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Introduction

Spectroscopy is the field concerned with the dispersion of light into its component colors by a certain substance.  More specifically, it deals with the ability of a substance to absorb and emit characteristic wavelengths of light.

One important application of spectroscopy is to use the optimal absorbance wavelengths to determine concentrations using the Beer-Lambert Law.  This law states that the absorbance for a particular substance is proportional to the concentration of that substance.  Spectrophotometers are the devices used to collect data pertaining to spectroscopy.  They consist of 4 main parts- a light source, a monochromator used to separate white light into component wavelengths from which one wavelength can be chosen, a cuvette, and a phototransistor, which is the device that measures the intensity of the transmitted light.  One specific type of spectrophotometer, colorimeters, use filters instead of monochromators to select the wavelength. Colorimeters are widely used in the clinical laboratory setting, to identify the concentrations of substances contained in blood, urine, and other body fluids.  The filter can be chosen based upon the color of the solution.

In order to obtain effective results from a colorimeter, the sample that is being tested must be diluted.  Otherwise, no light would be transmitted to the photometer.  Once the absorbance value of the diluted solution is obtained, the corresponding concentration can be read off of a calibration curve, and then multiplied by the proper dilution factors to achieve the original concentration value.

The main objective of this experiment was to construct a circuit which behaves like a colorimeter and could measure the concentration of hemoglobin (optimal absorbing wavelength of 416nm) using the red diode (~650nm), and bromocresol green using the green diode (~510nm). Photocells were used as photometers and diodes as a combination of the light source and the filter. In addition, the ability to measure concentrations of hemoglobin similar to those found in human blood was investigated.

We hypothesized that using the colorimeter linear plots of absorbance versus concentration will result from using the green diode for hemoglobin and the red diode for bromocresol green. Using the filter paper method, a linear plot of absorbance versus concentration will result to which unknown samples can be compared.
Methods and Materials

Circuit and testing

The circuit was similar to the circuit constructed in the Electronic Eye Lab and looked like this:
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Here, two separate arrays were set up for each LED (green and red) and the X marks where the 5V wire from the MC7805 was placed.  In this manner, only the desired LED was powered.  Also, at each Y, the red clamp for the computer had to be reattached.  A photocell was used to absorb the light from the diodes because of its large surface area and functionality in the visible light range.  The 330 Ohm resistors were used to limit the voltage and current through the LEDs and the photocell resistors (33K and 47K) served a similar purpose for the photocell.  These resistor values kept the current below the maximum 10mA allowed for use with the photocell. V0 represents the measured voltage drop across the photocell.
Between each diode and its corresponding photocell, a hollow semi-sphere from an egg carton was used to hold the cuvette.  This semi-sphere was cut to a suitable size and taped to the breadboard, hollow side down.  A square with the dimensions of the cuvette’s base was cut in the top of the sphere to hold the cuvette in place.  During testing, the circuit was encased by a common shoebox covered in aluminum foil, which prevented stray light from entering.

Equations

The testing of the Beer-Lambert law required a graph of absorbance vs. concentration.

Concentration was determined by the equation:                                                                                                                                                                                                            
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Absorbance was determined by the equations:  
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Calibration of Setup

It is important to make sure that the overall setup is functioning optimally before starting the experiment. Three basic tests have been devised to accomplish this task.

Circuit Response Test— To assure desired voltage reading patterns, a certain amount of samples of different concentrations was placed within the circuit setup and voltage change was observed on the DMM.

Light Leaks Test—In the analogous experiment #5, the light in the room played a destructive role when collecting data. For this setup, the circuit was enclosed with a cardboard box to block off the main light in the room. As for any stray light which might escape through the edges, duck tape and aluminum foil were used to seal off these edges.  This setup reduced the light noise which would have otherwise affected our voltage readings.

For this test, a Virtual Bench Oscilloscope was used to check for the light leakage.  The frequency of light noise in the laboratory occurs at 120 Hz.  This noise was observed on the oscilloscope until it was eliminated by the shoebox cover.

Alignment Test—Before starting the experiment, the LED and the photocell needed to be aligned in such a way that the absorbance was “zeroed” and Vo was as low as possible.  The photocell and the LED were adjusted in such a way that the voltage drop across the photocell was as close to zero as possible.

Finding Zero Absorbance

A phosphate buffer solution-filled cuvette was inserted into each circuit. The voltage across the photocell served as the zero voltage value (V0). This value was inserted into the equation for absorbance for comparison of all other samples in the circuit.

Establishing the Calibration Curves

We started with a 10 mg/ml concentration of hemoglobin in phosphate buffered saline. This was diluted fifteen times, each time reducing the concentration of hemoglobin by .667 mg/ml. Each dilution mixture was then put into a cuvette and inserted into the circuit. Voltage values across the photocell were read and used in the absorbance equation.  For each concentration, 3 values of Vo were taken. The concentration of each sample was plotted against the measured absorbance (A=log(5V-V0/5V-Vb)) and a line was fitted. This line was used to find the concentration of unknown samples of hemoglobin.

This procedure was repeated for each curve that was to be established. Hemoglobin’s color of maximum absorbance most closely matched the output of the green diode, which is the circuit that was used for measuring that substance’s concentrations.  Other substances either used the green or red diode circuit. In the case of bromocresol green, the red diode circuit was employed.

Each calibration curve had a linear and non-linear portion of the graph. The non-linear portion was considered the concentrations for which the colorimeter cannot accurately make a measurement.

Error of concentration measurements was determined for each curve. The average of three measurements for each dilution was compared to the actual concentration value. The standard deviation was averaged and a 95% confidence interval was established.
A test was developed to determine the colorimeter’s usefulness in real life applications.  Healthy hemoglobin concentrations for humans are 130 mg/ml and low concentrations are 120 mg/ml.  Both of these concentrations fell above the range of the colorimeter.  As a result, two diluting processes were used. The goal is to determine if after following these dilutions the colorimeter can accurately determine if a female has healthy or low concentrations of hemoglobin.  First, a .05 ml drop of different concentrations of hemoglobin around the normal and low hemoglobin ranges was diluted to 2 ml.  These values fell within the accurate ranges of the colorimeter.  As a result, a calibration curve was developed relating the voltage readings to the original concentrations of hemoglobin before dilution.  Secondly, a similar process was used as a .05 ml drop of hemoglobin was dried on filter paper and then resuspended in buffer solution up to a volume of 2 ml.  As before, a calibration curve was developed corresponding to the original concentrations.

Results
We constructed three calibration curves, one each for hemoglobin, bromocresol green, and the hemoglobin filter paper test.  Using the limits of the circuit (discovered by the most linear sections of each calibration curve), samples of known concentration could be tested and compared to respective calibration points.  Both the calibration curve and sample testing values were developed when the device was covered to minimize noise, since initial testing of the circuit showed 120 Hz noise when the circuit was uncovered and no noise when the circuit was covered.  In addition, drift of the circuit over ten minutes using a blank cuvette was .0045V peak to peak.  This value is less that 1% of the voltage readings for each concentration.
The first calibration curve (Figure 1, R2=.941) consists of the average of three absorbance values at every data point (each prepared concentration) for hemoglobin.  The limitations of the colorimeter require that only the most linear section be used.  Thus, for the second plot, Figure 2, higher concentration points were eliminated that were observed not to be linear (decreased the R2 value). This increased the R2 to .992. Finally, the points of lower concentration that did not appear linear were eliminated from the plot, and a maximum R2 value of .9998 was obtained (Figure 3). This optimum calibration curve spans the limits of our colorimeter and consists of six concentrations ranging from 2mg/ml to 5.33mg/ml.



Figure 1




Figure 2
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Figure 3





Table 1

	95% Confidence Interval Tests (C.I. = 0.345)

	Actual Concentration (mg/ml)
	Measured Concentration (mg/ml)
	Difference
	Accepted?

	2
	1.828
	0.172
	YES

	3
	3.092
	0.092
	YES

	4.5
	4.469
	0.031
	YES
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For the hemoglobin calibration curve, the most linear section (2mg/ml to 5.33mg/ml) was used to test the ability of the linear equation to find the concentration of a sample within this range. The 95% confidence interval of the concentrations used in the calibration curve (0.345 mg/ml) was found using the statistical error of the measured absorbance. The concentrations of three samples that were used to test the calibration curve were all measured to their actual value, within this confidence interval (Table 1).
A calibration curve was also created for bromocresol green at various concentrations and a linear equation was fit (R2=.930) (Figure 4). The most linear region of the curve (.056mg/ml to .103mg/ml) was determined to be the region within the limits of our colorimeter.  This curve provided the highest accuracy and produced an R2 of .975 (Figure 5). 

The concentrations from the optimum portion of the Bromocresol Green calibration curve were selected to test the accuracy of the curve.  The three concentrations tested (0.06, 0.071, and 0.1 mg/ml) were all measured within the 95% confidence interval (0.022) of the calibration curve (Table 2).


Figure 4




Figure 5
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Figure 6




Table 2

	95% Confidence Interval Tests (C.I. = 0.022)

	Actual Concentration (mg/ml)
	Measured Concentration (mg/ml)
	Difference
	Accepted?

	0.06
	0.039
	0.021
	YES

	0.071
	0.064
	0.007
	YES

	0.1
	0.102
	0.002
	YES
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Using T-tests, we discovered that our colorimeter is capable of distinguishing between 130mg/ml of hemoglobin (normal amount in humans) and 120mg/ml of hemoglobin (dangerous amount in humans).  The 95% tcrit values for both the 120 and 130mg/ml hemoglobin samples were 2.776 (DF=4).  Using three trials for absorbance of both 120 and 130mg/ml, the Tstat value was calculated to be 12.25.  Because this is greater than the tcrit value of 2.776, these two values (120 and 130mg/ml of hemoglobin) are different.


For our colorimeter, the filter paper method, which is a common medical method for taking blood samples, proved to be insufficient for creating a linear calibration curve and determining unknown values of hemoglobin (Figure 6).  T-testing of the concentrations of 120mg/ml and 130mg/ml resulted in values of Tstat =1.511 and tcrit =2.776 (DF=4, 95% C.I.).  Because tcrit is greater than Tstat, indicating that these values are considered to be equal.
Discussion

Some of the major findings from this experiment were that: 1) the green diode set-up and the red diode setup with the hemoglobin solutions and the bromocresol green solutions respectively formed linear calibration curves 2) the reliability of our calibration curves in determining the concentrations of unknown solutions, 3) the device is effective in distinguishing between healthy and abnormal hemoglobin levels in blood (130 mg/ml and 120 mg/ml respectively), 4) the medical application of the colorimeter in reference to taking blood tests in third world countries was ineffective given the constraints of this lab.


The calibration curves for hemoglobin and bromocresol green adhere to the linearity of the Beer-Lambert law (A=abc, ab=constant)
.  This also reflects the use of the transmittance wavelengths that were closest to the peak absorbance wavelengths of hemoglobin and bromocresol green, as determined by plots of absorptivity coefficient vs. wavelength.


Each calibration curve originally consisted of 15 data points, resulting in plots with R2 values of 0.941 for hemoglobin and 0.930 for bromocresol green.  Testing of these curves required linear plots, thus reducing the limits of our colorimeter.  A six point range of concentrations from 2mg/ml to 5.33mg/ml created the most linear plot with R2=0.9998 for hemoglobin; this range represents the limits of the green (hemoglobin) circuit.  A seven point range of concentrations from 0.056mg/ml to 0.103mg/ml resulted in a plot of R2=0.975 for bromocresol green.  This range is the limitation of the red (bromocresol green) circuit.  All concentration tests were examined within each circuit’s respective limitations.  The concentrations from these tests all fell within the 95% confidence intervals of the respective calibration curves (t=0.345 for hemoglobin, t=0.022 for bromocresol green)

In the case of the red circuit, using bromocresol green as the testing substance put the calibration curve at a disadvantage.  According to our research, the red circuit is most effective at measuring light absorbed by a green substance, however bromocresol green is blue.  This leads us to conclude that the R2=.975 was the result of a suboptimal pairing between substance and diode.  Accordingly, the green circuit correctly matched with the red hemoglobin produced a higher R2 value (0.9998) due to the absorbance spectrum of red.  An error source such as noise was eliminated by the shoebox cover, and the drift of 0.0045V peak to peak was not a significant factor as its voltage was less than 1% of any concentration voltage reading.

Normal levels of hemoglobin in humans are 130 mg/ml while a low hemoglobin concentration would be 120 mg/ml for diseases such as anemia or other hemoglobin deficient diseases
.   These concentrations fall outside of the accurate range of the colorimeter (2 -5.33 mg/ml).  As a result, a dilution process was developed that brought these values into the range of the colorimeter and tested to see if the colorimeter could distinguish between the 120 mg/ml dilution and 130mg/ml dilution.  The resulting T-test values assuming equal variance of tcrit(2.776) and Tstat(12.25) indicated the points could be considered unequal and distinguishable by the colorimeter.  Therefore, the colorimeter is sensitive enough to distinguish between a person with regular hemoglobin concentration and low hemoglobin concentration by following the dilution procedure.

The filter paper testing involved placing the hemoglobin on filter paper, cutting the dry hemoglobin out, and placing it in the phosphate buffer.  After removing the filter paper from the buffer, the hemoglobin was tested for absorbance.  This method is commonly used for blood testing in third world countries
.  Unfortunately, the calibration curve for this was not linear due to inconsistent rising and falling of absorbance values along a progressive increase of concentration.  Thus, the Beer-Lambert law was not applicable and the method and calibration curve were deemed unsatisfactory for our circuit.  T-testing confirmed this in testing 120 and 130mg/ml.  Tstat (1.511) was lees than 95% C.I. tcrit (2.776), indicating that the colorimeter identified these two concentrations as being equal.  As a result, the colorimeter was unable to distinguish a person with low concentrations and high concentrations of hemoglobin when the filter paper dilution test was applied.

There were many limitations in our testing of the hemoglobin drops on the filter paper.  The type of filter paper used was the same type of filter paper used in labs for gravitational filtration processes, which is not the same type used to perform these blood tests in third world countries.  


Also, each piece of filter paper that was cut out and dissolved in phosphate buffer, while containing a uniform volume of hemoglobin (50μl), was not of a uniform area. When the filter paper was placed in the buffer solution, not all of the hemoglobin resuspended- it resuspended up to a certain point, with a constant amount left in the filter paper per area of filter paper.  It is therefore possible that the differing areas were the reason why higher hemoglobin concentrations had lower absorbance values - a greater area would retain more hemoglobin and result in decreased absorbance.  


Another possible source of error in our testing of the filter paper lies in the drying process of the hemoglobin on the filter paper.  Due to time constraints in lab, the filter paper could not be left to dry completely on its own.  Also, an oven could not be used to dry the paper because the heat could affect the characteristics of the hemoglobin (i.e. denaturing).  Therefore, we were left to dry the paper using a cold-air blow-dryer.  This in combination with the time constraint meant that the paper was not completely dry, only void of pools of hemoglobin on the surface.  Relative dryness of the paper samples could have also negatively affected our data.  


If we were to re-execute the experiment, the previously mentioned errors provide a basis for things we would change.  As a result, we would leave more time for the hemoglobin samples to air dry in the proper conditions.  Also, the appropriate type of filter paper, such as 903, could be purchased that would allow the maximum re-suspension of the hemoglobin in the buffer.  Another idea that we had was to pre-cut pieces of filter paper to put our samples on, so that we could be assured that we had the same volume of each sample over the same surface area.  


In closing, our first hypothesis was accepted while the other was rejected. The colorimeter circuits were successful in creating calibration curves of hemoglobin and bromocresol green using the green and red diode circuit, respectively. However, we were unable to accurately measure the concentration of hemoglobin by transferring it with filter paper and then creating a calibration curve after re-dissolving it.
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