

placed in the appropriate flask.

Cells were passaged and counted 4 times before being differentiated.

Pellet Formation

1. After the final passage (Passage 4), the cells in each flask were trypsinized and placed 

into one centrifuge tube.

2. Aliquots of 250,000 cells per aliquot were made and each aliquot was added to one well

of a 96-well V-bottom plate (Corning, St. Louis, MO). In total, 15 wells were used (3 

wells/750,000 cells per experimental group, including the control).

3. Chondrogenic Base Media containing Dulbelcco’s Modified Eagle’s Medium (DMEM) –

High Glucose, 1% GlutaMAX (LifeTechnologies), 1% sodium pyruvate, 1% non-
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essential amino acids, 1% insulin-transferring-selenous acid premix (ITS+ Premix, BD 

Biosciences, Franklin Lakes, NJ), 1% dexamethasone, 1% L-ascorbic acid 2-phosphate, 

and 1% PSF was added to each well to suspend the cells in 1mL of media.

4. The plate was centrifuged at 200 x g for 5 minutes and subsequently incubated (5% CO2

atmosphere, 37°C temperature) until pellet formation.

Pellet Differentiation and Data Collection

1. Pellets were fed twice a week for three weeks. The 5 experimental groups (control, TGF-

β3, TGF-β1, BMP-2, and TGF-β3 + TGF-β1 + BMP-2) were fed with chondrogenic base 

and growth factors at the following densities:

Group 1 (Control): No additional growth factors

Group 2 (TGF-β3): 10 ng/mL

Group 3 (TGF-β1): 10 ng/mL

Group 4 (BMP-2): 100 ng/mL

Group 5 (TGF-β3 + TGF-β1 + BMP-2): 10 ng/mL (TGF-β3), 10 ng/mL (TGF-

β1), 100 ng/mL (BMP-2)

After three weeks, the cells were sent to the Tissue Acquisition and Cellular/Molecular 

Analysis Shared Service (TACMASS) where the pellets were made into paraffin blocks and 

subsequently underwent Safranin-O staining analysis for glycosaminoglycan (GAG) content.
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Figure 1. Sekiya et al, 2005 show a synergistic relationship 
(to varying degrees) between TGF-β3 and various BMPs.

Results and Discussion

Some experimentally-derived data is still pending; however, a thorough review of similar 

studies shed light on some combinations that may be more helpful than others.

For example, a 2004 study noted that BMP-2, -4, and -6 all had synergistic effects with 

TGF-β3; however, BMP-2 had the greatest effect on GAG content, while BMP-6 had the least 

synergistic effect with TGF-β3.[8] Pellet weight was used as a means of determining 

chondrogenic proliferation (see Figure 1). This is in agreement with Rui et al (2010) [7], where 

cells displayed more GAG synthesis when fed with media containing both BMP-2 and TGF-β3 

in combination (see Figure 2).
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There is some evidence that perhaps growth factors in combination are not as effective at 

producing articular cartilage as growth factors used separately. Diekman et al, 2010 [11] used both 

alginate bead and pellet cultures of ASCs to demonstrate that a combination of TGF-β3 and 

BMP-6 may have an antagonistic effect on one another, where each growth factor used 

separately produces more GAG content than the growth factors used in combination (see Figure 

3). 

Figure 2. Sulfated GAG synthesis in pellets with TGF-β3 
separately and in combination with BMP-2.
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These previous studies support the notion that growth factors in different combinations may act 

more synergistically than others to produce an elevated level and quality of engineered cartilage 

tissue. In my studies at least qualitatively, the pellets using three growth factors (TGF-β3, TGF-

β1, and BMP-2) were nearly equal in size to those using BMP-2 exclusively, but definitive 

results will not be available until final measurements are collected.

Figure 3. Using a combination of TGF-β3 and BMP-6 produced less GAG content than 
TGF-β3 or BMP-6 alone in both alginate bead and pellet cultures.
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Conclusion

Tissue engineering of cartilage derived from ASCs continues to show promise as an 

alternative to joint replacements for patients with articular cartilage injuries. It is essential that 

engineering cartilage resemble native articular cartilage, including the amount of proteoglycan 

and GAG contents. It has been shown that growth factors, separately and in combination, 

produce chondrocytes and various amounts of proteoglycans. Finding the optimal combination of 

growth factors, through a more thorough understanding of the pathways involved in 

chondrogenesis, as well as with more measurements from experiments using various growth 

factors, is important to developing tissue-engineering solutions. 
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