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SUMMARY OF PROJECT CONCLUSIONS


The wavelengths and molar extinction coefficients at isosbestic points and peaks of oxy and deoxy hemoglobin were precisely determined.  Wavelengths were determined to within less than 0.1% uncertainty and extinction coefficients were determined to within less than 2.0% uncertainty.  Three isosbestic points were found in the range of 500-600 nm.  At wavelengths of 546.8 ( 0.2 nm, 570.8 ( 0.2 nm, and 586.1 ( 0.2 nm, the molar extinction coefficients are 34190 ( 690 L/mol-cm, 30910 ( 220 L/mol-cm, and 24040 ( 120 L/mol-cm, respectively.  Two peaks were found for oxy hemoglobin and one for deoxy hemoglobin.  They are located at 540.5 ( 0.3 nm and 575.8 ( 0.3 nm for oxy hemoglobin and at 554.7 ( 0.3 nm for deoxy.  The corresponding molar extinction coefficients are 35550 ( 360 L/mol-cm and 32840 ( 450 L/mol-cm for the oxy peaks and 35310 ( 150 L/mol-cm for the deoxy peak.  The limiting amount of sodium dithionite necessary to reduce oxy hemoglobin to deoxy hemoglobin is 9.763 mg/mg oxy hemoglobin with an uncertainty of ( 1.255 mg/mg oxy hemoglobin.  Testing of the procedure to determine concentration ratios of oxy/deoxy in a mixture yielded a theoretical ratio of 1:1 using one-half the limiting amount of sodium dithionite.  Experimental procedure yielded a concentration ratio of 1:104, which is equivalent to a 10,300% error.

Objectives


There are two principal objectives intended for the High Wavelength Visible Spectrum of Oxy- and Deoxy- Bovine Hemoglobin experiment.  First is to investigate the properties inherent in bovine hemoglobin by determining the molar extinction coefficient (() of both oxygenated and deoxygenated forms at high wavelengths of the visible spectra from 500 to 600 nm.  This is a convenient property to determine since it describes the material at a specific condition (e.g. at a specific wavelength).  Second, we are to study the reactivity of sodium dithionite with oxy-hemoglobin.  Defining the reactivity of sodium dithionite allows the reduction of oxy-hemoglobin without worrying about what side reactions may occur or about the denaturing of the protein overtime.


To accomplish these objectives four specific aims were formulated.  We are to determine the molar extinction coefficient as a function of lambda from 350 to 600 nm, the visible spectrum.  We also set out to determine the isosbestic points and peaks of oxy and deoxy hemoglobin between 500 and 600 nm with higher precision – accurate to within less than (0.5 nm of the wavelength values and within 5% uncertainty in molar extinction coefficient.  Third, we must determine the amount of sodium dithionite per milligram oxy-hemoglobin needed for reduction with no excess.  Lastly, we wish to propose and test a simultaneous equation to experimentally determine the Oxy:Deoxy concentration ratio in a mixture as a function of absorbance (A) and ( per milligram oxy-hemoglobin.

Background

We found that the information about the Applications of Spectrophotometry1 and the relevance of isosbestic points1,2 provided relevant theory applicable to our Bovine Hemoglobin study.  Given a mixture of solutions, specifically a mixture of oxy and deoxy hemoglobin solution, the Spectrophotometer will read the sum of the absorbance from all the species in the mixture.  We can mathematically disassemble the spectrum in the mixture with the following equation based on the Beer-Lambert’s Law.


A = ((() C1 + ((() C2 + ((() C3 . . .
(1)
Using this breakdown, we can apply a mathematical relationship to determine the oxy and deoxy concentrations in an oxy/deoxy mixture with the simultaneous equations.


A1 = ((1, oxy)(Coxy) + ((1, deoxy)(Cdeoxy)
(2)

A2 = ((​2, oxy)(Coxy) + ((2, deoxy)(Cdeoxy)
(3)
Noting isosbestic points, they are useful in a setting where there is an absorbing species X being converted into another absorber Y.  This is comparable to our oxy-hemoglobin being reduced into deoxy-hemoglobin.  If we investigate each species in isolation, that is we would obtain an absorption spectra survey scan of 100% oxy-hemoglobin (X) and 100% deoxy-hemoglobin (Y), we would then superimpose the survey scans and compare them.  Every spectrum recorded during the chemical reaction will cross at the same point.  These crossings are called the Isosbestic Points.  The conditions for having isosbestic points are that the molar extinction coefficients of species (X) and (Y) are equal, and that the sum of their concentrations equals a constant.  If the absorption spectra of both (X) and (Y) intersect not at one or more isosbestic points but over progressively changing wavelength, this is a good evidence that a) there is a formation of a reaction intermediate in substantial concentration (X ( W ( Y), or b) there is an involvement of a third absorbing species in the equilibrium, or c) there may be some interaction between (X) and (Y) (X + Y ( W).  Finally, the occurrence of an isosbestic point is strong evidence that only two principal species are present in the chemical reaction.  The probability of molar extinction coefficients of more than two species coinciding is infinitesimally small.

Materials, Apparatus, Methods

Three different materials were utilized in conducting this experiment.  The first of these was the bovine oxy-hemoglobin stock solution provided by the lab staff.  It was this solution from which all dilutions and working solutions used in the lab were derived.  Its concentration was measured by measurement of the mass of the dried solid and was found to be 13.298 mg/mL with a standard deviation of ( 0.126 mg/mL.  This is equivalent to a molar concentration of 2.046 ( 0.019 x 10-4 mol/L.


Also used was a phosphate buffered saline solution provided by the lab staff.  This solution was used to buffer the oxy-hemoglobin stock solution and to dilute it to the proper concentrations.  In calculating the mass of the stock solution it was necessary to account for the mass of phosphates in the buffered saline solution.  This was given as 2.76 mg/mL.


The last material was the chemical sodium dithionite.  This compound was used in reducing oxy-hemoglobin to deoxy-hemoglobin.  The chemical is known to react with water, so for this reason the container and any samples of sodium dithionite were stored in a desiccator so as to reduce the exposure to water vapor in the atmosphere.


The key apparatus used in this experiment was the Spectronic Genesys 5 Spectrophotometer.  This device is capable of measuring absorbance values in both the ultraviolet and visible range to an accuracy of ( 0.001 absorbance units, allowing for measurement at discrete wavelengths and over a range of wavelengths, as in a survey scan.  In this experiment the spectrophotometer was used to perform scans over the range 350-600 nm as well as over smaller ranges to encompass peaks at the higher wavelengths.  It was also used to create absorbance vs. concentration graphs with which we were able to measure the molar extinction coefficients at distinct wavelengths.   

Also used was the Mettler H72 Electronic Balance, which is capable of measuring masses from 0 to 160 grams to accuracy of ( 0.0001 grams.  This device was used to weigh samples of dried stock solution, weigh out samples of sodium dithionite, and to calibrate pipettes.  

A desiccator was also used to remove residual water from our samples and washed cuvettes.  This ensured that only the mass of the samples and not that of any water absorbed from the atmosphere was taken into account.  10 mL plastic pipettes with electronic pipette aids were used, as well as the P-20, P-200, and P-1000 Air Displacement Pipettes, which have a precision of ( 0.5%.  In addition to these apparatuses various beakers and test tubes were used to store solutions, along with the 1.0 cm cuvettes in which the samples were tested.

The first step in conducting this experiment was to determine the concentration of the oxy-hemoglobin stock solution.  This was done by drying three 1.0 mL samples of the stock solution in aluminum drying pans utilizing the desiccator.  After the solutions were dried and weighed, the 2.76 mg/mL of phosphates were subtracted and these values were divided by the solution volume to yield the concentration of hemoglobin in our stock solution.  This was determined to be 13.298 ( 0.126 mg/mL, or 2.046 ( 0.019 x 10-4 mol/L. 

Next the molar extinction coefficient (() were determined for wavelengths over the visible spectrum (350-600 nm).  This is done by running a survey scan.  From Experiment 5: UV-VIS Spectrophotometry, we know the maximum ( for hemoglobin occurs at around 410 nm for oxy-hemoglobin.  We created a Working Solution 1 of 50.0 mL by taking 900 (L of the stock solution and adding the balance of the phosphate buffered saline solution.  This solution maximized the absorbance of the solution at 410 nm to below 1.5 units, the maximum optimal absorbance for this unit.  A 3.0 mL sample of this solution was taken and a survey scan was performed over the range 350-600 nm.  We then took this 3.0 mL sample and added to it a small amount of sodium dithionite to convert the sample to deoxy-hemoglobin.  We allowed 1 minute to pass, then ran the same scan on the sample of now deoxy-hemoglobin.  Dividing the resulting absorbance values by the concentration of the working solution 1 -- 3.683 ( 0.035 x 10-6 mol/L -- resulted in values for the molar extinction coefficients over this range.  This graph was used to make a preliminary determination of the location of the isosbestic points and the peaks in (.  

From this preliminary survey scan we approximated the dilution that maximized absorbance values at the higher wavelengths.  This was determined to be 10 times the concentration of working solution 1.  Working Solution 2 was created by taking 9.0 mL of the stock solution and diluting with the saline solution to 50.0 mL, resulting in a solution with concentration of 3.683 ( 0.035 x 10-5 mol/L.  A 3.0 mL sample of this working solution 2 was taken and a survey scan was run over the wavelengths 500-600 nm.  Sodium dithionite was added to this sample and the scan was run again after waiting one minute.  Dividing by the concentration again gives a graph of ( vs. (.  This second survey scan was performed to focus in on the area of interest in this experiment, namely the 500-600 nm range.

Next, for each peak and isosbestic point we wished to investigate we ran absorbance vs. concentration graphs on 0%, 10%, 20%, 40%, 60%, and 80% dilutions of working solution 2 at the wavelengths of interest as well as 0.5 nm above and below this wavelength.  This allows us to determine precisely at what wavelength the peaks and isosbestic points occur; this is the wavelength where the slopes of the oxy and deoxy curves are equal for isosbestic points and where the slope of the curve has a maximum for peaks.  The absorbance vs. concentration curve allows us to determine the extinction coefficient at those wavelengths.  Three separate trials were done to increase the precision of our ('s.  In addition to the peaks and isosbestic points, it was also necessary for us to find the ('s for oxy and deoxy at the two points where the difference in extinction coefficients is greatest.  This data was later used to determine the ratios of oxy:deoxy-hemoglobin in a given mixture of the two.

After our molar extinction coefficients were precisely ascertained, we determined the limiting amount of sodium dithionite needed to reduce oxy-hemoglobin to deoxy-hemoglobin.  This was done by preparing a set of cuvettes containing various amounts of sodium dithionite.  To each cuvette 3.0 mL of working solution 1 were added and, after waiting one minute, survey scans were run over the 350-600 nm range of wavelengths.  The limiting amount is reached when the scans cease to vary appreciably for increased amounts of sodium dithionite.

Finally, to test our method for measuring the ratio of oxy to deoxy-hemoglobin in a solution, we prepared 5 concentration ratios, 1:1, 2:1, 3:1, 1:2, and 1:3 of oxy:deoxy solution.  Different ratios can be obtained by adding less than the limiting amount of sodium dithionite to an oxy-hemoglobin sample, for example, adding only half the limiting amount will result in a 1:1 ratio, since only half the oxy-hemoglobin in that sample will be reduced to deoxy.  We measured absorbance at the maximum difference wavelengths previously determined and used the extinction coefficients along with our simultaneous equation to test each mixture for the accuracy of our mixtures.

Results

The stock solution of bovine hemoglobin was desiccated and weighed to calculate the concentration of hemoglobin in the hemoglobin-phosphate buffer stock solution.  Table 1 below displays the concentration value and percent uncertainty for the stock solution as well as for Working Solution 1 (WS1) and Working Solution 2 (WS2).  Uncertainty values reflect the uncertainties in mass measurements and in the dilution scheme.

Table 1:

Concentrations of Hemoglobin Solutions

	
	[Hemoglobin] ( Uncertainty
	% Uncertainty

	Stock Solution
	13.298 ( 0.126 mg/mL
	0.9%

	Working Solution 1 (WS1)
	0.239 ( 0.026 mg/mL
	10.9%

	Working Solution 2 (WS2)
	2.394 ( 0.262 mg/mL
	10.9%


An absorbance survey scan was performed on oxy- and deoxy- WS1 and WS2.  From these scans, the molar extinction coefficient for oxy and deoxy hemoglobin as a function of wavelength was graphed, as shown in Figure 1 and Figure 2.  Uncertainty for wavelengths ((0.5 nm) reflects the interval in which the spectrophotometer measured absorbance.  Uncertainty for the extinction coefficient represents the uncertainties in WS1 and WS2.

Figure 1:

Molar Extinction Coefficient vs. Wavelength using WS1
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Figure 2:

Molar Extinction Coefficient vs. Wavelength using WS2
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In determining more precise values of ((() for points of interest, serial dilutions of oxy- and deoxy- WS2 (0%-80%) were made, and absorbance readings were taken at incremental wavelengths.  Using Figure 3 below as representative graphs, the exact isosbestic point ((o) would be that wavelength at which the slopes of the oxy and deoxy graphs are equal.  The (isosbestic would be the slope at this wavelength, (o.  Precise values for peaks were determined similarly.

Figure 3:

Representative Graphs For Isosbestic Point Determination
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Table 2 tabulates the wavelength and molar extinction coefficient for isosbestic points and oxy/deoxy peaks at wavelengths between 500 nm and 600 nm.  Percent uncertainty values are significantly lower than those represented in Figure 2.  

Table 2:

More Precise ((() for Points of Interest

	
	( ( Uncertainty

(nm)
	% Uncertainty
	( ( Uncertainty

(L/mol-cm)
	% Uncertainty

	Isosbestic Point 1
	546.8 ( 0.2
	0.04%
	34190 ( 690
	2.0%

	Isosbestic Point 2
	570.8 ( 0.2
	0.04%
	30910 ( 220
	0.7%

	Isosbestic Point 3
	586.1 ( 0.2
	0.03%
	24040 ( 120
	0.5%

	Oxy Peak 1
	540.5 ( 0.3
	0.06%
	35550 ( 360
	1.0%

	Oxy Peak 2
	575.8 ( 0.3
	0.05%
	32840 ( 450
	1.4%

	Deoxy Peak
	554.7 ( 0.3
	0.05%
	35310 ( 150
	0.4%


Equation (4) below displays the solution for the ratio COxy/CDeoxy from Equations (2) and (3):
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(4)
To test the validity of Equation (4), we must first control the reduction process of hemoglobin by determining a limiting amount of sodium dithionite.  Incremental amounts of sodium dithionite were added to 3.0 mL of WS1.  Survey scans were performed and changes in absorbance were observed.  Figure 4 displays results for this analysis.

Figure 4:

Absorbance vs. Wavelength for Incremental Amounts of Sodium Dithionite in 3mL WS1
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There is a significant increase in absorbance between 6.1 mg and 7.0 mg of sodium dithionite.  Absorbance ceases to increase significantly after adding 7.0 mg of sodium dithionite.  Therefore, the limiting amount of sodium dithionite for 3.0 mL of WS1 is 7.0 ( 0.9 mg, or 9.763 ( 1.255 mg sodium dithionite per mg oxy hemoglobin.

Figure 5 displays the wavelengths used to test Equation (4).  Table 3 displays their respective molar extinction coefficients.

Figure 5:

Determination of Optimal (1 and (2
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Table 3:

Determined Molar Extinction Coefficients at (1 and (2
	
	Oxy Hemoglobin
	Deoxy Hemoglobin

	(1 = 559 nm
	(559,Oxy = 29050 ( 300 L/mol-cm
	(559,Deoxy = 37850 ( 300 L/mol-cm

	(2 = 576 nm
	(576,Oxy = 38280 ( 380 L/mol-cm
	(576,Deoxy = 30230 ( 290 L/mol-cm


A 1:1 oxy:deoxy solution was made by adding 35 mg of sodium dithionite to 3 mL of WS2 (WS2 is 10 times more concentrated than WS1).  Absorbance was measured in which A559 = 1.325 and A576 = 1.071.  When inputting these valued into Equation (4), COxy/CDeoxy = 1/104.

Discussion and Analysis of Results

The first specific aim was to determine the molar extinction coefficient as a function of lambda over the visible spectrum.  The method used to accomplish this yielded a function (Figures 1 and 2) with wavelength uncertainties of (0.5 nm and molar extinction coefficient uncertainties of ±10.9%. The uncertainties for the wavelengths are dependent on the wavelength intervals that the spectrophotometer used to measure absorbance.  Data points were collected at every integer wavelength.  Therefore, each absorbance reading reflects a range of (0.5 nm.  The 10.9% uncertainty for each molar extinction coefficient value reflects the precision of the solutions used in measurement.  The extinction coefficient was calculated by dividing the absorbance reading from the spectrophotometer by the concentration of the solution.  Since the uncertainty for WS1 and WS2 were much greater than that of the absorbance values (±0.001), the uncertainty of the solutions dominate.

Uncertainty values for ((() must be reduced to obtain more precise isosbestic points and peaks of oxy and deoxy hemoglobin. Our goal was to achieve uncertainty for wavelength less than ( 0.5 nm and less than 5% for the molar extinction coefficient. Serial dilutions proved to be effective in accomplishing this aim.  Using six different dilutions (0%, 10%, 20%, 40%, 60%, and 80%) of WS2 to plot absorbance versus concentration yielded a best-fit line with R2 > 0.999.  The serial dilution aided in reducing the uncertainty in concentration values, thus yielding a more precise ( (95% confidence interval < 1%).  To reduce the uncertainty for (, the method described in Figure 3 was employed.  This method essentially narrowed the wavelength increment about the isosbestic points and peaks.  After performing three trials, the uncertainty of the wavelength was reduced by approximately 35 – 40%, from ±0.5 nm to ±0.2 – 0.3 nm.  In addition, the maximum percent uncertainty for ( is 2.0%, an 82% decrease from the original 10.9%.  Table 2 displays the results of ((() at isosbestic points and peaks with ( uncertainties ( ±0.3 nm and ( uncertainties < 2.0%.  

The third and fourth specific aims are interdependent.  In order to test Equation (4), a known mixture of oxy and deoxy hemoglobin needs to be created.  To do this, the reactivity of sodium dithionite with oxy hemoglobin to form deoxy hemoglobin must be controlled.  We proposed and tested a method in which various amounts of sodium dithionite reacted with a set amount of WS1.  The absorbance spectra was taken one minute after the start of reaction to account the possible effect of atmospheric oxygen oxygenating deoxy hemoglobin.  Figure 4 displays the result of this analysis.  It was observed that when using amounts of sodium dithionite greater or equal to 7.0 mg in 3.0 mL of WS1, absorbance readings at 428.5 nm were within a range of 1.225 ± 0.008.  However, when 6.1 mg of sodium dithionite was used, the absorbance was below this range by approximately 0.020.  This signifies that the limiting amount of sodium dithionite is between 6.1 mg and 7.0 mg.  The limiting amount for 3.0 mL of WS1 is therefore 7.0 ± 0.9 mg.

Knowing the limiting amount of sodium dithionite to produce deoxy hemoglobin, it was calculated that to make a 1:1 solution of oxy:deoxy from 3.0 mL of WS2, 35.0 mg was required.  The next step to test Equation (4) was to determine optimal values of (1 and (2.  One criteria used was to look at wavelengths in which the molar extinction coefficients for oxy and deoxy hemoglobin differed the most.  At these wavelengths, oxy and deoxy hemoglobin have different absorbing properties and therefore the spectrophotometer would be able to differentiate the two molecules more readily.  Secondly, points in which 
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, a small variance in wavelength affects the value of the molar extinction coefficient greatly.  Figure 5 graphically shows this concept with the two wavelengths chosen.

Upon testing of Equation (4), the resulting ratio of Coxy/Cdeoxy is 1/104 while our theoretical ratio was 1/1.  This 10,300% deviation from the theoretical indicates that either the theory behind the mathematics of Equation (4) is incorrect or that the limiting amount of sodium dithionite was actually in excess.  Since the presumption that the theory behind our calculations, namely the Beer-Lambert Law, is false is highly improbable, we can conclude that the fault is in the experimentally determined limiting amount of sodium dithionite.  

Recommendations for more precisely determining the limiting amount include a more precise method of weighing sodium dithionite such as using molarity instead of dry weight.  Since we worked with 3.0 ml volumes, error in the electronic balance when weighing the sodium dithionite is significant.  If we used solutions with varying concentrations of sodium dithionite, we could achieve even a smaller concentration with less uncertainty.  In addition, higher concentration of hemoglobin in working solutions would allow us to use greater amounts of sodium dithionite to reduce the oxygen.  Therefore, we could measure better increments of the mass of sodium dithionite.  Lastly, we only performed one trial for the incremental measurement of the limiting amount of sodium dithionite (Figure 4).  One trial was preformed because the stock solution of hemoglobin was depleting.  More trials would reduce the uncertainty in the absorbance curves for each solution, thereby giving us greater confidence when interpolating the limiting amount of sodium dithionite.

Conclusions

1. The percent uncertainty of ( decreased from 10.9% to less than 2.0% (an 82% decrease) when using serial dilutions to measure absorbing properties, resulting in more precise determinations of the molar extinction coefficient.  

2. The uncertainty of ( decreased from ±1.0 nm to less than ±0.3 nm (a 70% decrease) when using the method that involved comparing changes in (oxy and (deoxy at incremental wavelengths.  This allowed for the more precise determination of the specific wavelengths of isosbestic points and peaks.  

3. The limiting amount of sodium dithionite was determined to be 7.0 ± 0.9 mg per 3.0 mL of WS1, which is equivalent to 9.763 ( 1.255 mg sodium dithionite per mg oxy hemoglobin; however, experimentation showed that this 13% uncertainty yielded a 10,300% error when determining Coxy/Cdeoxy via Equation (4) for a theoretical 1/1 ratio.  
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