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Objectives:
Membrane dialysis plays an important role in the function of living organisms. In membrane dialysis, ions can diffuse across a membrane from solutions on either side of the membrane. One specific instance in which this form of transport is important is in making possible a mechanism to allow cartilage to provide “cushion” between the joint of two bones. In order to understand this process of dialysis, the effect of fixed charges on the transport of sodium, potassium, and chloride ions through a semipermeable membrane will be determined using an experimentally designed dialysis cell. Calf knee cartilage will then be utilized to investigate ion exchange and analyze Gibbs-Donnan equilibrium across a biological membrane.
Specific Aims:

The fixed charge density is the density of negative charges fixed within the glycosaminoglycans (GAG) bound to the proteoglycan (PG) molecules interspersed within the collagen matrix. This value will be determined experimentally. The percent dissociation of sodium ions from sodium polyacrylate will be determined as well. The optimal operating conditions will be determined in order to minimize the run time of each trial.
Background for Proposed Project:

The driving force for the transport of solutes across a fixed membrane is the difference in electrochemical potential of the components in solution. The dialysis cell used in this experiment allows molecules with a molecular weight less than 103 to pass through the rectangular membrane.  The cell is designed so that the total ionic composition of solutions can be analyzed using electrical conductivity measurements as a function of time. The transport across the membrane is characterized by the equation:  mass transport rate = mass transfer coefficient * membrane area * concentration gradient.
1.) Gooch, Keith. Mechanical Forces: Their Effects on Cells and Tissues. 1997: Springer-Verlag & Landes Bioscience. 

This gives a general overview of cartilage mechanics and structure. The formulas provided a method to determine the fixed charge density and partition coefficient of cartilage.

2.) Chang. Physical Chemistry for the Chemical and Biological Sciences. 2000: University Science Books. 

This provided all information relating to synthetic membranes and idealistic conditions of equilibrium.

Theory and Methods of Calculation:
From 1.):


__

C+/C+ = k

kC+ = C+/k + FCD

         __
Where k is the partition coefficient, C+ and C+ are cation concentrations inside and outside cartilage, respectively, and FCD is the fixed negative charge density.
If k and the original cation concentration within the cartilage are assumed to be constant, manipulating the above equations gives the relationship: 
[K+]0,solution=[K+]eq,solution*(k+b)/b – [K+]0,cartilage/b,
where b is the volume of surrounding solution divided by the volume of cartilage. This means that plotting original vs. equilibrium values of [K+]solution should be a line with slope (k+b)/b and an intercept of -[K+]0,cartilage/b.
Materials, Apparatus, Methods. 

· Refer to BE 309 Laboratory Manual Fall 2002

· Meniscus cartilage
· Various dissection tools (scalpels and blades, circular cutting tool, tweezers, scissors)
· PBS Buffer to store cartilage
· Micropipets (P-1000 ± 0.5%, P-20 ± 0.5%)
· Centrifuge
· Microfuge
· Volumetric Flasks (50 ± 0.04mL, 200 ± 0.1mL, 500 ± 0.2mL )
· Electronic Balance Mettler PB303 (0 to 50 ± 0.001 grams) 
Results:

Figure 1: KCl Calibration Curve
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Relationships between concentrations and conductance were determined after calibration curves were made for KCl and Sodium Polyacrylate. The conductance of KCl was found to be {119.58*[Concentration]+0.1425} with an R2 value of 0.9987 for EC Meter 1 and {104.95*[Concentration]+0.1147} with an R2 value of 0.9989 for EC Meter 2. 
Figure 2: Sodium Polyacrylate Calibration Curve
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The conductance of Sodium Polyacrylate was found to be {3.0319*[Concentration]+0.0729} with an R2 value of 0.9987 for EC Meter 1 and {2.6697*[Concentration]+0.0581} with an R2 value of 0.9989 for EC Meter 2. 
Figure 3: Dialysis Results of KCl vs. Sodium Polyacrylate
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Dialysis of KCl vs. sodium polyacrylate was performed using the experimental dialysis setup. The total volume of the closed system (both sides) was found to be 33.4 ± 0.2 mL.  Initial concentrations were chosen such that K+ and Na+ concentrations were approximately 0.1 M (assuming complete dissociation of approximately 54.26 Na+ ions per sodium polyacrylate molecule). Trial was run until conductance curves flattened, which implied equilibrium.
Table 1: Final Cation Concentrations of Dialysis of KCL and Sodium Polyacrylate

	Final Concentrations (M)
	KCl Side (M)
	NaPolyacrylate Side (M)
	Total Concentrations (M)

	K+
	0.03385
	0.0589
	0.09275

	Na+
	0.02772
	0.0564
	0.08412

	Total equilibrium cation 
	0.06157
	0.1153
	0.17687

	Cl-
	0.06157
	0.03118
	0.09275


Once equilibrium was established, the atomic absorption spectrophotometer was used to determine the concentrations of sodium and potassium ions in solution. Chloride ion concentrations were calculated by assuming electroneutrality and that the total [K+] and [Na+] in last column are equivalent to the starting concentrations of the cations on their respective sides.
Figure 4: Thin Cartilage Plugs Soaking in KCl Solutions
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The mass of KCl solution absorbed by each cartilage plug was measured over a period of two hours in twenty-minute intervals. There was no significant difference by mass over a two hour period of time. 

Figure 5: Mass Percent of Solution Absorbed v. Initial Concentration of Solution
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It was found that there was no relationship between the percent absorbed by the cartilage plugs and the initial concentration of the potassium chloride solution they were placed in. This is evidenced by an R2 value of 0.04 for the best fit regression line for the data. The average volume of each plug was approximately 0.154 ± 0.010 cm3.
Figure 6: Calibration Curve for the Atomic Absorption Spectrophotometer
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A calibration curve was plotted for the AA spectrophotometer. A relationship expressed by a linear mathematical equation was found to be y=1.0054x – 0.0004 with an R2 value of 0.9965. The slope of this line has a 95% confidence interval of ±0.1816. 
Figure 7: Equilibrium Concentrations Plotted Vs. Initial Potassium Concentrations for Thin Cartilage

[image: image7.emf]Equilibrium vs. Initial K

+

 Concentrations

(Thin Cartilage)

y = 1.552x - 0.0168

R

2

 = 0.9953

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 0.05 0.1 0.15 0.2 0.25 0.3

Equilibrium Conc. (M)

Initial Conc. (M)


Equilibrium concentrations (time period of one week) were plotted against initial concentrations of the potassium solutions the thin cartilage plugs were suspended in. A regression analysis was performed and a linear relationship expressed by the equation y=1.552x – 0.0168 with an R2 value of 0.9953 was found. This was done without including the last data point (initial conc. = 0.3M), as it seems to be an outlier. The slope of this regression line has a 95% confidence interval of ±0.149. Because the confidence intervals of the slopes of this Figure and the AA Spec calibration curve do not coincide, the linear relationship in this Figure is significant.
Table 2: Values of Fixed Charge Density for Thin Cartilage Plugs
	original
	Equilibrium
	 
	constant k
	constant [K+]0,cartilage

	[K+] (M)  
	ppm K
	[K+] (M)
	FCD
	k
	FCD

	0.3
	1.00000
	0.25577
	2.80039
	1.44995
	0.19445

	0.25
	0.66327
	0.16964
	1.85740
	2.39904
	0.33627

	0.2
	0.53061
	0.13571
	1.48592
	2.88038
	0.34379

	0.15
	0.43878
	0.11223
	1.22874
	3.24702
	0.32984

	0.1
	0.31633
	0.08091
	0.88584
	4.27303
	0.32678

	0.05
	0.16327
	0.04176
	0.45721
	8.01913
	0.32966

	0
	0.03061
	0.00783
	0.08573
	40.71606
	0.31860


This chart shows the equilibrium concentrations of potassium ion in the solutions surrounding the cartilage plugs after equilibrium had been reached. They were obtained using the atomic absorption spectrophotometer. The last three columns are results of calculations to find FCD using different initial assumptions (see Analysis for explanation). 

Figure 8: Equilibrium Concentration Plotted Against the Initial Potassium Concentration for Meniscus Cartilage Plugs
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Equilibrium concentrations (time period of three hours) were plotted against initial concentrations of the potassium solutions which the meniscus cartilage plugs were suspended in. A regression analysis was performed and a linear relationship expressed by the equation y=1.1505x + 0.0004 with an R2 value of 0.9955 was found. The slope of this line falls within the 95% confidence interval of the AA Spec calibration curve in Figure 6, meaning that this regression line may not be significant.
Table 3: Fixed Charge Density Values for Meniscus Cartilage Plugs

	Original [K+]
	Equilibrium [K+] (M)
	w/ const k
	w/ const [K+]0,cartilage

	
	
	FCD
	k
	FCD

	0.25
	0.2225
	-0.1281
	0.6079
	-0.2307

	0.20
	0.1637
	-0.0943
	1.0960
	0.0301

	0.15
	0.1330
	-0.0766
	0.6231
	-0.1306

	0.10
	0.0870
	-0.0501
	0.7253
	-0.0568

	0.05
	0.0409
	-0.0236
	1.0572
	0.0046

	0.00
	0.0026
	-0.0015
	-5.8292
	-0.0145


This Table shows the original potassium concentrations and their respective equilibrium concentrations in the solutions surrounding the cartilage plugs after equilibrium had been reached. They were obtained using the atomic absorption spectrophotometer. The last three columns are results of calculations to find FCD using different initial assumptions (see Analysis for explanation). 

Figure 9: Percent Mass Absorbed Plotted Against Initial Concentration of Surrounding Solution for Meniscus Caartilage
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Two different sizes of meniscus cartilage plugs were used; small plugs had an average volume of 0.75mL and the larger plugs had an average volume of 3.0mL. The percent mass of solution absorbed by the meniscus cartilage was plotted against the initial concentration of potassium solution they were suspended in. However, no mathematical relationship was found, as evidenced by R2 values of 0.10 and 0.03 for best-fit regression lines of large and small meniscus, respectively.

Discussion and Analysis of Results.

The calibration curves (Figures 1 and 2) allowed us to relate conductance values to the concentration of the solution at any time. This was most useful for the first two weeks of the experiment with the synthetic membrane and known types of ions present. In trials with cartilage, these curves are only useful for knowing the initial concentration of the surrounding KCl solution. Once ion transport begins, ions other than sodium, potassium, and chloride are present in the surrounding solution, making it difficult to determine individual concentrations without use of the atomic absorption spectrophotometer.
In this experiment, membrane dialyses across both synthetic and biological membranes were observed. Dialysis using 0.1 M KCl and a solution of NaPolyacrylate (such that the [Na+] was approximately 0.1 M) across a synthetic membrane was allowed to equilibrate for approximately three hours, as can be observed from Figure 3.  Polyacrylate ion was impermeable to the membrane, while sodium, potassium, and chloride ions were permeable to the membrane. In order to maintain electronuetrality, chloride ions accompanied each moving cation in a one to one ratio.  At equilibrium, the total concentration of sodium and potassium ions on the KCl side was determined to be 0.06157 M, using the atomic spectrophotometer. Based on the concept that cells must maintain electroneutrality, the amount of chloride ions on the KCl side can be assumed to be 0.06157 M. In order to determine the concentration of chloride ions on the NaPolyacrylate side, two assumptions need to be made. First, the concentration of chloride ions was assumed to be identical to the concentration of known potassium ions (1:1 ratio). Secondly, every ion in solution was accounted for using the atomic absorption spectrophotometer. Therefore, the concentration of chloride ions on the NaPolyacrylate side was found as the difference between the total concentration of potassium ions (0.09275M) and the concentration of chlorine ions at equilibrium on the KCl side (0.06157M), giving a concentration value of 0.03118 M chloride ions on the NaPolyacrylate side. 

It was also observed from the data in Table 1 that dialysis across the synthetic membrane using 0.1 M KCl and NaPolyacrylate with approximate Na+ concentration of 0.1M solutions obeyed the Gibbs-Donnan Equilibrium. It was found that Gibbs-Donnan equilibrium works better if it is assumed that sodium and potassium ions are equivalent cations. When this assumption is made, [K+]in[Cl-]in and [K+]out[Cl-]out differ by 5.3%, while the quantities differ by 12.6% if Na+ is disregarded. Using the assumptions of sodium and potassium equivalence and that initial potassium and sodium ion concentrations on their respective sides are equal to their total concentrations at equilibrium from Table 1, expected values for final cation concentrations under Gibbs-Donnan equilibrium were determined, as illustrated in the following table. 

Table 4: Expected Concentrations under Gibbs-Donnan Equilibrium

	Concentrations (M)
	KCl Side
	NaPolyacrylate Side

	Initial Cation
	0.09275 M
	0.08412 M

	Theoretical Final Cation
	0.06082 M
	0.11603 M

	% Difference from Actual Concentrations (Table 1)
	-1.180%
	0.630%


When the actual data for cation concentration from Table 1 is compared to the theoretical equilibrium data in Table 3, it can be seen that there are very small differences between the two from the low percent errors of -1.18% and 0.63%. This shows that although Gibbs-Donnan is based on ideal conditions, it applies very well to real systems.
As a result of the unequal ion distributions across the synthetic membrane, membrane potentials were established for each ion. Using the Nernst equation for each of the three individual ions, and letting the polyacrylate side be the “inside,” the following membrane potentials were calculated.
	Table 5: Nernst Membrane Potentials for each ion

ΔE K+
	-14.24 mV

	ΔE Na+
	-18.26 mV

	ΔE Cl-
	-17.49 mV

	Avg. Membrane Potential
	-16.66 mV


All three individual ion potentials fall within 1.2 standard deviations of the average value, further showing the consistency between the experimental results and theoretical expectations.
Using the data from Table 1 and making the assumption that the original Na+ concentration on the sodium polyacrylate side is equal to the sum of the equilibrium Na+ concentrations on both sides, an experimental value for sodium ion dissociation from sodium polyacrylate in H2O can be determined. Dividing the average molecular weight of sodium polyacrylate by the formula weight of a single mer unit, it is found that there are approximately 54.26 mers per polymer on average. The approximate concentration of sodium polyacrylate initially used was 0.00196 M, and based on Table 1, the Na+ concentration on the sodium polyacrylate side before dialysis was 0.08412 M. Therefore, approximately 42.9 sodium ions (0.08412/0.00196) dissociated per polymer molecule. This means that roughly 79% of the sodium ions in the polymer solution actually dissociated.
Membrane dialysis with a biological membrane was also observed. Two different types of cartilage from the joint of a cow leg were used as biological membranes.  The first type of cartilage was a thinner cartilage surrounding the joint and the second type of cartilage was a thicker cartilage between the joints called meniscus cartilage. 

Two individual experiments were performed on the thinner cartilage. First, the cartilage plugs were allowed to soak in different concentrations of KCl ranging from 0-600 milliosmolar and mass readings were taken every twenty minutes over a two hour period. Results are plotted in Figure 4. An ANOVA statistical analysis was performed on the data collected comparing results for each KCl concentration used; the results are indicated in table 6, below. 
Table 6: ANOVA results for thin cartilage mass data

	ANOVA
	
	
	
	
	

	Source of Variation
	SS
	MS
	F
	P-value
	F crit

	Between Groups
	0.05421
	0.009035
	123.5716412
	4.696E-25
	2.323993


In an ANOVA test, if the F value is greater than the F critical value, the data is considered not significantly different. Data from figure 4 produced an F value of 123.57 which is greater than the F critical value of 2.32. Therefore it can be concluded that the absorption patterns by the cartilage plugs at different concentrations were not statistically different. Also to verify that the results did not occur by random chance, the P value for the Alpha test needs to be less than an alpha value of 0.05 or 5%. In this case, the P-value is a very small number (4.696 x 10-25) indicating that results obtained were not received purely by chance. It can be observed from Figure 4 that the change in mass at each time interval was very small, ranging only from ± 0.036g. This is most likely due to the fact that the cartilage plugs were so small, only 0.154cm3.  Also as illustrated by Figure 5, the mass percent intake of the cartilage plugs over a two hour period produced data that are linearly unrelated as indicated by a low R2 value of 0.12. The data points in Figure 5 may have been unrelated due to several factors which would significantly affect the results. The fact that each cartilage plug was not exactly of uniform shape produced unreliable data because although slightly differing masses were accounted for by using mass percent instead of mass, there is no way to account for varying surface area.  Also, over time, each cartilage plug showed signs of deterioration (flaking/disintegration or greenish deposits) which notably affected the mass readings. Due to all of these factors, the results from this experiment must be considered unreliable, and therefore do not provide any meaningful conclusions. 

A second experiment was performed on the thin cartilage plugs. Plugs were allowed to soak in different concentrations of KCl ranging from 0-600 milliosmolar and once equilibrium was establish (time period = 1 week) an absorbance reading was taken using the AA spectrophotometer. Equilibrium concentrations were then plotted against initial concentrations of potassium solutions as illustrated in Figure 7. It was observed that data produced a linear relationship when the final data point (0.3 M KCl) was omitted. The relation found could be expressed by the equation [K+]0=1.552*[K+]eq–0.0168. This relation is significantly different from the AA Spec calibration curve (Figure 6), as seen by the confidence intervals of the slopes of the two curves being exclusive (1.552±0.149 vs.1.005±0.182). Therefore, the results in Figure 7 are not a result of error produced by the AA Spectrophotometer. 
The final data point (0.3 M KCl) in Figure 7 was omitted because it did not lie along the same line as the other points and was therefore not helpful in regression analysis. There are several possible explanations for this deviant point. It is possible that it is just a statistical outlier, and as such if the experiment were repeated it would fall in line with the other points. In experiments with biological samples, it is always possible for an unlikely result to occur, and therefore an outlier would not be a rare occurrence. If the experiment had been repeated a few times it could have been determined whether or not the point is a statistical outlier. It is also very possible that there is a reason why the point deviated from the straight line. The cartilage plug used in the 0.3M KCl may have been different from the other plugs, either by having a significantly different fixed charge density, or by having some membrane defect which prevented efficient ion transport. Even if the plug was normal, it is possible that at such high concentrations (600 milliosmolar, approximately twice that of normal body fluids), the properties of the plug alter in a way to prevent more ion uptake. Another possibility is that the cartilage has a certain “ion saturation level,” and so as this level is approached, ion uptake slows down. The result of this would bean asymptotic curve which is very close to linear at low concentrations.  
Using the data from Figure 7, I was able to calculate the fixed charge density of the cartilage. Originally it was assumed that the partition constant k was constant. If this is true, the slope of the regression line should equal (k+b)/b (see Theory and Methods of Calculations section above). In this case b, the ratio of the volume of the solution to the volume of the cartilage, is 19.48, so solving for k gives a value of 11.04. Calculating FCD based on this k gave values ranging from 0.08573 to 2.80039, with a mean of 1.257 and a standard deviation of 0.908. In general, the FCD increased as [K+]o increased, which does not agree with the assumption that FCD is a constant. Upon further analysis it was determined that k in fact was not constant. Rearranging the equation kC+ = C+/k + FCD gives the equation:  FCD=C+(k-(1/k)). Since FCD is constant, this means that C+ must be inversely proportional to [k-(1/k)]. Clearly the original assumption of constant k had to be stricken.
Figure 10: Partition Coefficient Vs. Initial Potassium Concentration
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Calculations were redone, this time assuming a variable k and a const [K+]o,cartilage. In order to approximate k for each KCl concentration, a value of  [K+]o,cartilage was needed. The only way to get a value for this was to use the value obtained under the assumption that k was constant, which is the y-intercept of Figure 7 multiplied by the ratio of the volume of the solution to the volume of the cartilage. This results in [K+]o,cartilage=0.327 ± 0.031 M. (This is clearly a flawed argument, since the number is based on an incorrect assumption, but it is the most reasonable estimate obtainable.)  Values of k were then determined for each starting K+ concentration, with the results shown in Figure 10.  FCD values calculated using these k values were much more consistent than the previous ones. After omitting the 0.3M KCl trial (as also done in the regression analysis above), the remaining six FCD results had a mean of 0.331 M with a 95% confidence interval of ±0.009 M.
The meniscus cartilage plugs were allowed to soak in different concentrations of KCl ranging from 0-600 milliosmolar over a three hour period. Results of the equilibrium concentrations were plotted (Figure 8) against initial concentrations of the potassium solutions, in which they were suspended. A linear relationship can be expressed by the equation y=1.1505x + 0.0004, which had an R2 value of 0.9955. The slope of this line, however, falls within the 95% confidence interval of the AA Spectrophotometer’s calibration curve, meaning that the data may not be significant. Additionally, the y-intercept of this regression line is positive, which means that [K+]o,cartilage is negative, since the y-intercept is equal to [K+]o,cartilage/b (refer to Theory and methods of calculations section). Since negative concentrations are impossible, this means that something is not right. Table 3 shows the results of calculations to find the fixed charge density using the methods outlined in the previous paragraph. Most of the FCD values are negative and therefore impossible. Overall, these results are problematic, and because of this nothing can be concluded. Some possible explanations for this is that the meniscus plugs were only given three hours to equilibrate, while the thin plugs were given one full week.  Perhaps the meniscus plugs did not actually reach equilibrium. Evidence of this can be seen by comparing Figures 7 and 8. The slope of the line for thin cartilage was much greater than that of the meniscus plugs (1.552 and 1.151, respectively), meaning a greater percentage of the initial potassium ions in the surrounding solution were absorbed by the thinner plugs. 
The values for the fixed charge density of the meniscus cartilage plugs were found to be negative numbers, which cannot be possible. In order to maintain charge neutrality inside the cartilage the concentration of cations must be equal to the concentration of anions plus the fixed negative charge density.  Since a concentration value cannot be a negative value, it is implied that the fixed negative charge must be a positive value.
The percent mass of solution absorbed by the meniscus cartilage was plotted against the initial concentration of potassium solution they were suspended in for both the large (3.0mL) and small plugs (0.75mL) in Figure 9. No mathematical relationship could be determined, as evidenced by R2 values of 0.10 and 0.03 for best-fit regression lines of large and small meniscus, respectively. There is much variation in the percent mass increase, and this can be attributed to reasons similar to those seen in Figure 5, most notably varying shapes and sizes and the flaking/disintegration of the cartilage pieces.

1. Conclusions:
2. The fixed negative charge density was determined to be 0.331M with a 95% confidence interval of ±0.009M for the thin cartilage plugs.
3. The approximate number of sodium ions dissociated per sodium polyacrylate molecule was found to be 42.9, which represents a 79% dissociation of total sodium ions.
