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Introduction
Cartilage is an important connective tissue in the body that is found within ears, the nose, and most joints. Unlike most other types of tissues, cartilage is avascular and does not have a blood supply flowing to it and thus receives all of its nutrients via diffusion. While this makes cartilage more convenient to grow in vitro, it has more difficulty repairing itself after damage. Therefore, cell and tissue engineering techniques have been used to generate cartilage that may be able to be placed within patients with injuries to replace damaged tissue. 

One prominent way to engineer cartilage tissue is to use a three dimensional scaffold to culture chondrocytes, the only cells present in cartilage. More specifically, alginate beads have been used to imitate the natural conditions surrounding cartilage in the body. However, one considerable limitation to engineering cartilage is that chondrocytes tend to dedifferentiate to fibroblasts in culture. While alginate has been shown to prevent some of this dedifferentiation, we hoped through our studies of chondrocyte cultures to determine factors that limit the dedifferentiation even further (Lee et al. 1997).

Chondroitin sulfate (CS) is a common structural glycosaminoglycan which provides compressive strength to cartilage. Previous literature have also shown that CS increased the stiffness of a MSC-collagen construct, indicative of a more cartilage like character, as well as inhibited cartilage degeneration in the joint disease osteoarthiritis (Kinneberg et al. 2010, Kuba et al. 2009). Therefore, we hypothesized that CS has the ability to prevent chondrocytes from dedifferentiation. To test our hypothesis, we cultured two cell samples with 0.1 mg/mL CS and 1.0 mg/mL CS, respectively. We then quantified the amount of dedifferentiation by measuring the amount of collagen I and collagen II in both cultures. Chondrocytes produce primarily collagen II while fibroblasts primarily produce collagen I. Thus, a higher amount of collagen I represents dedifferentiation. However, results are inconclusive as to whether chondroitin sulfate helps prevent dedifferentiation. 

Results
Cell seeding variations 

For our specific experiment, we seeded 7 million freshly harvested bovine chondrocytes for each culture condition in 2% Protanal LF 120 M alginate (FMC Biopolymer) We added 0.1 mg/mL chondroitin sulfate from the bovine trachea (Sigma) to the first sample and 1 mg/ML of CS to the other sample.

Chondrocytes cultured in both conditions show similar mortality.

Cell viability for our cultures was initially observed under microscope, which showed few dead cells and a round, chondrocytic morphology. To examine cell viability more closely, three beads were taken from each culture and stained using the dye SYTO 10 and the ethidium-homodimer 2, both of which bind to nucleic acids. While SYTO 10 is able to enter both dead and live cells and fluoresces green, the ethidium-homodimer 2 is only able to enter the non-intact membranes of dead cells, and fluoresces red. Dyed beads were then cut in half and observed under a fluorescent microscope to observe the number of live and dead cells (Figure 1). From the figure, it is apparent that both culture conditions resulted in mostly live cells with few dead ones. Using Image J, a software provided by the NIH, we attempted to determine an automated count of our cells. However, due to poor resolution, Image J did not work well enough for us and we counted our cells manually instead.  For the 0.1 mg/mL CS condition, we determined live cell counts across three representative photographs to be 44, 42, and 45 and dead cells to be 2, 1 and 0. This gives us an average live cell percentage to be 98%. For the 1 mg/mL CS condition, live cell counts were 40, 41, and 40, with no dead cells in any sample, giving us a 100% cell viability. Statistical analysis using a t test showed that a 95% confidence interval gives us average cells counts of 44.33 +/- 5.17 and 40.33 +/- 1.43 for 0.1 mg/mL CS and 1 mg/ML CS respectively. This statistical test also showed that there is a 7% confidence that the cell counts were significantly different. 
Transcript analysis: RT-PCR and Gel Electrophoresis
In order to quantify the amount of dedifferentiation of the chondrocytes, we chose to compare the level of collagen II, produced mainly in chondrocytes, to the level of collagen I, produced mainly in fibroblasts. We initially calculated the ratio between the two proteins using RT PCR and gel electrophoresis. Half of the remaining alginate beads were treated with EDTA-citrate to isolate chondrocytes, from which RNA was purified from. 58.4 ng of RNA templates from each culture condition was then amplified through RT-PCR using collagen I and collagen II primers. Each transcript sample was finally run on a gel to quantify the amount of each transcript within the cell (Figure 2). In order to better assess the amount collagen in our samples, a housekeeping gene, GAPDH, was also amplified. Because GAPDH’s expression within the chondrocytes should remain constant, it would provide a benchmark to compare the collagen amounts to. However, because GAPDH expression within our cells is not constant compared with the expression of the collagens, primer amounts were adjusted to 0.3 μM collagen I with 0.1 μM GAPDH and 0.1 μM collagen II with 0.6 μM GAPDH. 

The brightness of each band on the gel was assumed to be correlated with the amount of each transcript and was analyzed with Image J. Approximately equal areas were taken for each band and their intensities, with background subtracted, were compared with GAPDH. Because GAPDH bands did not show up on the gel for collagen I (lower bands for collagen II), we were unable to do a normalized analysis. However, the ratio for collagen II to I for 0.1 mg/mL CS was 0 because no collagen II band was found on our gel while the ratio of collagen II to I for 1 mg/mL CS was 0.23. On the other hand, the teaching sample, which compared the collagen levels of chondrocytes and stem cells, showed a normalized collagen II to I ratio of 1.87 for chondrocytes, and 0.02 for stem cells (gel not shown). The teaching sample was analyzed at an exposure time of 0.12 s and in the same manner as above. 
ELISA Assay: Measuring protein concentration

To further analyze the collagen I to collagen II ratio of our cultures, an indirect ELISA assay was performed on our cell samples. Primary antibodies against collagen I and II were used on each sample as well as a set of standard concentrations. Secondary antibodies that undergo a colorimetric reaction were then used against the primary ones. PBS was also used as blanks for quantifying background absorbance. Absorbance was then quantified using a plate reader and corrected for background noise. By plotting the concentrations of known standards against their absorbances and then fitting the data to a linear fit, regression equations for both collagen I and collagen II were determined to be y = 0.9423x - 0.0628 and y = 0.9901x - 0.0733, respectively (Figure 3). The equations were then used to figure out the concentration of collagen I and II in our two culture conditions. The amount of collagen I in both our samples were determined to be negative values, –0.06, indicating negligible amounts of protein. However, for collagen II, the amount was 0.045 for low CS and 0.008 for high CS, indicating a 5.6 fold increase for the low CS condition.

Discussion
Maintaining the phenotype of chondrocytes, cells present in cartilage, has become a prominent challenge in tissue engineering of cartilage. Therefore, for our study, we chose to add chondroitin sulfate (CS), a molecule present in vast quantities within cartilage, to attempt to maintain the chondrocytic phenotype. For our control culture, we added a lower CS amount at 0.1 mg/mL while for our experimental culture, we added 1 mg/mL of CS. However, our results are inconclusive. While the transcript analysis seems to suggest that a higher CS concentration would prevent more dedifferentiation, the ELISA assay gave a contradicting result. Therefore, repeat of experiment will be needed to fully understand the effects of CS on chondrocyte phenotype.

The contradicting results could be rationalized in a number of ways, including the fact that collagen I and II may behave differently once transcribed into proteins, such as one being more resistant to degradation, low absolute concentrations of our samples, as well as the technical steps that were involved in our assays somehow damaging either the proteins or the transcripts. However, because these variations should have been reflected across most of the class, we believe our result was a consequence of a technical error involving our transcript analysis. During the preparation step for RT-PCR, we neglected to take into consideration the spectrometer was only measuring a 1 to 100 dilution of our RNA and therefore added too much template initially. However, after adjusting our concentrations, the template amount was only 58.4 ng, when the suggested amount was 100 ng. Because the primer amounts were adjusted to a template of 100 ng, the GAPDH may have out-competed the collagen I, resulting in no collagen I band present for our low CS condition, as well as the that collagen II out competed GAPDH, resulting in no GAPDH for our collagen II samples. In addition, the ratio (0.23) of collagen II to collagen I for our 1mg/ mL CS condition was much lower compared with that for the chondrocytes in the teaching sample (1.87), despite the fact that a chondrocyte morphology was observed in the cell viability assay. 

While our ELISA assay did not experience any apparent technical errors, the values we determined for the collagens are still not very useful for a full analysis. In fact, the collagen I concentration for both cultures was determined to be negative, indicating a negligible amount. Thus, it was impossible to calculate a ratio between the two collagens. Also, while collagen II concentrations were positive, they were still quite low, at 0.045 for low CS and 0.008 for high CS. While this is technically a 5.6 fold increase in the amount of collagen II for low CS, it can not be taken at face value due to the low concentrations. Percent error was not calculated for the two samples and thus it is difficult to know an accurate range for our data. However, if we assume that the ELISA result does in fact reflect a real increase of collagen II in the low CS condition compared with the high CS condition, it gives us an extremely surprising result that chondroitin sulfate may actually be detrimental to chondrocytes maintaining their phenotype. Because chondroitin sulfate is an important compound in cartilage that provides some compressive strength, it may be that in cell culture, it relieves the chondrocytes of some of its collagen II producing function and they become dedifferentiated. 

Clearly, our experiment did not provide definitive results and a repeat of this study is needed to obtain a better understanding of the role of chondroitin sulfate in culture. In addition, a larger range for the concentrations for CS could be used to obtain a value at which the level becomes optimal for maintaining chondrocytic phenotypes. Finally, because glycosaminoglycans (GAGs), of which chondroitin sulfate is one, are extremely prominent within cartilage, experiments with other GAGs present within cartilage, such as keratan sulfate, could be performed to see if they may also affect chondrocyte phenotypes. 
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