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Introduction:

Many conditions and diseases including dehydration and sickle cell anemia currently afflict millions of people living in third world countries and are going undiagnosed and untreated.  Our experiment focuses on sickle cell anemia and dehydration because they are easy to diagnose and once diagnosed are relatively easy to treat.  Sickle cell anemia, one of the most common human autosomal recessive disorders, is a blood disorder caused by an abnormal type of hemoglobin called hemoglobin S (HbS).  In this disease, HbS clusters together and induces a change in the shape of red blood cells.  These “sickled” blood cells can easily become trapped in small blood vessels, causing pain and more importantly preventing blood flow to significant organs.  Once it is determined that a patient has the disease, there are therapeutic methods that can reduce the frequency, duration, and severity of symptoms and maintain an adequate supply of red blood cells to nourish the tissues. These methods include taking antibiotics and establishing a healthy diet that is high in folic and butyric acid.
This debilitating disease can be detected by taking a sample of a patient’s blood and measuring the concentration of hemoglobin.  The concentrations of hemoglobin in the blood for a normal adult male and female are 13.6-17.7 g/dL (+/- 2g/dL) and 12.1-15.1 g/dL (+/- 2g/dL) (respectively), while the concentrations of hemoglobin for an adult male and female with sickle cell anemia are <13.5 g/dL (+/- 2g/dL) and <12 g/dL (+/- 2g/dL) (respectively).  For a patient subjected to dehydration, it is expected that the concentration of hemoglobin will be higher than the normal range, because the lack of fluids in the body will cause the blood (and thus hemoglobin) to be more concentrated.  The concentration of hemoglobin for individuals with dehydration is 17.8-19.0 g/dL and 15.2-16.2 g/dL for men and women respectively. The concentration of hemoglobin in the sample can be measured easily with a spectrophotometer. A spectrophotometer measures the absorption of transmitted photons by a solute.  The values for absorption of an array of solutes of known concentration can be taken, and these values can be used to construct a calibration curve relating absorption to concentration of a known substance.  Clinicians can use this relationship to determine a patient’s hemoglobin concentration and use this value in comparison with the relative hemoglobin concentrations caused by the aforementioned diseases to diagnose the patient.
However, testing for these diseases using a spectrophotometer is not ideal.  A standard spectrophotometer is costly, fragile, and not very portable.  In our experiment, we aim to create our own “field spectrophotometer” that is portable, inexpensive, and accurate.  These qualities would make our device ideal to use in testing for these conditions and diseases in third world countries, where resources that provide for lab spectrophotometers are readily unavailable.

Reference:

http://www.fpnotebook.com/HEM77.htm
http://www.ncbi.nlm.nih.gov/disease/sickle.html
http://www.health.yahoo.com/health/encyclopedia/000527-1.html
Materials and Procedure

The concentration of a solution can be determined by making calibration curves relating absorbance to concentration. In this experiment, a colorimeter was constructed to measure the absorbance of different hemoglobin solutions. The first part of the lab consisted of plotting such curves of Absorbance vs. Concentration..  These absorbance readings were calculated from voltage readings when using red, green and IR LEDs. The latter portion of the experiment consisted of testing the accuracy, precision and reproducibility of the circuit and colorimeter setup, where absorbance values obtained from the colorimeter were compared to actual values read off a spectrophotometer. In addition, statistical tests were done to confirm both the consistency of readings and the regression analysis of the calibration curves. 
The integral components of the circuit setup consisted of: a photocell, red, green, and IR light emitting diodes, 330 Ω and 100 kΩ resistors, and the Virtual DMM (Digital Multimeter) (Figure 1).  The circuit used a MC7805 integrated circuit chip as a voltage regulator to ensure a constant 5V at output pin #3. This setup ensured an incoming voltage of 12V at pin #1. The 330 Ω resistor ensured a safe current of 10 mA for the LEDs.  The 100 kΩ resistor ensured that changes in resistance across the photocell could be monitored by a change in voltage across it (Vout). The DMM was used to obtain the voltage readings. A photocell is a device that changes resistance inversely in response to changing luminescence values, and the one used in our experiment had a surface diameter of 0.51cm. When less light is absorbed by a solution, the intensity with which light strikes the photocell increases, leading to lower resistance and Vout reading across the phototransistor. Thus, light intensity and Vout readings are inversely related. Before running the experiment, a quick test of the sensitivity of the photocell was conducted to explore its response to different lighting conditions, thus verifying the inverse relationship between Vout and I. Moreover, because of possible voltage fluctuations due to ambient light, a shield was constructed from cardboard with aluminum foil lining the outer surface and black paper lining the inner surface in order to maintain reliable voltage readings.  The black paper was used to prevent any light from the LED from reflecting off the shield and into the photocell, whereas the aluminum foil covering the shield was used the reflect the light from the surroundings from passing into the shield and being picked up by the photocell.  

Figure 1. Colorimeter Circuit Setup
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The LEDs used are designed to emit a small amount of light at a specified viewing angle: 36˚ for both the red and green LEDs, and 20˚ for the IR LED. The illumination diameter of each angle, assuming a constant path length of 1cm, would be 0.650cm for the green and red LEDs, and 0.353cm for the IR LED. Since the IR LED did not illuminate the whole photocell surface and the other two LEDs went beyond 0.51cm in diameter, an absorber was introduced to account for the stray light not detected by the photoresistor. The absorber consists of two pieces of black construction paper were positioned on either side of the photocell, whose purpose was to absorb any light(specifically, those emitted by the green and red LED) that is scattered at an angle such that is unable to hit the photocell surface. These modifications essentially serve two purposes: (1) to obtain a more accurate absorption value by increasing the viewing angle, and (2) to ensure that in the event that the LED is dislodged or moved in any way, the light emitted will be scattered in the same manner as it did in its original state.
Serial dilutions of hemoglobin solution in 10, 5, 2.5, 1.25, 0.625, 0.3125, and 0.15625 mg/ml were made and then transferred into sterilized test tubes to be stored by using a micropipette. The supplied hemoglobin, in its powdered Fe3+ form, was diluted with the given Phosphate Buffer Saline (PBS). The Fe3+ form of hemoglobin was used for its convenience, as it can be stored for a long period of time and is more stable and reliable for obtaining absorbance measurements compared to the hemoglobin in its deoxygenated or oxygenated state. The stability of dried Fe3+ hemoglobin arises from the fact that Hbdeoxy rapidly changes to its Hboxy conformation (both conformations being in the Fe2+ state). This reaction occurs at such a high rate, that methods that would need to be employed in order to maintain hemoglobin in its oxygenated state would be inefficient for the purposes of our experiment.  PBS solution was utilized as the diluting agent because of its characteristics that resemble closely those of blood plasma which are required to keep hemoglobin in equilibrium. 
Prior to data collection, 20 minutes of voltage data was recorded to observe any drift or noise that could be attributed to preexisting laboratory conditions. Calibration curves of Absorbance vs. Concentration plots for hemoglobin were constructed, where absorbance readings were obtained using the relationship log (Vout/Vsupply): Vout being the concentration-dependant voltage across the photocell and Vsupply the reference voltage read when the blank, pure PBS, was used. This was done for the three different light emitting diodes: red, green and IR. 

A quality control was run to test the accuracy of our results. Absorbance values obtained from the colorimeter when using red, green, and IR LEDs were compared to those obtained from an actual lab spectrophotometer set to wavelengths of λ = 650, 510 and 940 nm (corresponding respectively to the LEDs used). In addition, rough linear regressions were plotted for all dilution concentrations to verify Beer’s Lambert Law, which hypothesizes a linear relationship between Absorption and Concentration as path length is kept constant. We maintained a constant path length value through the use of 1-cm cuvettes. The Beer Lambert’s Law states that the amount of light absorbed by a solution is proportional to its concentration and path length of light through the solution. Quantitatively speaking, A = abc, where A is the absorption of the solution, a corresponds to the molar absorption coefficient (dependent on the solution type), b is the path length, and c is the solution’s concentration. Moreover, using regressional analysis on the three calibration curves constructed, the most linear regions—yieldeding the most accurate absorbance readings—were  selected for analysis. A fine calibration curve was constructed for concentrations within this range to observe the relationship between the sensitivity of Absorbance readings to a change in hemoglobin concentration. This relationship was compared for the curves of the three different LEDs.

Statistical analysis to test the reproducibility of the data comprised of running the setup for 20 minutes before performing another trial. Voltage readings (Vout) translated to absorbance readings were read for the prepared dilutions of hemoglobin. T-testing was conducted on the absorbance readings at t=0 and t=20min. We conducted 10 measurements of abosorbance vs. concentration with a specific concentration of hemoglobin at both of the times. Since reproducability of results is a significant factor in designing medical devices, it was important that we tested that that the colorimeter was able to  reproduce the same absorbance readings in any time period that it is left running. 20 minutes was chosen as an arbitrary time value, representing a hypothetical time interval that a clinician working in the field might possibly be using the deivce for.

Results

The first part of the experiment consists of constructing calibration curves relating absorbance values (log (Vout/Vsupply)) vs concentrations of hemoglobin solutions for the green, red and IR LED. A rough linear regression was constructed to investigate upon the relationship of the two variables and a defined concentration range was selected where absorbance readings were most accurate. The optimal LED was chosen, whose sensitivity is highest to any given change of concentration, found to be green, was used throughout the experiment. A finer calibration curve was made for hemoglobin concentration from 0.1 to 0.2 mg/ml. Percentage errors and statistical tests are performed accordingly.

Absorbance increased with increasing hemoglobin concentration (mg/ml) for each of the three light emitting diodes – green, red, and IR. Calibration curves over a coarse range of concentrations (0.15625 to 10 mg/ml) plotted absorbance (A=log(Vout/Vsupply)) vs. hemoglobin concentration(mg/ml) for the green, red and IR LED. A rough linear regression for each graph gave slopes of 0.0992, 0.024, 0.0181 with R2 values of 0.9892, 0.9988 and 0.9944 for the green, red and IR LEDs, respectively. A linear regression across a smaller range of concentration values (5, 2.5, 1.25 and 0.625 mg/ml), the slopes were 0.121, 0.0078, 0.0175, with R2 being 0.9998, 0.9973, 0.9940 for green, red and IR LEDs, respectively (Figures 2,3,4). The range of hemoglobin concentration (0.625 mg/ml – 5mg/ml) is the most linear portion of the calibration curve, which provides the most accurate relationship between absorbance and concentration in accordance with the Beer-Lambert’s Law. The slope found for the green LED is the greatest of the three, and thus absorbance readings found when using the green LED are most sensitive to any given change in concentration.
	Figure 2. A vs C(mg/ml) (Green LED)
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	Figure 3. A vs C(mg/ml) (Red LED)
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	Figure 4. A vs C(mg/ml) (IR LED)
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The slope from the green LED’s calibration curve is approximately seven times that  of the IR LED (the next highest slope), the large difference indicating that the two slopes are clearly statistically different. Due to the highest sensitivity to any concentration readings, the green LED is the optimal LED to use for the construction of the colorimeter. 

Since the green LED emits light over a viewing angle of 36, there is a portion of light that does not hit the photocell surface. . To eliminate underestimation of absorbance readings caused by this observation, black paper was used to line the peripheral panels of the cuvette. In another trial, white paper acted as a diffuser on the illuminated panel of the cuvette. The slopes of the calibration curves conducted using (1) no paper, (2) black paper on the peripherals, and (3) black and white paper were 0.1078, 0.1195, 0.1078 respectively. Absorbance values were most sensitive to concentration changes when using black paper, because it limited light escaping through the peripheral of the cuvette.

Absorbance readings under this setup were compared to those obtained from the lab spectrophotometer set at λ=565 nm(characteristic wavelength of green light) and percentage error for each concentration appear in Table 1.. At hemoglobin concentration of 0.15625 mg/ml, absorbance values read off the colorimeter were the most accurate, with a percentage error of 14.5455% compared to the lab spectrophotometer. A finer calibration curve was constructed to investigate the accuracy of absorbance readings from a concentration range of 0.1 to 0.2 mg/ml. Percentage errors were relatively lower than those calculated for the rough calibration curve; however, differences are still significant (Table 1). On the other hand, the slopes of the calibration curves for the spectrophotometer and colorimeter are similar, 0.4901 and 0.4743 respectively (Figure 5 and 6), delineating the same sensitivity of absorbance readings to changes of concentration.

	Figure 5. Colorimeter Absorbance readings vs. Hemoglobin Concentration (mg/ml)
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Table 1. Absorbance readings obtained from Spectrophotometer and Colorimeter and calculated percentage errors.

	Hb Conc.

(mg/ml)
	Rough Calibration Curve
	Hb Conc.

(mg/ml)
	Fine Calibration Curve 

	
	Spectrophotometer Absorbance readings
	Colorimeter readings
	Percentage Error
	
	Spectrophotometer Absorbance readings
	Colorimeter readings
	Percentage Error

	10
	2.4200
	0.9988
	58.72727
	0.1
	0.009
	0.007201245
	0.199862

	5
	1.1180
	0.5657
	49.40072
	0.12
	0.018
	0.011400365
	0.366646

	2.5
	0.4870
	0.2788
	42.75154
	0.14
	0.025
	0.016018925
	0.359243

	1.25
	0.2210
	0.1129
	48.91403
	0.16
	0.036
	0.025710697
	0.285814

	0.625
	0.0880
	0.0467
	46.93182
	0.18
	0.045
	0.032250504
	0.283322

	0.3125
	0.0370
	0.0141
	61.89189
	0.2
	0.057
	0.049842353
	0.125573

	0.15625
	0.0110
	0.0126
	14.5455
	
	
	
	


	Figure 6.  Spectrophotometer Absorbance readings vs. Hemoglobin Concentration (mg/ml)
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To determine the reliability of the device and the reproducibility of results over time, the circuit was left to run for 20 minutes and a drop in Vout from .535V to .530V was observed for a given concentration of hemoglobin of 0.625 mg/ml. A 0.9% drift in voltage readings over a period of 20 minutes is not significant.  Moreover, we collected 10 measurements of Absorbance at a concentration of 0.2g/ml at t=0 and t=20. The average absorbance readings were 0.4982 and 0.4870, with standard deviations of 0.0230 and 0.0112 and 95 % confidence intervals of 0.4982 ± 0.05203 and 0.4870 ± 0.0253344 respectively. A paired t-test shows that the means are not significantly different since tstat= 1.384 <tcritical = 2.262, reinforcing the reliability of our device.

Discussion

The calibration curves of absorbance values vs. hemoglobin concentration (ranging from 0.15625 to 10 mg/ml) reveal a positive linear relationship when using green, red and IR LEDs. This finding confirms our first hypothesis that the Beer-Lambert’s Law predicts a linear relationship between concentration and absorbance when using a constant pathlength
 (A=abc). The most linear portion of each of the 3 curves was chosen, which spanned a concentration range of 0.625 to 5 mg/ml. This region displayed the [Hb] range at which the colorimeter is most accurate in determining absorbance or concentration values. Slopes of these defined regions were found to be 0.0078, 0.0175, 0.121 for red, IR and green light. The absorbance readings found using the green LED are most sensitive to changes of [Hb] since it has the steepest slope ,which confirms our second hypothesis. The variability of absorbance reading, in respect to the three different colors of light, is due to properties of light in relation to the solution, in this case Hb in saline; notably highest absorbance is observed when using complementary colors while lowest absorbance is observed when using colors of similar wavelength. This sensitivity of absorbance readings to concentration changes is optimal when dealing with diagnosing sickle cell anemia, for example, which depends on discerning small differences between hemoglobin concentrations. Thus, the optimal choice of LED in measuring absorbance readings for each hemoglobin concentration would be the green LED. 
Aside from the ability to draw an accurate linear relationship between hemoglobin concentrations vs. absorbance values, accuracy in the readings is equally crucial in determining hemoglobin content in the blood. Spectrophotometer values were compared to the absorbance readings obtained from the colorimeter when the green LED was used as a quality control. Error percentages were significant for the coarse calibration; error values ranged from 14.5455 % to 58.72727 %, suggesting that the colorimeter can be used most accurately at a specific concentration range. The lowest percentage error was seen to occur when 0.15625 mg/ml of hemoglobin was used. A finer calibration was made between 0.1 and 0.2 mg/ml to investigate the accuracy of the defined concentration range. Percentage errors were found to be lower on average in this range, from 12.5573 % to 36.6646 %, still significant however. The spectrophotometer and colorimeter exhibited similar absorbance sensitivity to changes in [Hb], the respective slopes being 0.491 and 0.4743.  Due to the limited concentration range at which the colorimeter is most accurate at, in application original hemoglobin concentrations of patients would need to be diluted a thousand fold in order to accurately diagnose patients.

Although similar absorbance readings exist between those obtained from the colorimeter and those from the spectrophotometer, further testing of the accuracy of the apparatus rejects our third hypothesis. Diagnosis of a disease like sickle cell anemia requires a medical device designed to be accurate as well as sensitive to changes of hemoglobin concentration in the blood. A typical example would be if one were to obtain the hemoglobin count for a normal, healthy Hb+ male (160 mg/ml (± 20 mg/ml)), with our colorimeter. Given the patient’s original blood sample, hemoglobin content is extracted and diluted a thousand fold so its concentration is now in the range of 0.1 and 0.2 mg/ml (most accurate and sensitive region of the colorimeter to any changes of hemoglobin concentration). In this case, an original [Hb] of 160 mg/ml has been diluted to 0.16 mg/ml. At 0.16 mg/ml, our device would display absorbance readings with a percentage error of 25.5814 %. As absorbance and concentration are directly proportional, the range of concentration determination by the colorimeter ranges from 0.1143 to 0.2050 mg/ml, which when converted to its original solution concentration would be 114.3 to 205.0 mg/ml (± 20 mg/ml). Thus, from these values, it is impossible for us to determine whether the patient is Hb+ or Hb-, which rejects our hypothesis of constructing a reliable “field” spectrophotometer that is capable of detecting sickle cell anemia. However, for future experiments, an aim to modify our device for a reliable field spectrophotometer would require an accuracy of ± 0.02 mg/ml, with approximately a maximum percentage error of 10 % when diluting original hemoglobin concentrations to a range 0.1 to 0.2 mg/ml. According to the Anemia Detection in Health Services: Guidelines for Program Managers publication, anemia detection devices are required to discriminate between hemoglobin concentration differences of 10g/L, or 10 mg/ml.
  This number needs to be met so that one could distinguish, for example, a normal male patient with hemoglobin count 160 mg/ml from an Hb- male patient with actual hemoglobin count of 120 mg/ml.


The lack of accuracy and underestimation of absorbance readings obtained from the colorimeter can be contributed to many experimental factors. One plausible error is from the imperfection of the absorber, in that it may not completely absorb the stray light passing by the perimeters of the photoresistor. This stray light is due to the angle at which the LED emits light rays, and imperfect absorption on the peripheral of the cuvette would lead to some escaping of light that does not reach the photocell. We arrived at this conclusion by comparing setups consisting of (1) no absorber nor diffuser (2) absorber and diffuser and (3) only diffuser, the slopes of which were .1078, .1078, and 0.1195, respectively. Another possible source of error is the shield utilized. The shield, constructed with cardboard, with black paper in the inside and foil surrounding the outside, may not be sufficient to block out the ambient light. From earlier studies
, the more inefficient the shield is in blocking out the ambient light, the more light will be received by the transistor resulting in a lower Rphototransistor and thus a similar decrease in Vout and absorbance. For example, if for a given Vin of 5V we had a reading of Vout = .57V, this reading could potentially increase with further reduction of ambient light to .65V. The difference in calculated absorbance values is 6.4% we would calculate the absorbances as .943 and .886 respectively. Such an increase in Vout is highly plausible so its potential effect on results must be considered. However, this error comes with the benefit of cost reduction because while our device does not shield light nearly as well as the lab spectrophotometer, our device is by far a more cost effective tool, and thus satisfies our preliminary goal of designment a low-cost field spectrophotometer.

 
Volatility of voltage readings is a great limitation to this apparatus. A waiting period of approximately 2-3 minutes is needed for the stabilization of the voltage readings before one can determine absorbance values of solutions. In general, a voltage shift of approximately 5% was observed before and after the waiting period. As above, a 5% variation in voltage readings can significantly impact absorbance calculations. Furthermore, when leaving the hemoglobin solution resting during this waiting period, it is possible that some of the dissolved dry hemoglobin specimen could have settled at the bottom of the cuvette, resulting in a higher transmittance in the upper portion of the cuvette and thus lower absorbance readings.

 
Despite some accuracy issus regarding underestimation of absorbance readings, absorbance values hold precision over time and are reproducible. A paired T-test for the averages of absorbance readings of a circuit setup at t=0 and t=20 and values showed that the two were  not significantly different (tstat= 1.384 <tcritical = 2.262). The fact that our results are robust and that time between trials does not significantly affect results is a strong sign. To further perfect our design, we must merely look at additional ways to reduce the impact of ambient light and maximize the transmission of light rays from the LED to the photocell. We have achieved many of our preliminary goals, found evidence supporting two of our hypotheses, and have developed a field spectrophometer that, with time, could be further perfected to the specifications needed for widespread usage.



























� pathlength = width of cuvette = 1cm


� � HYPERLINK "http://www.micronutrient.org/idpas/pdf/014AnemiaDetection.pdf" ��http://www.micronutrient.org/idpas/pdf/014AnemiaDetection.pdf� 


� Refer to W7 experiment 5, Electronic Eye
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