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Cartilage tissue engineering is a widely studied subject within the field of tissue engineering, due to its potential to create biocompatible cartilage constructs that can be used with more therapeutic efficacy than anything that is available today. Chondrocytes are polymorphic cells that form cartilage by producing the extracellular matrix consisting of collagen and proteoglycans (Stachowiak 2009). Due to the limited ability of chondrocytes to regenerate themselves, much attention has been placed on their precursors, mesenchymal stem cells (MSC), as candidate cells for cartilage tissue engineering (Bosnakovski 2005). Many studies have focused on factors that promote the chondrogenesis of MSCs, and found that the environment has a large impact on the differentiation of MSCs and stability of the chondrocytes. Hadhazy et al. (1988) found that varying amounts of insulin greatly affected the differentiation of MSCs when grown on a 1D surface. Low amounts of insulin (.25 µg/mL to 10 µg/mL) greatly promoted the chondrogenesis of MSCs, while a high amount (40 µg/mL) delayed chondrogenesis. Our project aims to determine whether varying the amount of insulin within the growth medium has a similar effect when grown within a 3D alginate scaffold, in order to pursue optimal growth conditions for chondrogenesis. Further, Bosnakovski et al. (2005) have determined that using collagen II + alginate scaffolds have led to chondrogenesis. We decided to also determine whether the use of collagen II beads would negate the reported delay of chondrogenesis by high levels of insulin.  It has been reported that in humans a high level of insulin in the blood is associated with rheumatoid arthritis, which causes degeneration of cartilage tissue in the joints (Rosenvinge 2007). This could be related to high levels of insulin preventing the formation of chondrocytes, and the use of collagen II to counteract the negative effects of chondrogenesis could be a proof of principle for a future treatment for rheumatoid arthritis. Therefore, our project consists of four samples in total: 1) a control sample that was grown within standard 1.5% alginate beads, and cultured in standard growth medium (which contains 10 µg/mL insulin), 2) an experimental sample identical to the control except increasing the insulin to 15 µg/mL, 3) a similar experimental sample that was grown within 50 µg/mL of insulin, and 4) an experimental sample that is grown within 50 µg/mL of insulin, but cultured within beads made of alginate + collagen II. 
Results
Stem cell seeding within 3D scaffold. To begin, we seeded cells of a concentration of approximately 1 million cells/mL within 3D scaffolds composed of 1.5% alginate or 1.5% alginate + 14% collagen II.  We began with 4 distinct samples that were incubated for one week: 1) 1.5% alginate in normal growth medium (control sample), 2) alginate in normal medium + 15 µg/mL insulin, 3) alginate in normal medium + 50 µg/mL insulin, and 4) alginate + collagen II beads in normal medium + 50 µg/mL of insulin. Subsequently, the beads were retrieved and all were observed to be a consistent size, although the collagen beads seemed especially fragile. A Live/Dead fluorescence cell viability assay was performed on the cells inside the bead, and through the microscope several representative pictures were taken for analysis. The analysis was done by hand; our attempt at using ImageJ software to count the number of cells was not successful due to the poor resolution and low threshold of the pictures, which introduced a lot of background. We recorded the following number of cell counts on the surface of the beads: 56 live and 2 dead cells for the normal alginate bead, 44 alive and 0 dead for the 15 µg/mL insulin bead, 35 alive and 1 dead for the 50 µg/mL insulin bead, and 28 live and 53 dead for the collagen bead. The cells were overall evenly distributed on the surface of the bead, and the cell concentration in the scaffold was high. We had expected a high number of live cells and low number of dead cells, because the cells should have remained viable whether or not it was undergoing differentiation and the gels should have been porous enough to let the cells access nutrients. The results were mostly as expected with high live cell counts, but the amount of dead cells within the collagen beads suggested that we had introduced a factor that was killing the cells in those beads. 
After further incubation of our samples with their respective growth medium, half of the cell-containing beads were treated to isolate RNA and half were used for protein level analysis. First, all the cells within the beads was observed to be uniformly round and small, consistent with the phenotype chondrocytes typically display when grown in 3D culture (Stachowiak 2009). We then stained the cell samples with Trypan blue to visualize the number of live and dead cells. In the sample using normal growth medium, we observed 1.17 x 105 live cells compared to 0 dead cells. The samples grown in 15 µg/mL insulin and 50 µg/mL insulin had 1.42 x 105 and 7.08 x 104 live cells, respectively, compared to 3.37 x 105 and 3.50 x 105 dead cells. Unexpectedly, the sample grown in the alginate + collagen II beads displayed 0 live cells and 3.30 x 104 dead cells (Fig. 1). 
Collagen transcript level analysis. The cells from each sample were lysed and the RNA was isolated for RT-PCR. For the samples grown in normal medium, 15 µg/mL insulin, 50 µg/mL insulin, and 50 µg/mL insulin + collagen/alginate bead, we obtained respective RNA concentrations of 36 µg/mL, 72 µg/mL, 64 µg/mL, and 8 µg/mL. Surprisingly, we obtained RNA from the cells grown in the collagen beads, which had displayed 0 live cells in the previous assay. Consequently, for the 15 µg/mL insulin the A280/A260​ ratio was 1.6 and the ratio for the collagen bead + 50 µg/mL insulin sample was 1.5, ratios that indicated we had protein contamination in these samples and probably physically had less RNA than we measured. The A280/A260 ratios for the other two samples did not indicate protein contamination. The seemingly contradictory result of having RNA in the sample that displayed 0 live cells could be explained by the protein contamination. Another possibility could be an experimental error, such as using an unrepresentative sample of cells for the cell viability counting. Alternatively, from the previous Live/Dead assay we imaged live cells from the collagen beads, so these cells could have recently died and the collagen transcripts were still present and able to be isolated. 

We decided to continue with our experiment and performed RT-PCR with 100 ng RNA per sample, to measure collagen I and collagen II transcript levels. This would enable us to distinguish between stem cells, which primarily produce collagen type I, and chondrocytes, which primarily produce collagen type II. The resulting cDNA samples were run on a 1.2% agarose gel to visualize the presence of collagen cDNA as well as the housekeeping gene GAPDH. A gel image taken at 0.72 seconds was analyzed with ImageJ to determine the relative brightness of the bands, which corresponds to the amount of cDNA in the gel (Fig. 2). It was noted that by eye, there was no visible collagen II band in any of the four samples and there was contamination present in the lanes reserved for collagen II. After subtracting the background brightness from the data, we calculated the collagen I/GAPDH ratio, collagen II/GAPDH ratio, and collagen II/collagen I ratio (Fig 3). For the collagen I /GAPDH, we obtained ratios of 3.02 for the normal sample, 0.80 for the 15 µg/mL insulin sample, 0.58 for the 50 µg/mL insulin sample, and 1.0 for the collagen + alginate bead sample. For the collagen II/GAPDH, we obtained respective ratios of 0.01, 0.15, 0.11, and 0.11. For the collagen II/collagen I, we obtained respective ratios of 0.003, 0.19, 0.19, and 0.11. 
We expected the samples that should have gone through chondrogenesis (15 µg/mL insulin sample and collagen + alginate bead sample) to have higher collagen II/GAPDH ratios than the others, which is what our results showed. However, we expected the 50 µg/mL insulin sample to have a low ratio similar to that of the control sample, but the ratio was not significantly different than the 15 µg/mL insulin sample and collagen + algenate bead sample. In addition, the collagen II levels we recorded were miniscule, which leaves open the possibility that these ratios are inaccurate and insignificant. We also expected the 15 µg/mL insulin sample and collagen + algenate bead sample to have lower collagen I/GAPDH ratios than the others, and have collagen II/collagen I ratios of greater than 1. The collagen I / GAPDH ratios of these samples were significantly lower than the control sample, but so was the 50 µg/mL sample. None of the collagen II / collagen I ratios were above 1. Overall, our RT-PCR results did not reflect our expected values or were too inconclusive to do so, indicating a few possibilities. Because all 3 of our experimental samples produced less collagen I but produced close to no collagen II transcript, it is possible the experimental cells were harvested while they were just beginning to differentiate. In this phase, they would have decreased production of collagen I production but did not have time to produce much collagen II. However, it is also possible that the protein contamination of our RNA samples was significant and not enough RNA was used in the RT-PCR reaction, thus skewing the data. 
Collagen protein level analysis. Having inconclusive results from our transcript level analysis, we turned to an indirect ELISA analysis to determine the expression levels of collagen I and collagen II protein by our cells. Protein was extracted from our cells and collagen I and collagen II were tagged with appropriate primary antibodies. These were subsequently tagged with a secondary antibody, which allows for easy visualization of protein levels because they undergo a colorimetric reaction when bound. The relative quantities of collagen I and collagen II proteins expressed by our cells were measured by absorbance spectroscopy and compared to standard curves with correlation coefficients of 0.98 (Fig. 4). In addition, for the sample cultured in collagen II beads, the data was modified by subtracting the amount of collagen II that we artificially added as a growth condition (This data was obtained from a colleague running parallel experiments). The collagen II / collagen I protein ratios we calculated were 0.15 for the control sample, 0.86 for the 15 µg/mL insulin sample, 1.84 for the 50 µg/mL insulin sample, and 0.78 for the sample cultured in the collagen beads (Fig. 5). As in the expected results for the transcript level analysis, we expected collagen II / collagen I ratios to be greater than one for the 15 µg/mL insulin sample and collagen bead sample, which would indicate chondrogenesis of the cells. However, all the ratios were below one except for the 50 µg/mL sample, which we expected to have a very low ratio. The validity of these results is not conclusive, as some of the absorbance values were negative which is physically impossible.
Discussion
The results from our experiments proved to be inconsistent, although we are able to draw some conclusions from our project. First, the questionable results can be attributed in large part by the major flaw in our experimental design: a lack of repeated experiments. The most immediate future experiments needed would be to repeat the above experiments to get more conclusive data. However, we are able to make a series of conclusions about the effects of insulin and collagen II beads on chondrogenesis of mesenchymal stem cells. Generalized, the results from our two cell viability assays suggested that the increase of insulin decreased cell viability, as evidenced by the large ratio of dead to live cells in samples with 50 µg/mL of insulin. In addition, future experiments are needed to test the optimization of MSC growth within alginate + collagen II scaffolds. Our viability assays suggested that cell growth within the collagen beads was not sustainable and ended up with no live cells at the end of our incubation period. This is most likely related to the fragility of the collagen beads, which may have lacked the support that the cells need to stay alive. Improved mixtures of alginate and collagen II levels are needed to obtain desirable gel scaffolds with optimal properties such as porosity and shear strength. Our transcript level analysis and protein level analysis did not correspond perfectly. However, we can conclude that some differentiation of our MSCs did take place because a decreased amount of collagen I was produced by each of our experimental samples, although chondrocytes were not obtained because the expression of collagen II was not substantial enough. Another surprising conclusion is the fact that the high amount of insulin (sample with 50 µg/mL insulin added) actually promoted chondrogenesis the most as evidenced by the collagen II / collagen I protein expression ratio that was greater than one and significantly greater than the other 3 samples. This conclusion is bolstered in part by the transcript level analysis, which showed that the high level of insulin resulted in the lowest level of collagen I/ GAPDH levels as well as a collagen II / collagen I transcript ratio that was significantly higher than the control sample. These surprising results do not correspond to the literature that we based our project on, which can be explained by the use of 3D scaffolds as opposed to 1D scaffolds. Further experiments aimed at determining the difference in 1D and 3D scaffolds should be performed, by seeding an equal amount of MSCs on each scaffold and using the exact same growth medium. In addition, the difference in results could be that our standard growth medium today is different than the growth medium used by Hadhazy et al. in 1988.  All in all, experiments that repeat our protocols as well as experiments that will answer new question are needed in order to fully explain the gravity of our results. 
References

· Stachowiak, A. (2009) http://openwetware.org/wiki/20.109(S09) 
· Hadhazy, C. (1988) Effect of Insulin on Cartilage Differentiation in Vitro. Plenum Publishing corporation.

· Tuli, R. (2003). Current State of cartilage tissue engineering. Arthritis Res Ther; 5(5): 235-238

· Rosenvinge, A. (2007). Insulin Resistance in patients with Rheumatoid arthritis: effects of anti-TNFa therapy. Scandanavian Journal of Rheumatology, Vol 36 91-96

· Bosnakovski, D.(2005). Chondrogenic Differentiation of Bovine Bone Marrow Mesenchymal Stem Cells (MSCs) in Different Hydrogels: Influence of Collagen Type II Extracellular Matrix on MSC Chondrogenesis. Biotechnology and Bioengineering. 
