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(ABSTRACT)

Electrophoresis is the technique used to characterize
proteins, oligonucleotides and DNA. Methods employed to
date include gel and capillary electrophoresis. Most
samples can be characterized by these methods. However,
large DNA molecules do not separate well with either
method. A newer electrophoresis method involves the use of
the Doppler effect to determine a particles
characteristics. This thesis is concerned with the design
and development of an open geometry Doppler electrophoresis
instrument for macromolecular characterization in solution
where gel characteristics and electroosmotic flow need not

be considered.
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1.0 INTRODUCTION

Protein characterization has been of interest to the
biological, pharmaceutical, and medical communities for
many years. For instance, much attention has been devoted
to the characterization of the many proteins in blood.

One of the first methods developed was for the
determination of electrophoretic mobility. 1In this
technique one observes, using a very strong microscope,
proteins in an electric field and records the length of
time required for them to move a specified distance. This,
of course, requires particles large enough to be seen.
This method also suffers from human biases - such as when
to start and stop the timer. This is a very labor
intensive process which can be performed only on a limited
number of proteins within a given time period.

Another method of determining electrophoretic mobility
is gel electrophoresis. In this method, the sample is
pPlaced in a matrix, and an electric field is applied. The
proteins are separated according to their electrophoretic
characteristics.[1] This method takes less time and has
the added benefit of being able to measure the
electrophoretic mobilities of several proteins
simultaneously. Gel electrophoresis can also be performed

on very small particles. However, gel characteristics



enter into the observation. There is currently considerable
discussion, disagreement and discontent concerning the
understanding of these mobilities in a gel, particularly
for large DNA fragments.

Capillary electrophoresis is another method used to
characterize proteins. The sample is diluted in a buffer
and placed in a capillary tube. A high voltage power
supply is attached to both ends of the capillary tube. The
proteins are separated by their mobilities and an on-column
detector is used. This method requires thirty minutes to
two hours for separation. Most proteins can be separated
with this method. These result in free solution
measurements, but a theoretical understanding of the method
is just now being developed.

Capillary electrophoresis is viewed by some workers as
a viable replacement for the classical gel electrophoresis.
Recent work suggests that additives to the free solution,
such as cellulose derivatives, improve resolution. The
cause of this enhancement is not understood, and Doppler
electrophoresis is the best probe available.

Doppler Electrophoresis takes even less time than the
previously mentioned methods (about ten minutes) and can
also provide measurements of the electrophoretic mobilities
for several proteins simultaneously. Electrophoretic

mobility can be determined for particles which are



invisible to even a high powered microscope. Also, data
collection is computer controlled. Therefore, there are no
human biases to contend with. Doppler Electrophoresis is
unlike the previous two techniques in one important aspect;
it will not separate the proteins of interest.

This work was undertaken as part of a program oriented
towards the development of analytical instrumentation for
assisting in the mapping of the human genome. Commercial
Doppler mobility instruments do not have the open sample
compartment geometry required for the work to be undertaken
in our laboratory using the technique; thus the need to
develop and test a research instrument before undertaking
studies in the area.

This thesis is concerned with the design, development
and testing of a Doppler Electrophoresis instrument. Four
areas will be discussed. Background and theory will be
covered in the principles section. The experimental design
section will detail the components and software used, while
the instrument evaluation section will encompass instrument
alignment and testing. The results section discusses the
data obtained to date. The final section will include
applications and future experiments which would be

warranted.



2.0 PRINCIPLES

First, the derivation and definition of
electrophoretic mobility will provide the foundation upon
which the basic principles of electrophoresis will be
built. A short discussion will follow concerning those
factors which affect electrophoretic mobility. The general
theory of Doppler Electrophoresis developed will include an
explanation of the Doppler effect. This will be followed
by the explanation of the electrophoretic mobility equation
with regard to physical factors such as solution viscosity,
the angular location of the detector and the wavelength of
light being used.

2.1 DERIVATION OF ELECTROPHORETIC MOBILITY

Electrophoresis is a method whereby charged particles
in a solution migrate in response to an electric field.

The rate of migration or mobility can best be derived by
use of an example.

If a single ion is immersed in a fluid and subjected
to an electric field, the only retardation the ion
experiences is that due to the viscosity of the fluid.

The frictional force opposing the ion motion is given
by Stokes Law:

f=6nnryv (eq 1)



where n is the fluid viscosity, r is the radius of the ion
and v is the velocity of the ion.

If the ion is moving with constant velocity, then the
frictional force is equal to the applied electrical force
and one obtains:

zeE=6nnrv (eq 2)
where z is the charge on the ion, e is the charge of an
electron, and E is the applied electric field strength.
From this equation, electrophoretic mobility can be
determined:

U=V /E=2e/6nmnnr (eq 3)

This equation shows that electrophoretic mobility is
dependent upon the particles charge, radius and the
viscosity of the suspending medium. [1,2]

2.2 OTHER FACTORS AFFECTING ELECTROPHORETIC MOBILITY
2.2.1 pH

Proteins are amphoteric compounds. That is, they can
have either a net positive or net negative charge since
they contain both acidic and basic components. Their net
charge, therefore, is determined by the pH of the solution
they are in. Each protein has its own characteristic
charge properties depending on the type and number of

acidic and basic components.



There is a pH at which there is no net charge on a
protein. This is called the iscelectric point (or pI).
Each protein has its own inherent pI. In a solution above
its pI, a protein has a net negative charge. A protein has
a net positive charge in a solution below its pI.

The pH of a solution must be kept constant to maintain
the charge, and hence, the mobilities of the proteins. For
this reason, pH buffers must be used. [3]

2.2.2 IONIC STRENGTH

The Zeta potential (or effective particle charge) can
be decreased if there is a high concentration of oppositely
charged ions in solution. This is a result of the ions
gathering around the particle and reducing the effect of
the applied electric field.

The Debye-Huckel parameter characterizes this
countercharge distribution gradient. It is given by:

x = (8nNe2L/1000DkT) (1/2)  (eq 4)
where N is Avagadro’s number, e is the charge of an
electron, L is the ionic strength, D is the dielectric
constant for the solution, k is Boltzman’s constant and T
is the absolute temperature.

Taking the shielding into account, the observed
electrophoretic mobility is described by Henry's Law:

U=2Ze X(xr) / ( 6 x n f (1 + xr) ) (eq 5)



Henry’s function X(xr) is a sigmoid curve that
monotonically increases from unity to 1.5. This reduces
equation 5 to:

a) for small particles (X(xr)) = 1)

U=Ze/6nnr (1l + xr) and (eq 6)

b) for large particles (X(xr) = 1.5 and xr >>1)

U=Z e/ 4 tnx r2

(eq 7)

Comparing equation 3 with equation 6 shows the added
term 1 + xr in the denominator. This term directly
accounts for the ionic strength of the solution.

It can be shown that if the ionic strength is small,
Xr << 1, and equation 6 reduces to equation 3. 1If the
ionic strength is large, then xr is not << 1, and
electrophoretic mobility is decreased.[4,5]

This shows that in a low ionic strength solution,
shielding effects can be disregarded while in a high ionic
strength solution, shielding effects must be taken into
account.

2.3 DOPPLER ELECTROPHORESIS

Electrophoretic Light Scattering (ELS) (or Doppler

Electrophoresis) relies on the Doppler effect. A general

overview of the Doppler effect will be discussed along with

a method of measuring the Doppler shifted frequency.



2.3.1 DOPPLER EFFECT

The Doppler effect was first predicted by Christian
Doppler in 1842. He stated that "the frequencies of
received waves were dependent on the motion of the source
or observer relative to the propagating medium." [6]

The three equations governing the Doppler effect are:

1) For a stationary source and moving receiver
f2 = f ( (v + vy.) / v), (eq. 8)
2) For a moving source and stationary receiver
£ = £ (v / (v -vg)), (eq. 9)
3) For a moving source and a moving receiver
f2 = f ( (v + vp) / (v - vg) ), (eq. 10)
where f’ is the Doppler shifted frequency, f is the source
frequency, v is the velocity of the wave, v,. is the
velocity of the receiver, and vg is the velocity of the
source. [7]

The above equations hold for sound waves only. One
must also consider variations in the speed of sound
depending on the physical nature of the medium and the
temperature of the medium. For example, sound travels
slower in cold air. However, the speed of light is
constant and a special postulate of relativity is required
for light waves. The postulate states that the frequency
of light is the same relative to all observers. Applying

the postulate yields:



£ = £ ((1 + vpg/ c / (1 = vpg/ c))1/2 (eq. 11)
where v.g is the velocity of the source relative to the
receiver. [7]

2.3.2 THE PRINCIPLE OF BEATING

If two waves of equal amplitude and frequency travel
in the same direction, the resulting wave amplitude will
depend on the phase relationship of the two waves. If the
two waves are in phase, the resulting wave will have a
frequency equal to the original waves and an amplitude that
is the sum of the original waves. If the two waves are 180
degrees out of phase, the resulting wave will have zero
amplitude and no frequency. This is shown in Figure 1.

These are examples of constructive and destructive
interference. Another example is where one wave is less
than 180 degrees out of phase. The resultant wave will
have a maximum amplitude that is greater than zero, but
less than the sum of the two original waves. An example is
shown in Figure 2. [7]

In this last case, the resulting wave will have a
frequency corresponding to the difference of the light
waves. This is termed the beat frequency. The reason for
using the principle of beating is that the Doppler effect
will cause a frequency shift of approximately 100 Hz. This

frequency difference is so small compared to the frequency
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of light waves which has a frequency of 1014 Hz that this
difference cannot be directly measured.
Equation 11 can be rearranged to give the resultant

Doppler shift frequency delta v:

delta v = v V / ¢ (eq 12)
where v is the frequency of the source wave, c is the speed
of light, and V is the velocity of the particle of
interest.

2.4 EXTENSION OF THE ELECTROPHORETIC 'MOBILITY DERIVATION
TO ACCOUNT FOR PHYSICAL FACTORS.

With regard to equation 3, electrophoretic mobility is
defined as a particle’s velocity (V) in an electric field
(E). This is shown in Equation 13.

U=V /E (eq 13)
The applied electric field is calculated by dividing the
applied voltage by the distance between the electrodes.
From the principle of "beating", if one can determine the
Doppler frequency shift, the protein velocity could easily
be determined. However, one must account for the location
of the detector and the refractive index of the suspending
medium.

Taking these factors into account, and using the
relationship c¢ = v, one can derive equation 14:

delta v = 2 n V sin (6/2) / (eq 14)



13

where delta v = the beat frequency, n = refractive index of
the medium, 6 = the scattering angle, and = wavelength
of light used.[8]

Combining equations 13 and 14 we obtain equation 15:

U = (delta v) / 2 n E 8in(8/2) (eq 15)

This is the complete equation showing all parameters
needed to determine electrophoretic mobility. All values
are known before the experiment, except for delta v, which
is determined from the collected data.[8]

2.5 OPERATION OF A DOPPLER ELECTROPHORESIS INSTRUMENT

Figure 3 is a block diagram of the Doppler
electrophoresis apparatus. The laser output is split by a
50/50 beam splitter. A 50/50 beam splitter is used so that
when the beams cross in the sample cell they have equal
intensities.

Mirrors M1l and M2 are used to direct the light beams
through the sample cell. They are aligned to cross between
the electrodes. The exit beam from M2 is set to strike the
surface of the detector.

The output of the detector goes through a low pass
filter and then into the computer. A more thorough
explanation of computer processing is detailed later.

The applied electric field is controlled by a power
supply controller. It receives a voltage from the power

supply and in turn applies that voltage, in the form of a
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square wave, to the electrodes. The rate (frequency) is
typically between 1 to 2 Hz.

For this work, an audio modulator in the optical beam
was used only for testing. The modulation signal was a 250
Hz triangle wave from a signal generator. This induces a
250 Hz modulation signal onto the beam. When the beams
cross in the cell, they will destructively interfere
(principle of beating) and the detector will pick up the
frequency difference. Although a 250 Hz signal was used
for testing, any frequency below 600 Hz (for practical
purposes) can be used for calibration.

In actual use with a protein, 35 mL of deionized water
is placed in the sample cell. Deionized water is used to
keep the original solvent ionic strength small (about 0.006
M). Next, 5 mL of pH buffer is added, followed by the
protein. This can be 100 to 300 ulL, or more, depending on
the protein concentration. The power supply controller is
turned on. Due to the charge of the protein, and the
change in the direction of the current flow, the proteins
will oscillate between the two electrodes. The velocity of
the protein will cause a Doppler shift in both of the light
beams. The beams will interfere with each other and the
frequency difference will be detected. This frequency

difference is directly related to the particle’s velocity.
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Figure 4 shows how the protein interacts with the
light beams to arrive at the beat frequency. If a protein,
moving from right to left, passes through the left light
path, the protein causes the frequency of the light to

shift (via the Doppler effect) to a higher frequency. This

is analogous to a train approaching an observer. The train
whistle has an increase in frequency.

If a protein, also moving right to left, passes
through the right light path, the protein will cause a
decrease in the frequency of the light. This is analogous
to a train moving away from the observer. The train
whistle has a decrease in frequency.

These two light beams, one of a higher frequency and
one of a lower frequency will interfere (principle of
beating) to give a beat pattern. It is this beat pattern
that is detected.

In making repeated measurements, the pH electrode was
immersed in the solution and the pH was taken before each
data run. This was to determine if a pH gradient was
forming in the solution.

2.6 MANIPULATION OF DATA

The following sections will describe typical methods

of data reduction which are used in the analysis of ELS

data.
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2.6.1 FOURIER TRANSFORM

The Fourier Transform was developed by Joseph Fourier
in the 1800’'s. It is a mathematical method used to break a
signal down into its frequency and amplitude components.
[9,10] The graphical relationship between time, frequency
and amplitude is shown in Figure 5.

The highest frequency that can be accurately measured
is one-half the acquisition rate. This is due to the
Nyquist theorem.[11] The Nyquist theorem states that one
must collect data at a rate at least twice the frequency of
interest. A higher acquisitién rate is preferable (usually
5 to 10 times). One example is for the audio compact disc.
The audio range for human extends to approximately 20 KHZ.
Therefore, the minimum sampling rate should be 40 KHZ. It
is actually 44.1 KHZ [12].

FFT’'’s can be used to find periodic signals in a
sampled waveform. However, the waveform must be converted
into its frequency components. A newer technique, brought
about by the advent of Digital Signal Processing (DSP), is
called autocorrelation. Autocorrelation does not require
the conversion of a signal into the frequency domain; the
data set remains in the time domain.

2.6.2 AUTOCORRELATION
Autocorrelation is the convéntional method used to

analyze ELS data. Autocorrelation is a computationally
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Figure 5.
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Relationship between a signal in the time domain
and its frequency domain components.
From reference 10.
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intensive method used to determine the presence of a
periodic signal in a noisy data set. It allows one to
increase the signal to noise (S/N) ratio of a waveform. It
can easily increase the S/N ratio by a factor of ten.
[13,14]

Figure 6 shows the method of autocorrelation. The
method involves taking the waveform, shifting it, and
multiplying the shifted waveform by the original waveform.
The last waveform in Figure 6 shows the autocorrelation
output for the original noisy waveform.

Figure 7a and 8a show time domain signals for a motor
vibration sensor and a radar, respectively. There is a
considerable amount of background noise, and no apparent
signal can be seen. However, upon performing an FFT on 7a,
two frequency components can easily be seen (Figure 7b).
One is the normal vibration of the motor, while the other
shows a ball bearing defect.

Performing autocorrelation on Figure 7a provides the
output shown in Figure 7b. No radar echo was visible in
Figure 7a, but an echo is clearly seen in the
autocorrelated output.

As can be seen by fhese two examples, FFT and
autocorrelation are two very powerful methods of extracting

a clean signal from a noisy signal.
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Figure 6. An example of the method of autocorrelation.
(a) is the original signal, and (b) is the
autocorrelated output. From reference 13.
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signal (a). From reference 14.
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2.7 PAST WORK AND USES

There has been an abundance of published literature
detailing light scattering theory and results.
(15,16,17,18,19,20,21,22] However, there has been very
little literature dealing specifically with Doppler
Electrophoresis.

One of the major reasons for this, according to
Skelly, is that of expense. The few instrument companies
that sell Doppler Electrophoresis equipment, market them in
the $25,000 to $50,000 price range. Skelly also states
that "with the availability of simple, inexpensive
instrumentation, (the use of D.E. will offer many)
widespread uses."[23]

The first successful application of Electrophoretic
Light Scattering (ELS) was reported in 1971 by Ware and
Flygare.[24] Using an autocorrelator, the electrophoretic
mobility and diffusion coefficient of Bovine Serum Albumin
(BSA) was determined. Obtained values were 1.8 x 1074 cmz/
V-sec for the mobility, and 6 x 10_7 cmz/ sec for the
diffusion coefficient.

In 1372, after improving cell design and data analysis
techniques, Ware and Flygare repeated their experiments on
BSA.[5] One outcome of these experiments was an increase
in resolution. In one set of spectra, they found a low

intensity mobility peak which they attributed to a dimer of



25

BSA. Column chromatography confirmed the presence of 25%
dimers. The major achievement of these experiments was
that they proved that ELS could distinguish between the
various components in a multi-component system.

Beginning in 1972 Doppler Electrophoresis has been
performed on blood plasma.[4] The reports indicate a
general lack of reproducibility. However, using latex
polystyrene microspheres as a control, Marlow and Fairhurst
have shown very promising results in testing for cystic
fibrosis by the magnitude of the change in electrophoretic
mobilities of the microspheres.[25] Figure 9 shows a
summary of the data they obtained.

They suggest that other disorders such as lung cancer,
meningitis, pneumonia and respiratory disorders in newborns
may be determined by the same method.

ELS on blood plasma has also been performed by Ware
and Flygare.[5] They used an electric field strength of
350 V/cm. The spectrum consisted of several peaks from
globulins, as well as the known albumin peak. The peak
resolution was better than those obtained by moving
boundary electrophoresis. However, positive peak
assignments have not yet been made (except for the albumin
peak).

This is due mainly to two reasons: 1) the position and

intensity of each peak are not yet precisely reproducible,
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Figure 9. Mobility spectra for latex microspheres (a);
for latex microspheres mixed with blood from
healthy patients, (b) and (c); and latex
microspheres mixed with blood from patients with
cystic fibrosis, (d) and (e). From reference 25.
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and 2) ELS is an analytical technique - not a preparative
technique. Other analytical methods would have to be used
for comparison. They also state that ELS spectra can be
collected in a matter of minutes, which is four orders of
magnitude faster that conventional electrophoresis.

Other work by Marlow and Fairhurst includes the study
of the surface charge of polystyrene microspheres.[25]
During their work electrophoretic mobility was measured as
a function of pH and conductivity. The pH was changed by
the addition of HCl1l and NaOH. The addition of the
acid/base also changed the conductivity. The resulting
data can be represented as a three dimensional plot or
template. The data can also be viewed as an isomobility
contour plot or fingerprint. Figure 10 shows a template
and contour of their resulting data.

Mobility studies have been performed on erythrocytes,
the bacterium Staphylococcus epidermidis, and polystyrene
microspheres by Uzgiris.[S] He used the mobility of the
erythrocytes to determine that the D.E. apparatus was
functioning properly. The average mobility of the
erythrocytes was 1.1 x 10-4 cmz/ V-sec which was in
excellent agreement with the accepted value of 1.08 x 10"4
cm2/ V-sec

He then compared the peak half-width of the spectrum

of the S. epidermidis to that of the microspheres. At the
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scattering angle used, the width should have been 8 Hz and
17 Hz for the S. epidermidis and the microspheres,
respectively. He observed 40 Hz for the S. epidermidis and
25 Hz for the microspheres. The broadening of the peak for
S. epidermidis has been attributed to the sample
heterogeneity. Uzgiris also states that ELS is potentially
a very sensitive method to determine electrophoretic
homogeneity.

The electrophoretic mobilities of WI-38 and murine L
cells change with addition of interferon. It has been
suggested by Skelly and Bosmann that ELS may be a useful
tool in distinguishing between growth control and premature
aging, since they are both effects of interferons.[23]

Sarcoplasmic reticulum vesicles have been under study
by Arrio et al.[26] The membrane surface charge density
was monitored upon addition of NaCl, CaClys and MgClg
solutions. They observed that at low ionic strength and in
the absence of divalent salts, the zeta potential was
determined to be =32.6 MV. The surface charge density was
then calculated to be 5.4 x 10”3 C/mz. They also observed

2+ or Mg2+, there was a noticeable

that upon addition of Ca
increase in the vesicular size.
ELS has been used to study the interfacial regions in

hydrophobic colloidal systems. Droplets in an emulsion or

solid particles in a suspension tend to stick together upon



30

impact with each other thus reducing the energy of the
system. The rate at which this occurs is largely
determined by the characteristics of the interfacial
region. These characteristics include the electrical
properties of the particles surface and its surrounding
double layer. The particles surface charge (zeta
potential) can be readily measured using ELS
techniques.[27]

Information regarding colloidal systems is required in
many areas including, but not limited to, pharmaceuticals,
food and agricultural chemiéals, paints, pigments and dyes,
and water purification.

Coagulation, resulting in increased particle size, has
been studied with ferric oxide. Preece has measured zeta
potential and particle size as a function of pH. The pH
was varied since oxides and hydrated oxides are
particularly sensitive to pH as H' and OH™ ions act as
potential determining ions.[27]

Preece found that at a low and high pH, where the zeta
potential was largest, particle sizes were small. At the
mid-pH region, where the zeta potential was small, the
particle sizes were very large, showing that the particles
formed aggregates.

Doppler Electrophoresis is an excellent method to

study the mobilities of polymers. Wilcoxon and Schurr have
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used ELS techniques to study poly(L-Lysine).[28] The
degree of polymerization was n = 406, n = 946 and n = 2273.
The mobilities and diffusion coefficients were determined
under varying conditions of salt and polyion concentration.

By varying these conditions the solution would change from

the ordinary to the extraordinary phase. The interested
reader is referred to the original article for further
details.

Researchers are always trying to get more information
from the data they collect. Two such researchers are
Schatzel and Merz.[29] Their research has included methods
of measuring electrophoretic mobilities of large particles,
since large particles have small velocities and hence small
Doppler shifts - near zero (0) hertz. Amplitude and phase
of the signal are measured simultaneously and processed
into an amplitude weighted phase structure function. By
analyzing this function, the diffusion coefficient and

electrophoretic mobility may be determined.



3.0 HARDWARE ASPECTS OF THE EXPERIMENTAL SETUP

An extensive amount of electrical engineering was
necessary for the fabrication of the versatile Doppler
electrophoresis apparatus that was the goal of this thesis.
No standard components were commercially available.
Therefore, all of the electronic circuits were designed,
tested, and built in-house. One module (the sine, square,
and triangle wave generator) was purchased due to its low
cost and availability.

Once the appropriate hardware was designed, built and
integrated, the software to be used for data collection and
manipulation was chosen. PolyFORTH II was used for data
collection while Pascal, Quattro Pro, and SPIA were used
for data manipulation.

3.1.1 LSI-11

The computer used for this research was an LSI-11 made
by Digital Equipment Corporation (DEC). It contained 32K
RAM, an ADAC data acquisition board, and two serial ports.
One port served as the console (or terminal) communications
line while the second served to communicate with a host
computer for data storage and retrieval. The LSI-11 served

as a satellite on the lab network.

32



33

3.1.2 ADAC BOARD

The ADAC data acquisition board (ADAC Corp, 15
Cummings Park, Woburn, MA 01801) contained a twelve bit
analog to digital converter (A/D), with a four channel
input multiplexer. The maximum sampling rate for this
board is 35 KHZ. The board also contains an adjustable
onboard clock which was preset to 4 KHZ. A block diagram
is shown in Figure 11.

The input range was jumper selectable for four
different ranges. They are:

1) -10 to +10 volts

2) -5 to +5 volts

3) 0 to +10 volts

4) 0 to 5 volts

The board for this research was configured for
configuration 1, -10 to +10 volts.
3.1.3 PDP 11/23

The network host is a PDP 11/23 (DEC) running under
PolyFORTH II. The host has a hard/floppy disk subsystem
from SMS systems Inc (address). This includes two 20
megabyte hard disk drives and two 800Kb floppy drives. The
host also has 512K of memory and can support up to 4

satellites at one time
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3.1.4 POWER SUPPLIES

The power supplies used standard three terminal
adjustable regulators. They were chosen for their
excellent line regulation (low ripple), load regulation,

and ease of use during the design and construction of

instrumentation.

The output voltage of the regulators can be adjusted
with a potentiometer. Resistors R1 and R2, in Figure 12,
form a voltage divider. If R2 is changed, there will be a
corresponding change in the current flowing through R1 and
R2. This will change the voltage at the control terminal
of the regulator. This voltage change alters the output
voltage of the regulator.

The voltage is governed by the following equation

Vout = 1.25 * (1 + R2 / R1) (eq 186)

This equation shows that the minimum output voltage is
1.25 volts. The output is adjustable from 1.25 volts to
approximately 40 volts. Figures 13 and 14 show the power
supply schematics.

The power supplies were mounted in a case obtained
from Jameco Electronics (1355 Shoreway road, Belmont, CA
94002).

3.1.5 OPERATIONAL AMPLIFIERS
In order to understand the basic operation of the

instrument, an understanding of basic electronic signal
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Parts List

BR1 - 2 A, 200 PIV bridge rectifier

Cl - 470 uF electrolytic capacitor

C2 - 0.1 uF capacitor

IC1 -~ LM317 positive adjustable regulator
Rl - 240 ohm resistor

R2 - 5 K potentiocmeter

R3 - 0.1 ohm, 10 watt resistor

Tl - 115 VAC to 24 VAC transformer

Schematic and parts list for a positive
voltage adjustable power supply.
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Parts List

BR1 - 2 A, 200 PIV bridge rectifier

Cl - 470 uF electrolytic capacitor

C2 - 0.1 uF capacitor

IC1 - LM337 negative adjustable regulator
Rl - 5 K potentiometer

R2 - 240 ohn resistor

R3 - 0.1 ohm, 10 watt resistor

Tl - 115 VAC to 24 VAC transformer

Figure 14. Schematic and parts list for a negative

voltage adjustable power supply.
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manipulators is necessary. The following section provides
that platform. The reader is encouraged to read [30] and
[31] for further information.

A general rule when measuring a signal is that one
does not want to disturb the circuit that is being
measured. When the circuit is disturbed, measurement
errors will result. These measurement errors are caused by
what is commonly referred to as loading errors. Loading is
caused when the output impedance of one device is nearly
equivalent to the input impedance of another device. This
is shown in Figure 15. Notice that R,,t and R;, form a
voltage divider. The equation for a voltage divider is

Vmeas = Vin (Rin / (Rip + Rout)) (eq 17)
We see that if the output resistance of the transducer is
equivalent to the input resistance of the op amp (Rin =
Rout) then the measured voltage (Vp.,g5) becomes:

Vmeas = Vin { Rout / (Rout + Royut))
Vin ( Rout / (2 * Roye))

Vin /2

Therefore the measured voltage at the input of the
amplifier is not a true representation of what the
transducer was sending. In order to reduce loading error,
one would ideally want a low output impedance and a high
input impedance. This was one of the main criteria in the

design of operational amplifier (op amp) circuits used in
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this work. The most common op amp is the 741. It has a
high impedance input (typically 1010 to 1014 Ohms) and has
a low output impedance (typically 100 Ohms).

The 741 op amp integrated circuit (IC) is a general
purpose chip that has many uses. It can act as a simple
buffer between two circuits, an inverting amplifier, a non-
inverting amplifier, a summing amplifier or a current to
voltage converter. Simplified diagrams for these modes of
operation are shown in Figures 17 and 18.

The pin out of the 741 is shown if Figure 16a. It is
an 8 pin dual inline package (DIP) IC. There are two pins
for power (four and seven), two input pins (two and three),
two inputs to adjust the output to zero (null). The 741
normally requires a bipolar power supply.

Figure 16b shows the schematic symbol for the 741. It
shows the two inputs, the inverting and non-inverting, the
output, and the power supply connections. The non-
inverting input pin is labeled with a plus (+) sign and the
inverting input is labeled with a minus (-) sign. On
subsequent schematics, the power supply connections will
not be shown.

3.1.6 NON-INVERTING AMPLIFIER

A non-inverting amplifier is one that can take a

signal and gives an amplified signal that is in phase with

the input signal. This can be seen in Figure 17a by
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Figure 16. Pinout of 741 and schematic representation.
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comparing the input with the output signal. The equation
for this type of amplifier is:

Vout = Vin * Gain (eq 18)
where Gain = 1 + (Ryp/ Ry).

As can be seen from this equation, the gain must
always be greater than or equal to unity. Also notice that
the input signal is connected to the non-inverting input.
3.1.7 INVERTING AMPLIFIER

An inverting amplifier is shown in Figure 17b. This
amplifier takes an input signal, and returns an amplified
signal that is 180 degrees out of phase with the original
signal. The equation relating the input and output voltage
is :

Vout = - Vin * Gain (eq 19)
where Gain = (Ry, / Ry).
Notice that the gain can be any positive number. There is
one similarity between an inverting and non-inverting
amplifier. That is the resistor controlling the gain of
the amplifier is always connected from the inverting input
to the output. This resistor is commonly referred to as
the feedback resistor.
3.1.8 DIFFERENCE AMPLIFIER

When measuring voltages, one usually measures the
voltage relative to zero. This can be demonstrated when

the voltage is measured across an AC outlet. The 110 VRMS
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signal is measured relative to ground. There are times
when one does not want to measure a signal or voltage
relative to ground, but to some other known voltage. There
are two approaches. One is to measure each voltage
relative to ground and find the difference. The second
approach is to measure the voltage difference directly.
This can be achieved by a difference amplifier. A
difference amplifier works as follows: 1) It takes two
input voltages V; and Vjy, 2) Subtracts Vo from V; to obtain
the difference and finally, 3) amplifies this voltage
difference and presents it on the output pin. The equation
for a difference amplifier is
Vout = (Vg = V1) * Gain (eq 20)

where Gain = (R./ Rg).
3.1.9 SUMMING AMPLIFIER

There are also times when one needs to know the sum of
two voltages. This can easily be handled by a summing
amplifier. The basic diagram is shown in Figure 18. Just
as the output voltage for a non-inverting amp was the input
voltage times the ratio of the feedback resistor to the
input resistor, the output of a summing amplifier is the
sum of the two products. Hence, we have:

Vout = (Vijn *¥ R3 / R1) + (Vp * R3/R2)  (eq 21)
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3.1.10 pH METER

Solution pH was measured using a Beckman Zeromatic pH
meter (Beckman Instruments, Inc., Fullerton, CA). The pH
electrode was a combination electrode with a calomel
reference obtained from Omega Engineering (part no. PHE-
2723-U-5, One Omega Drive, Box 4047, Stamford, CT 06907).
Since computer monitoring was desired, the recorder output
was modified for such use. The recorder output was in the
range of -25 MV to +25-MV. This was amplified by a simple
difference amplifier circuit utilizing the 741 op amp. The
schematic i1s shown in Figure 19.

From the basic equations given in an earlier section
the gain of the amplifier is 100 (1 Meg / 10K). This
amplifies the input signal to the range of -2.5 volts to
+2.5 volts, which is suitable for input to the ADC
subsystem.

The pH meter was calibrated using three buffer
standards obtained from Whatman LabSales (P.O. qu 1359,
Hillsboro, OR 97123). The standards were pH 4, pH 7, and
pH 10 (part nos. 6200B0017, 6200B0018, and 6200B0018,
respectively). The pH meter had no slope adjustment
control. Therefore, the calibration procedure was as
follows: 1) insert pH electrode into pH 7 buffer; 2) adjust
meter to read pH 7; 3) insert pH electrode into pH 4

buffer; 4) take reading from recorder output; 5) insert pH
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Parts List

IC1 - 7;1 op amp
Rl1, R2 - 10K resistors
R3, R4 - 1 megohm resistors

Schematic diagram of pH meter amplifier with

Figure 19.
parts list.
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electrode into pH 10 buffer; and 6) take reading from
recorder output. The data obtained was 1) pH 7, 3.20
volts; 2) pH 4, 2.45 volts; and 3) pH 10 3.97 volts. A
linear least squares fit was performed on this data. A
correlation coefficient of 0.999942 was found.

In making repeated measurements, the pH electrode was
immersed in the solution and the pH was taken before each
data run. This was to determine if a pH gradient was
forming in the solution.

3.1.11 ELECTRONIC THERMOMETER

The electronic thermometer circuit, shown in Figure
20, uses an AD590 IC temperature transducer as it’s main
component. This IC takes an input voltage and converts it
to a current that is dependent on the surrounding
temperature. The output of the AD590 is 1 uA / degree K.
over a range of -55 degrees C to +150 degrees C. This
corresponds to an output current of 218 uA to 423 uA.

The circuit used a 741 op amp IC that was configured
as a current to voltage converter. The AD590 was reverse
biased. This means that instead of supplying one uA /
degree K, it drew 1 uA / degree K. This was done to give a
positive correlation, rather than a negative correlation.

If the AD590 supplied current, then the output would
have been negative, since Vout = - I * Rf. However, since

the AD590 acted as a sink, the current was negative current
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Parts List

"IC1 - 741 op amp

Rl - 500 K resistor

R2 - 10 K resistor

R3 - 10 K potentiometer

SEN1 - A4d590 temperature transducer

vouT

Electronic thermometer schematic and parts

list.
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and thus Vout = - (- I) * Rf; Vout = I ¥ Rf - a linear
equation with a positive correlation.

The electronic thermometer was used to periodically
determine the solution temperature before and during a data
run.

3.1.12 ANALOG FILTERS

A filter is "a device that passes electric currents at
certain frequencies or frequency ranges while preventing
the passage of others" [31].

There are two types of analog filters: active and
passive. An active filter is a device composed of
resistors and capacitors built around a solid state device,
usually an op amp. Passive filters are made of resistors,
capacitors, or inductors.

An active filter has several advantages over a passive
filter. The most important ones are 1) no insertion loss -
the signals of interest will not be attenuated since an
active filter has gain, 2) isolation - the op amp isolates
the input from the output, as described earlier, and 3)
tuning - the cutoff frequency is more readily changed than
with a passive filter, which requires changing several
components. [31]

There are four classifications of filters. They are:
1) low pass, 2) high pass 3) band-pass and 4) notch. A

response graph for each type of filter is shown in Figure
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21, The Y axis is gain and is usually expressed in
decibels (dB). The X axis is the logarithm of frequency.

A low pass filter is one in which frequencies below
the cutoff frequency (F;) are allowed to pass un-attenuated
and frequencies above the cutoff frequency are attenuated.
A high pass filter allows high frequencies to pass
unattenuated, while attenuating low frequencies.

Band-pass and notch filters both require a high pass
and low ﬁass filter. For a band-pass filter, the high pass
filter attenuates everything below F.; and the low pass
filter attenuates everything above F ;. Also, the passband
for the two filters overlap.

In a notch filter, exactly the opposite is true. The
passbands do not overlap. The low pass filter attenuates
signals above F.; and the high pass filter attenuates
signals below F_p.

The arrangement of the filters do not matter for a
band-pass filter, however the arrangement does matter for a
notch filter. Suppose the high pass filter is first. Then
all frequencies above F., will pass. When the signal
reaches the low pass filter, there will be no frequencies
below F.] to pass since all frequencies below Fch were cut-
off.

The degree to which the signals are attenuated is

called the order of the filter. Figure 22 shows that a
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first order filter has a very slow roll-off while a sixth
order filter has a very sharp, fast roll-off. The higher
order filters can be made by cascading two or more lower
order filters of the same type.

A low pass active filter is shown in Figure 23. It is
composed of an RC passive filter with a non-inverting op
amp. The filter works as follows: suppose a high
frequency signal (above the cut-off frequency) is input to
the filter. The signal passes through the capacitor to
ground and only a very small signal reaches the amplifier.
If a low frequency signal (below the cut-off) enters the RC
network, it passes on to the amplifier and is amplified.
The response curve for the low pass filter shown in Figure
23 is given in Figure 24.

3.1.13 SIGNAL GENERATORS

For this project, two different types of signals were
needed: a square wave, and a triangle wave. For this
reason, the 8038 precision waveform generator IC was
chosen. It has sine, square, and triangle wave outputs.
Its output is fully adjustable over a range of 0.001 Hz to
over 1 Mhz. This large dynamic range can be achieved by
merely ﬁodifying one or two external resistors or
capacitors.

For simplicity, only a block diagram for this

versatile chip will be shown (Figure 25). Note that the
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Parts List

Cl - 0.02 uF capacitor
IC1 - 741 op amp
Rl - 12K resistor
R2, R3 - 10K resistors

Figure 23. Schematic and parts list for a first order,
low pass active filter
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capacitor is the only external device shown. For an
explanation of the operation of the 8038, the reader is
referred to [33] and [34].

A complete signal generator is shown in Figure 26. It
has a frequency range of 10 Hz to 20 KHZ. Resistor R4
changes the frequency, while resistor R8 changes the duty
cycle of the generated waveforms.

The signal generator was the only commercially
available part. It was obtained from DC electronics (P.O.
Box 3202, Scottsdale, AZ 85271).

3.1.14 POWER SUPPLY CONTROLLER

The power supply transistors are used in what is
termed a totem pole configuration (Figure 27). Transistors
arranged in this manner allows one control signal to
control the direction of current flow. Simply stated, the
transistors amplify the current whose direction is
controlled by the 741 op amp comparator. Figure 27 shows
the schematic for the power supply controller used.

There were three possible waveforms that could have
been used to drive the electrodes. They were: 1) a sine
wave, 2) a triangle wave, and 3) a square wave. Knowing
that the particles velocity is dependent upon the applied
electric field, the first two waveforms, sine and triangle,
can be eliminated since the applied electric field is not -

constant. This would cause a corresponding increase in the
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SOUARE
TRIANGLE
SINE

Parts List

Rl1, R2 - 4.7 K resistors Cl - 0.1 uF capacitor
R3 - 15 K resistor C2 - 0.0047 uF capacitor
R4 - 10 K potentiometer D1 - 1N457 or 1N914
RS - 20 K potentiometer IC1 - 8038
R6 - 15 Meg potentiometer
R7 - 10 K potentiometer
R8 - 1 K potentiometer
Figure 26. Schematic and parts list for a sine,

triangle, and square wave signal generator.



62

Ve 4 RI
—R2
T W a
—— TO
+.
d Q2 — CELL
1
¢l —R3 J_E—
V- R4

Parts List

IC1 - 741 op amp
Ql - TIP 31 or 2R3766 KPR transistor (Radio Shack 276-2017)

Q2 - 2N3740 PNP transistor (Radio Shack 276-2043)
R1, R2, R3, R4 - 470 ohm, 1/4 watt resistars

Figure 27. Power supply controller schematic and
parts list.
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particles velocity; hence they would be accelerating.
Experimental results (not shown) showed this to be true.
3.1.15 ACOUSTIC MODULATOR CONTROLLER

The acoustic modulator controller is simply a signal
generator set to a frequency of 250 Hz although any
calibration frequency is easily attainable. The triangle
wave output was connected through a switch to an audio
amplifier.

A triangle wave was chosen instead of a sine or square
wave for the following reasons: 1) The coil used for the
acoustic modulator had a very slow response time
eliminating the square wave and 2) a triangular wave
provided constant acceleration to the mirror. A sine wave
would not provide this constant acceleration.

The LM386 audio amplifier (Figure 28) is a customized
op amp. The IC has built-in resistors to achieve a fixed
gain output. One merely need adjust the input level (R1l)
to achieve.the required output signal level.

3.1.16 LASER

The laser used was a 5 mW helium-neon (He-Ne)
purchased from Particle Measurement Systems Electro-Optics
(1855 South 57th Court, Boulder, CO 80301). The laser had
very good long term stability (2% drift per 24 hours). The
laser’s beam divergence of 0.88 mRad was another factor in

its selection. Other important considerations were its low
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Parts List

Cl - 220 uf electrolytic capacitor

IC1 - LM386 audic amp
Rl - 10K potentiometer
SPKR - 8 ohm speaker, 0.2 watt

Figure 28. Audio amplifier schematic and parts list.
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beam amplitude noise of 0.5% RMS and its beam diameter of
0.88 mm.
3.1.17 OPTICS

Very few optical components were required for this
work. The optics included one 50/50 beam splitter and two
mirrors. The beam splitter (part no. J31411) and mirrors
(part no. J33510) were obtained from Edmund Scientific (101
E. Gloucester Pike, Barrington, NJ 08007).
3.1.19 RING MOUNTS AND MAGNETIC BASES

The laser and optics were mounted in ring mounts
machined by the author. They consisted of aluminum pipe
4.5" 0.D. x 3.5" I.D. x 3/4" wide. The ring mounts were
anodized black by Plate-Rite Corp (Route 11, Dublin, VA)

The magnetic bases used were obtained from Harbor
Freight (3491 Mission Oaks Blvd., Camarillo, CA 93011).
3.1.20 SAMPLE CELL

The sample cell used was made by the Chemistry
Department glass shop. The cell was a rectangular shaped
cuvet measuring at the top 1.5" x 1" with a height of 4
inches. Two thermometer well adapters were added to allow
easier adjustment of the electrode separation distance.
3.1.21 ELECTRODES

For Doppler Electrophoresis, large surface area, low
resistance electrodes must be used.[35] Stainless steel

(type 440) electrodes were used. Each electrode consisted
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of 2 parts. The first was cylindrical, having a diameter
of 1.5 cm and a length of 2 cm. The base of the electrode
was tapped so that the threaded end of a shaft would fit.
Figure 29 details the electrodes and sample cell used.
Figure 30 shows the placement of the pH electrode and the
temperature transducer.

For future work, the electrodes could be vapor
deposited with platinum for better conductivity. A polymer
film could be coated on the electrodes to reduce sample /
surface interactions.

3.1.22 DETECTOR

The detector used for this work was a photo-~detector
having its response in the visible region of the spectrum.
The detector was a high speed, low dark current
photodetector. The active area of the detector was 20.3
mmz. The large area of the photodetector was used due to
scattering of the laser beam from refractive index changes
with the sample and the sample cell. The approximate
diameter of the beam at the detector was 1 cn.

The detector was purchased from United Detector
Technology (part no. PIN-6, 12525 Chadron Ave., Hawthorne,
CA 90250).

3.1.23 pH BUFFERS
The pH buffers used for this work were prepared by the

author using 0.05 m potassium hydrogen phthalate (KHP) for
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the pH 4 buffer, and a mixture of 0.025 m sodium hydrogen
carbonate (sodium bicarbonate NaHCO3) and 0.025 m sodium
carbonate (NajCO3) for the pH 10 buffer.

The pH 4 buffer was made by dissolving 1.02 g of KHP
in 100 mL of distilled water. The pH 10 buffer was made by
dissolving 0.26 g of NajCO3 and 0.21 g of NaHCO3 in 100 mL
of distilled water.

The ionic strength of the pH 4 buffer was 0.05 m.
After dilution in the sample cell (to a total volume of 40
mL) the ionic strength was approximately 0.006 M. The
ionic strength of the pH 10 buffer was approximately 0.003
M in the sample cell.

3.1.24 CHEMICALS CHOSEN

Bovine Serum Albumin (BSA) was the protein used to
evaluate the Doppler Electrophoresis apparatus. The
accepted molecular weight for BSA is 66,000 daltons. Other
characteristics include its radius, isoelectric point(pI),
and diffusion coefficient, which are 2.98 nm, 5.2 pH, and
7 x 10"7 cm2/ s (7 x 10-11 mz/ s), respectively. A diagram
of BSA is shown in Figure 31.

BSA was chosen for its easy availability, and simple
storage requirement (standard refrigerator). It is the

common reference material for mobility measurements.
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3.2 SOFTWARE

Several software packages were used in this work.
They included PolyFORTH II, Turbo Pascal, Quattro Pro, and
SPIA. The following sections include a description of each
and how they were used.
3.2.1 FORTH OVERVIEW

FORTH was developed out of a need to be able to
control devices in real time. FORTH was written by Charles
H. Moore in the early 70’s. He wanted to control different
parts of a radio telescope. At that time, he had only two
main languages to choose from: assembly - which was fast
but also very hard to write, debug and maintain; and
interpreted BASIC - which was easy to write and maintain,
but very slow. What he wanted was the best of both worlds.
Hence, he developed FORTH. FORTH has gained wide
popularity. Committees have been formed to create a FORTH
standard. Such standards have evolved over the years and
include the FORTH-79 and FORTH-83 standards. An outcome of
the FORTH-83 standard is the Laxen and Perry version of
FORTH for the IBM-PC and compatibles. PolyFORTH II is
another evolutionary product of FORTH.
3.2.2 FEATURES OF FORTH

FORTH is a stack based language. This is similar to

most Hewlett Packard calculators, which accept data in a
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special format. This format is called Reverse Polish
Notation (RPN).

Commands in FORTH are called "words". These words,
when combined in a specific order gives a program. Just
as a large program is broken down into small sections of
code, each to do specific tasks, FORTH programs are broken
down into pieces called definitions. These definitions are
composed of FORTH keywords and other definitions previously
defined by the user.

FORTH words can be tested immediately after they are
defined. This means that as a program is being written,
each step can be check for proper execution before the
programmer continues code development.

For a more complete explanation and understanding of
FORTH, the reader is encouraged to read [36] and [37].
3.2.3 FEATURES OF PolyFORTH II

PolyFORTH II contains all of the capabilities of FORTH
and includes additional features for printing and disking
utilities, a multiprogramming environment and a target
compiler.

These features allow for easier storage and retrieval
of programs and data files. It has a multi-user
environment to maximize computer resources. PolyFORTH II
also allows the user to customize the software to meet

changing demands.
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3.3 EXPLANATION OF SOFTWARE

The code required to control data acquisition on the
LSI-11 is shown in Appendix A. Words not described here
were used for debugging purposes.

Block 9 is called the LOAD block. It tells PolyFORTH
the order in which to load the other blocks of code.

It is necessary to tell the ADAC board to start a
conversion. The word SET.CHANNEL selects channel zero (0)
and starts a conversion.

Once the conversion process has started, it is
necessary for the program to wait until the conversion is
DONE. The word ADC.DONE? waits until the ADAC board says
that there is data available.

The collected datum point must be stored in memory
until all data for a run has been collected. This memory
area is called SPECTRA.

The word GET.PTS performs the above processes. It
starts a conversion, waits until data is available, and
then stores the data into an array.

The data must then be stored on disk for later
reference. The word SAVE.SPECTRA saves the collected data
to a block on disk. A block of data consisted of 512 data
points.

Once the experimental data is collected, it is

transferred by a serial line to an IBM PC computer for post
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processing. This transfer was accomplished using a short

BASIC program written by Evaniak called Ygood. Developed

in our laboratory, the source code for this program can be
found in Appendix B. This program is included since it is
not currently documeﬁted elsewhere.

After the data is down-loaded to the IBM-PC, a PASCAL
(Turbo Pascal 5.5, Borland International, 1800 Green Hills
Road, P.0O. Box 660001, Scotts Valley, CA 95066) program was
used to convert the ADC values into voltages. This program
was called ADCVOLTS.PAS and is shown in Appendix C. The
program also averaged the collected data, and subtracted
the average from each data point. This effectively removed
any DC component in the spectrumn.

The DC component must be removed before performing
FFT's on the data. If this offset is not removed, then the
amplitude of the DC offset will be so large that the
frequency components of interest in the signal will be
buried in a mask of noise. This is due to the combined
granularities of the ADC, the math package, and the
plotting software and hardware. With the removal of the DC
component, frequencies present in the signal could easily
be seen.

Quattro Pro (Borland International, 1800 Green Hills
Road, P.O. Box 660001, Scotts Valley, CA 95066) is a

spreadsheet package similar to LOTUS 1-2-3. It has many
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features including basic math functions and several methods
of data presentation (graphs, pie charts, etc).

" Quattro Pro was used to perform a five (5) point
unweighted digital filter. The filtered data was saved to
a disk file for processing by SPIA as described below.

An unweighted digital filter acts as a low pass filter
and introduces minimal phase distortion in the data. The
increase in the S/N ratio is proportional to the square
root of the number of points in the window. The window
width used by the author was five (5). Therefore, the S/N
improvement is 2.24.

Final signal processing was performed using a
shareware package called SPIA (Moonshadow Software, 5016
Castlewood Drive, San Jose, CA 95129). SPIA is a simple,
yet powerful, program for signal analysis. It can do
addition and subtraction of waveforms, it can calculate
FFT's and power spectra, and it can perform convolutions on
a data éet.

A Fourier Transform of the data was made using SPIA.
From this, a power spectrum was obtained. The power
spectrum displayed the amplitude and frequency components

of the data.



4.0 INSTRUMENT EVALUATION

The Doppler Electrophoresis apparatus was evaluated in
several stages. These were:

1) the detector without sample cell

2) the detector with optical modulator but without

sample cell

3) the detector with sample cell and

4) the detector with sample cell and protein.

This order was chosen since each stage of the testing
required that all prior stages be working.
4.1 DETECTOR WITHOUT SAMPLE CELL

This stage of testing was required to determine if the
output of the He-Ne laser could be detected with the chosen
sensor. This was also required to determine if ambient
light would cause interference problems. Ambient light was
found to cause heavy interference. A near light-tight
enclosure was built in order to minimize such stray light
effects.
4.2 DETECTOR WITH OPTICAL MODULATOR AND WITHOUT SAMPLE CELL

The detection of the beat frequency using the optical
modulator was an integral part of the testing phase. This
would indicate whether or not small frequency differences
in the interfering waves could be detected. This would

also determine whether the software was working correctly.
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The optical modulator was used at three frequencies.
They were 250 Hz, 480 Hz, and 580 Hz. Using the 250 Hz
signal, there should be a peak in the power spectrum for
this data run. Figure 32 details the output showing that
the beat frequency of 250 Hz (collected at a rate of 4000
Hz) was indeed detected. Figure 33 shows the beat
frequency of 480 Hz (collected at a rate of 1250 Hz), and
Figure 34 shows the 580 Hz beat frequency (collected at a
rate of 4000 Hz).

4.3 DETECTOR WITH SAMPLE CELL

Testing in this phase would show whether or not the
geometrical shape of the cell would cause any interference
problems later in this work.

This testing also required that the two laser beams be
aligned such that they cross in the center of the sample
cell. The beams were aligned visually by carefully looking
horizontally into the sample cell and adjusting the
mirrors. The beams appeared to be as one at the point in
which they crossed each others path.

As in the previous section a spectrum was collected
with the optical modulator ;n. Comparing with the spectrum
collected in section 4.2, there was little change in the

modulated spectrum.
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4.4 DETECTOR WITH SAMPLE CELL AND PROTEIN

This was the final stage required in the testing of
the instrument. It was necessary to add 35 mL of deionized
water and 5 mL of pH 10 buffer was added to the sample
cell. This was followed by 200 uL of a 1.70 x 10”2 M BSA
solution was added. Final solution concentration was 8.5 x
10-8 M. The power supply controller was adjusted to %18
volts, with a frequency of 1 Hz. Data was collected and
processed as described above.

Data was also collected at pH 4. Three solution
concentrations were analyzed at this pH. They were 4.25 x
1078 M, 8.5 x 1078 M, and 1.28 x 1077 M. The results of

these data runs follow.



5.0 DISCUSSION OF RESULTS

This section includes derived values for the
electrophoretic mobility of BSA at pH 10 and pH 4. This is
followed by a comparison to literature values.
5.1 MOBILITY DETERMINATION

Figure 35 shows data for one run at pH 10. The beat
frequency is 62.5 Hz. Using equation 15,

U = (delta v) / 2 n E sin(08/2)

and knowing the following:

1) n = 1.33

2) E =9 V/cm

3) = 632.8 nm
4) 6 = 45 degrees

one can calculate that the electrophoretic mobility of BSA
at pH 10 and ionic strength 0.006 M to be 4.3 x 10-4 cmz/
V-sec

Figures 36 thru 41 show collected data for BSA at pH
4, and varying concentrations. These experiments were
performed to ascertain the uniformity of the results across
a range of concentrations. The concentrations were: Figure
36 and 37, 4.25 x 1078 M; Figure 38 and 39, 8.5 x 1078 M;
and Figure 40 and 41, 1.28 x 1077 M

The calculated mobilities for the aforementioned data

sets at pH 4 are: Figure 36: 4.3 x 1074 cm2/ V-sec; Figure

82
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37: 4.3 x 10”% cm?/ V-sec; Figure 38: 5.4 x 1074 cm?/ v-
sec; Figure 39: 4.3 x 10”4 cm?/ V-sec; Figure 40: 4.3 x 10~
4 cm2/ V-sec; Figure 41: 4.3 x 1074 cmz/ V-sec.
5.2 COMPARISON WITH LITERATURE VALUES

The values compare quite favorably with available
literature values. Some values reported were:

1) 3.5 x 1074 cmz/ V-cm at pH 9.2
and ionic strength 0.004 M
2) 3.0 x 1074 cm?/ V-cm at pH 8.6
and ionic strength 0.005 M

Figure 42 shows a plot of pH vs mobility for the above
two literature values and one mobility value at pH 10. The
prlot shows that there is a definite trend in the data.
This shows that over a small pH range, a plot of mobility
vs pH is linear. The graph does not show that a plot of
mobility vs pH over large ranges is hyperbolic; the
steepest part of the curve being near the isolectric point.

The above data would appear to be very reproducible.
Due to the granularity of the Fourier transform used, the
spatial frequency range for each point in the Fourier
transform represents a channel width of 15.6 Hz (i.e.
4000/256). This means that a frequency between 54.7 Hz and
70.3 Hz would appear at the location representing 62.5 Hz.

Literature shows line widths of approximately 3 to 5

Hz, requiring a 3- to 5-fold increase in resolution. This
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increase in resolution is not difficult to obtain; one
simply increases the number of points (i.e. width) of the
Fourier transform.

5.3 CONCLUSION

The objective of this research was to design, build,
and test a Doppler electrophoresis instrument. This work
has established that the instrument built does indeed
provide data comparable to literature values. These
encouraging results warrant improvement in design and
further studies.

The fact that BSA has a changing mobility at pH 10,
nearly 4 pH units from its isoelectric point, can be
attributed to it’s large hydrocarbon matrix, and the
adjacency of charges on the polypeptide backbone.

As is the case with most instruments, improvements can
always be made to increase resolution, sample size, etc.
The following section details improvements which could be

made to this instrument.



6.0 INSTRUMENT IMPROVEMENTS AND FUTURE WORK

The following sections detail methods in which the
features of the Doppler Electrophoresis apparatus may be
enhanced.

6.1 SYNCHRONIZING APPLIED CELL VOLTAGE TO DATA COLLECTION
One problem that could have occurred is that data
could have been collected on the rising or trailing edge of

the square wave being applied to the cell. During the
rising and trailing edge of the square wave, the protein is
decelerating, changing direction of motion, and
accelerating again. The frequency of the square wave is
approximately 1 Hz, and the rate of data collection is 4000
Hz (collecting 512 datum points in about 1/8 of a second).
Therefore, one could synchronize the beginning of data
collection with either the rising or trailing edge of the
square wave, after a short delay to be sure the applied
voltage is stable.

The collected data did not show any interferences in
the power spectrum from this directional change. If there
were any interferences, the line widths of the power
spectrum would have been wider.

6.2 SYNCHRONIZING MODULATOR TO APPLIED CELL VOLTAGE

Synchronizing the modulator to the applied cell

voltage would allow not only determination of the magnitude

92
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of the electrophoretic mobility (results of this thesis)
but also determination of the direction (e.g. sign of
charge, and zeta potential).

This can be found by considering equation 22.

fq = f5 + A EU (-1)K (eq 22)

where fq is the measured Doppler frequency, f,; is the
modulator frequency, A is a constant, E is the electric
field strength, U is the electrophoretic mobility, and k is
the modulator phase whose value is either zero (0) or one
(1).[38]

The electfonic implementation of this feature would be
a relatively easy task.
6.3 MULTI-ANGLE DATA COLLECTION

Collecting light scattering data simultaneously at
multiple angles will yield values for a protein’s molecular
weight, and the mean square radius with respect to its
center of gravity.

These values are expressed in equation 23:

kc/R(8) = [1/M + 2 Ag c] / P(8) (eq 23)

where k is an optical constant, c¢c is the protein
concentration, R(6) is the Rayleigh excess ratio, M is the
molecular weight, Ay is a virial coefficient, and P(8) is a
form factor of the scattered light intensity as a function

of scattering angle.
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This equaﬁion is a generalized form of a relation
first derived by Debye which shows the relationship between
the measured values of the reciprocal specific turbidity
(left hand side) to theoretical scattering dependence
(right hand side).[39,40]

The Rayleigh excess ratio is defined as:

R(8) = A (I - Ig) / (Ig51 - Ing) (eq 24)
where I, is the scattered light intensity at angle theta
from the molecular solution, Ig is the scattered light
intensity from the pure solvent, I,; is the intensity of
incident light source at the sample relative to the dark
offset value I 43, and A is a calibration constant.

Equation 24 defines the form factor as:

1/P(8) = 1 + (16/3) n? / ( )% < r >% sin(8/2)%)(eq 25)

The optical constant k is defined as:

k =4 (xt ndn/de)? 7 (N ()% (eq 26)
where n is the refractive index of the medium, dn/dc is the
change in refractive index per change in concentration, N
is Avagadro’s number, and is the wavelength of the
source light.

By using a Zimm plot and linear regression, one can
determine the protein molecular weight and its mean square
radius. A Zimm plot is a plot of kc/R(6) vs sin(6/2)2 +

Kc, where K is an arbitrary constant to stretch the x axis.
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6.4 ALTERNATE METHODS TO DETERMINE PROTEIN DIAMETER

The following sections provide two different methods
to calculate the protein diameter. The first method is
from data that has already been collected and the second is
from data that could be collected from instrument
improvements.

6.4.1 PROTEIN DIAMETER FROM DATA ALREADY COLLECTED

Doppler electrophoresis is ideally suited for
analyzing the motion of molecules of this size and type in
free solution. It has been shown that scattering
information is enhanced by larger particle size.[5] This
enhanced signal allows the D.E. technique to accurately
determine molecular characteristics (e.g., molecular weight
or radius) beyond the size range where other methods begin
to lose resolution.

As an example, the literature reports the molecular
radius of the globular bovine serum albumin under carefully
controlled conditions. The present unit was used to
experimentally determine the radius at a pH of 4.0 and an
ionic strength of 0.005. The process involved determining
the velocity of the protein, found to be 1.34 x 10-4 m/s.
Perrin hés derived the following simple equation, D = r2/
6t where D is the diffusion coefficient, r is the distance
travelled by the molecule in the time, t. The velocity

determined experimentally in this work can be used to
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calculate D, and D was substituted into the Stokes-
Einstein Equation. This yields a radius from the present
work of 2.85 nm. This compares very well with the reported
value of 2.98 nm determined by a different technique and
reported by Atkins.
6.4.2 PROTEIN DIAMETER FROM INSTRUMENT IMPROVEMENTS

The protein diameter can also be determined using the
Stokes-Einstein relation:

D=kT/6mnnr (eq 27)
where D is the diffusion coefficient, k is Boltzman’s
constant, T is the absolute temperature, n is the
viscosity, and r is the protein radius.[41]

Using the output of the autocorrelation function,

C(t), one can solve equation 28 for D, the diffusion

coefficient.
c(t) = A e (- 2DKKt) (eq 28)
where K = (4 n n / sin (8/2), and n is the refractive

index of the solvent.
This can be expanded to include a mixture of m
different particle sizes. This is shown by equation 29:
m
c(t) =a ( = f (- DiKKt) (eq 29)

i=1
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where f is a weighting coefficient which is proportional to
the number of per cubic centimeters of particles of radius
R;.[42]

6.5 CHEMICAL SYSTEMS

The goal of the human genome project is to determine
the sequence in which the four bases of DNA occur in each
of the 24 different chromosomes in the nucleus of the human
cell. Chemical methods indicate that the human chromosomes
are all discernable and different in size and contain
between 50 million and 250 million base pairs (a base pair
weighs approximately 660 daltons). DNA molecules are the
largest well defined molecules that have been
encountered.[44]

Gel electrophoresis has been the technique of choice
for separation of biomacromolecules by biologists.

Gel electrophoresis typically has two electrodes, one
on each end of the gel. A voltage is applied to the
electrodes. The separation is complete when a marker
protein has moved about half-way across the gel. A marker
protein is a protein whose characteristics are already
known.

There are two media used in gel electrophoresis. The
first is polyacrylamide (PAGE) and the second is agarose (a
derivative of seaweed). PAGE works with relatively small

molecules (< 500,000 daltons). Agarose is useful for
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larger molecules, but only works well on molecules below
50,000 base pairs (33 million daltons). Attempts have been
made to increase the pore size by diluting the agarose.
Attempts to date have been unsuccessful.

DNA poses a particularly challenging situation to
separation scientists oriented to electrophoresis. In
normal solutions the phosphate backbone gives the molecule
a negative charge. As the length (size, or molecular
weight) of the DNA increases the number of negative
phosphate sites increases. Essentially the mass to charge
ratio remains constant; thus separation resolution
degrades.

Charles Cantor and David Schwartz in 1983 developed a
method of electrophoresis called pulsed field
electrophoresis. This method involves using four
electrodes at the sides of a square gel. A complex scheme
was used to switch the voltages between the different
electrode pairs, resulting in a non-orthogonal electric
field gradient. This discovery allowed the separation of
DNA molecules up to 2 million base pairs. Leroy Hood at
the California Institute of Technology has developed a
system with electrodes at the vertices of a regular
hexagon, and again a complex switching pattern improves
resolution. Recently reports that complex field reversal

protocols with the standard two electrode geometry have
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also been reported to improve resolution. Deutsch has
modelled the complex interactions between the long strands
of DNA and the tubules in the gels, and his calculations
show some agreement with experimental results. However,
the actual mechanism behind the enhanced separation caused
by these unusual fields currently puzzles physicists and
biochemists active in the areaz.[44] Reviews in the August
1990 PHYSICS TODAY analyze the controversy.

The area is of great importance to scientists working
in molecular biology, forensic science and mapping the
human genome. This is because of the importance of a
rapid, well understood and reliable method for determining
the size distributions in a mixture containing two to ten
DNA fragments.

An illustration from gene modification illustrates the
principles and problems. Similar arguments apply to the
polymorphism that is the basis for the current interest in
DNA fingerprinting by forensic scientists.

In a typical gene modification sequence, a
commercially available circular DNA paired double helix, in
the form of a super-coil, is cleaved by a well defined
restriction enzyme. This enzyme recognizes a specific
sequence of 4 to 8 bases, and only this sequence. When it
finds that sequence the DNA circle is cleaved at that

point. Since the double helix is made up of two chains
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that are hydrogen bonded together in an antiparallel manner
with the normal G/C and A/T pairing, the cleavage normally
results in a break in the circle which is termed "sticky".
This means that the cut is not straight across the coil (a
process that would leave what is termed a "butt" end) but
that the scission in the two strands is offset. An
insertion gene that has been made "sticky" at both ends is
added to the solution, and the coil is "glued" back
together by the gene insertion fragment working in
conjunction with DNA polymerase. This unit is passed into
a host cell, such as E. Coli, and allowed to express
itself. When sufficient cells are replicated, the mixture
is cast on an agar plate and colonies grown. When these
are of sufficient size to harvest many of the colonies are
selected for a minipreparation which disrupts the cell
walls, and the desired DNA separated. The reason that many
colonies are selected is that the original insertion into
the vector may occur in one of two directions, multiple
insertions may occur, and even more complicated processes
can occur. In order to determine that the right material
has been cloned, a fraction of the recovered DNA is subject
to cleavage by one to three restriction enzymes, whose
recognition sites have been chosen carefully to create
different molecular weight fragment distributions from the

various possibilities. The multiple reactions are
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subjected to electrophoresis, and an analysis similar to a
picture puzzle assembly leads to what configuration was
involved in the cleavage. The gels from these experiments
are difficult to read, and take hours to run.

In the polymorphism experiments used to create a DNA
fingerprint the current techniques take three days to
perform.

It is suggested that the current D.E. apparatus can be
used to characterize such simple mixtures. The normal
width of the Doppler shifted lines associated with a
biomolecular fragment is 3 to 5 Hz. It is a simple matter
to arrange for a spatial frequency space that spans 8 KHz
easily. This resolution of 1 in 2000 is adequate for most
applications. Enhanced resolution beyond this point is not
limited by ADC speed, and current workstation environments
would allow larger FT array sizes.

Capillary electrophoresis is also being used in the
separation of DNA. Large DNA molecules also do not always
separate according to their molecular weights. However, a
reagent has been developed which allows the size-dependent
separation of double-stranded DNA fragments.

One of these reagents is a TRIS borate based system
which contains hydrophilic cellulose derivatives. The
hydrophilic cellulose derivatives give a molecular weight

dependence on DNA fragment migration rates. This is
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unpublished work by Chin of Applied Biosystems. Karger
(personal communication) has performed similar experiments
using linear polyacrylamide. Although some feel the affect
is due to a "dilute" gel phenomenon, others believe that
some type of associative effect is involved.

Current materials used for this enhancement are simple
natural or synthetic polymers. It is suggested that polar
block copolymers, an area of interest to many in this
department, could be tailor made (preparing what might be
termed designer associates) and tested quickly with the
equipment described in this thesis. By varying the pH, and
ionic strength, one could determine by the calculated
molecular weights and other physical parameters what the
mechanism of the enhanced separation involves.

Work in these two areas are in progress, and is the
subject of submitted research proposals to the NSF, DOE,
and NIH by the principal investigator (RED). Negotiations
concerning'consortia development are also underway with
three major instrument companies, and disclosures of the
concepts have been made through the University Intellectual
Properties Office.

The goal of this research has been to build and test
an instrument suitable for exploring these exciting and
important areas. The results obtained indicate the value

of the current instrument, and the open geometry will allow
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the angular measurements required for more sophisticated
experiments, such as the method developed by Debye for

proper measurement of molecular radius.
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BLOCK 9

( LOAD BLOCK OPTIONS )

¢ DUMMY ;

11 LOAD .( VARS & CONST )

10 LOAD «.( UTILITY )

15 LOAD .( A/D CONV )

16 LOAD 17 LOAD .{ DATA CONV )

18 LOAD .( DATA DISP )

13 LOAD .{ DATA COLLECTION )
BLOCK 10

( UTILITY WORDS )

OSPECTRA SPECTRA 2048 ERASE ;

SAVE.1024 ( BLK# A =--- ) SWAP BLOCK 1024 MOVE UPDATE ;
: SAVE.SPECTRA ( BLK# --- )

SPECTRA SAVE.1024 FLUSH ;

BLOCK 11
( GLOBAL VARS & CONSTANTS )
OCTAL

167772 CONSTANT PAR.OUT 176772 CONSTANT DATA.AD
176770 CONSTANT CSR.AD

2 CONSTANT OCHAN 0 CONSTANT 1CHAN
0 CONSTANT 2CHAN 0 CONSTANT 3CHAN
DECIMAL

VARIABLE SPECTRA 2046 ALLOT

VARIABLE CHANNEL 0 CHANNEL !

BLOCK 13

( DATA COLLECTION ROUTINES )

0CS ( blk# -- ) OSPECTRA DETECTOR.GET SAVE.SPECTRA ;
BLOCK 15

( A/D CONVERSION )
CODE ADC.DONE? BEGIN CSR.AD TST B 0< UNTIL NEXT

SET.CHANNEL CHANNEL @ CSR.AD ! ;
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GET.PTS 2 * 0 DO SET.CHANNEL ADC.DONE?
DATA.AD @ SPECTRA I + ! 2 +LOOP ;

DETECTOR.GET OCHAN CHANNEL

TEMP.GET 1CHAN CHANNEL !

!

50 GET.PTS

PH.GET 2CHAN CHANNEL ! 50 GET.PTS ;

GET.CONDUCTIVITY 3CHAN CHANNEL ! 50 GET.PTS

BLOCK 16

(

DATA CONVERSION ROUTINES )
+MV 10000 2047 */ ;

~-MV ABS +MV 10 - NEGATE ;

IS 1 M <# # # # 46 HOLD

AD.TO.MV DUP 0 2048 WITHIN IF +MV ELSE

1024 GET.PTS ;

.
’

.
’

-MV THEN ;

#S SIGN #> TYPE ;

CHECK.SIGN DUP 0 < IF -1 ELSE 1 THEN ROT ROT

TEMP.C.FROM.MV 2 * 15000 +

MPH.FROM.MV 2788 - 1000 395 */ NEGATE

BLOCK 17

(,

.
.

DATA CONVERSION ROUTINES )

.
’

.
?

.
]

AVG.THE.SPECTRA SPECTRA @ 1 M*x 100 O DO SPECTRA
I + @ M+ 2 +LOOP 50 M/

BLOCK 18

(

.
.

DATA DISPLAY ROUTINES )
? .W.SIGN CHECK.SIGN IS

.VOLTS AD.TO.MV ?.W.SIGN

. TEMP AD.TO.MV TEMP.C.FROM .MV

.PH AD.TO.MV MPH.FROM.MV

.SPECTRA SPECTRA 2048 DUMP

.
)

-
’

" volts"
?.W.SIGN
?.W.SIGN ." pH"

." degrees C"
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.SPECTRA.VOLTS 1024 0 DO SPECTRA I + @ DUP
CR . 5 SPACES .VOLTS 2 +LOOP ;
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’Program Ygood.bas

'Written by Mark Evaniak

"Commented by Jeff Schrader

"This program allows one to download data or program files
'from the laboratory host (PDP 11/23) to an IBM-PC using
'a serial line.

$coml 1026

"This is the main procedure. It is responsible for calling
'other procedures to get the necessary information from the
'user.

open "coml1:9600,n,8,1,cs,ds,cd"” as #1 len = 1026
call Getinfo(Preamble$, block, noblock%)
call flesrvr( ab$, bytsiz¥%)
for i% = 1 to noblock%
shipblock = block + i% - 1
call Fillblock (Preamble$, shipblock)
call forthcom (preamble$, block$, ioflag¥%)
if ab$ = "A" then
call atofile(block$)
else
call btoa{block$, bytsiz¥%)
end if
print "BLOCK # ";shipblock;" stored."”
next i%
close #1
close #2
print "DONE"

'This subroutine asks the user for information that is
'needed to interact with the PolyFORTH II software
’that is running on the host computer.

SUB Getinfo ( Preamble$, Block, Noblock%)
Preamble$ = mki$(2)
input "What is your user ID"; id$
Preamble$ = Preamble$ +
UCASE$ (LEFT$(ID$,2)) + mki$(0) + mki$(0)
input "What DRIVE number will you use";offset%
input "What is the Starting BLOCK number'";Block
Block = offset% * 800 + Block
input "How many BLOCK’s to transfer" ;Noblock%
END SUB

'This subroutine takes data from the previous routine
’and puts it the a format required by PolyFORTH II.

SUB Fillblock ( preamble$, block)
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local blkbyt(), i%

dim blkbyt(4)

for i% = 1 to 4
blkbyt(i%) = block - (int(block\256)%256)
block = int(block\256)

next i%

mid$ (preamble$,5,2)

mid$ (preamble$,7,2)

END SUB

chr$(blkbyt(3)) + chr$(blkbyt(4))
chr$(blkbyt(1)) + chr$(blkbyt(2))

'This section of code sends and receives information
'from PolyFORTH II. The information tells PolyFORTH II
'what

SUB FORTHCOM (PREAMBLE$, DAT$, IOFLAG%)
field #1, 2 as resp$
field #1, 1024 as blck$, 2 as csum$
PRINT #1, PREAMBLES$
GET #1, 2
IOFLAG% = CVI(RESP$)
IF IOFLAG% = 0 THEN
GET #1, 1026
DAT$ = BLCK$
CHEKSUM$ = CSUMS$
ELSE
PRINT "Disk READ Error # ";ioflag%
END IF
END SUB

'This routine asks the user for information needed to
'save the data to disk. It also asks the user if he
'wants to convert the data before it is saved to disk.

sub flesrvr(aorb$, bytsiz%)
input "What is the file name";flname$
open flname$ for output as #2
input "is this an ASCII [A] or Binary [B]";aorb$

if aorb$ <> "A" then aorb$ = "B"
input " convert binary to ascii numbers (Y/N)";conv$
if conv$ <> "N" then conv$ = "Y"

input " input BYTE [1], WORD [2] or 2xWORD [4]";bytsiz%
end sub

'This subroutine converts byte data into word data.

sub btoa ( block$,bytsiz%)
local i%, j%, al
for i% = 1 to 1024 step bytsiz¥%
al =0
for j% = Bytsiz% to 1 step -1
al = al * 256 + asc( mid$(block$,i% + j% -1, 1))
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next j%
print #2, al
next i%

end sub

'This routine outputs ascii data directly to a file

sub atofile (block$)
local i%, al$
for i% = 1 to 1023 step 64
al$ = mid$(block$,i%,64)
print #2, al$
next i%

end sub
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Program AdcToVolts (input, output);

{ This program accepts an input file name from the user. It
then reads data (A/D readings) from the input file, converts
the data into voltages and writes the voltage data to the
output file. The program also calculates the average of the
spectra and writes the averaged specta to another file.}

uses crt, dos;

{This section is a declaration of all the variables and
arrays used in the program. }

var

InFile,
VoltsOutFile,
AvgOutFile: Text;

InFileName,
VoltsOutFileName,
AvgOutFileName,

Temp: String;

ADC,
Volts,
AvgSpectra: Array [1..512] of Real;

loop,

i: Integer;

Sum,
Avg: Real;

{ This is the beginning of the program.}

Begin
ClrScr;
Writeln;
Writeln (’Convert ADC readings to Volts’,
and Average the spectra. ');
Writeln;

{ This section of code asks the user which data file he
wants to convert.}

Write (’Enter INPUT file name: ’);
Readln (Temp);
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{The input file is opened and the output files are created
and opened.}

InFileName := Temp + '.DAT’;
Assign (InFile, InFileName);
Reset (InFile);

VoltsOutFileName := Temp + ’'.VOL’;
Assign (VoltsOutFile, VoltsOutFileName);
Rewrite (VoltsOutFile);

AvgOutFileName := Temp + ’'.LBG’;
Assign (AvgOutFile, AvgOutFileName);
Rewrite (AvgOutFile);

{ Read ADC readings from input file}

i = 1;

Readln (InFile, ADC [i]);

WHILE NOT (EOF (InFile)) Do BEGIN
Inc (i);
Readln (InFile, ADC [i]);
END;

{ Convert ADC readings to Volts }

FOR loop := 1 TO I DO
IF (ADC [loop] < 2048) THEN
Volts [loop] := 10 * ADC [loop] / 2047
ELSE
Volts [loop] := (ADC [loop] - 65535) * 10 / 2047;

{ Avgerage the spectra }

Sum := 0.0;
FOR loop := 1 TO i DO
Sum := Sum + Volts [loop];

Avg := Sum / i;
{Subtract average from the spectra.}

FOR loop := 1 TO i DO
AvgSpectra [loop] := Volts [loop] - Avg;

{ Write spectra to disk files }

For loop := 1 TO i DO BEGIN
Writeln (VoltsOutFile, Volts [loopl:8:4);
Writeln (AvgOutFile, AvgSpectra [loopl:8:4);
END;
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{Close all used files and quit the program.}

Close (InFile);

Close (VoltsOutFile);

Close (AvgOutFile);
END.
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