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Partl

ABSTRACT

THE DEVELOPMENT OF A PHOTODIODE ARRAY STOPPED FLOW
SYSTEM AND ITS APPLICATION TO CLINICAL ANALYSIS

By

Amid Salari

A rapid scanning photodiode array stopped-flow spectrometer has been
developed. The diode array allows for rapid simultaneous detection of all
wavelengths over a given spectral region. A Reticon “S” series type R1-512s
diode array which was specifically designed for spectroscopic applications
has been used. This device consists of 512 sensor elements in a length of
12.8 mm with a 25 Um diode spacing which corresponds to 40 diodes/mm.
Each diode has a height of 2.5 mm providing a slit-like geometry to each
element with an aspect ratio of 100 : 1.

A polychromator equipped with a holographic grating has been employed to
produce a flat field image across the detector elements with minimum
stray light. The speed of data acquisition with the diode array makes it a
very suitable detector for dynamic systems such as stopped-flow kinetic
measurements. The stopped-flow apparatus used in conjunction with the
diode array allows for rapid mixing of reagents in times as short as a few
ms. The stopped-flow mixing time and dead time have been determined to
be on the order of 2.048 and 7.9 ms, respectively.

A control interface has been built to allow for variable integration and delay
time, and to provide proper signals for running the stopped flow system and
synchronization of the data acquisition with. The system developed has



many desirable features for rapid kinetic measurements, particularly
where spectral information is required. The system provides
multiwavelength absorbance information for rapid changes in absorbance.
The type of data generated by the diode array stopped-flow system allows for
a significant degree of flexibility and convenience for performing complex
analyses.

The photodiode array stopped-flow instrument has been applied to both
single and multicomponent clinical analyses using a fixed-time, reaction
rate approach. The kinetic analysis of total serum protein has been carried
out as an example of an analysis of a single component in a sample, while
the simultaneous kinetic determinations of glucose and ethanol in blood
serum has been performed to demonstrate the system capabilities for
multicomponent analysis.

The accuracy and precision obtained for protein determination are in good
agreement with the results reported by other established methods, and
those obtained for the simultaneous analyses of glucose and ethanol in
blood serum are also well within the acceptable range. These results
indicate that the diode array stopped-flow spectrometer in a suitable
instrument for simple as well as complex fast clinical analyses.



Part 11

ABSTRACT

THE DEVELOPMENT OF A NEW CHEMOMETRIC APPROACH
FOR COMPUTERIZED COMPOUND IDENTIFICATION
USING IR SPECTRAL DATA

By

Amid Salari

A new chemometric procedure has been developed for automated infrared
spectroscopic compound identification. Availability of data bases plus more
powerful laboratory computers makes computerized spectroscopic
compound identification an attractive possibility. However, direct digital
comparison of reference and sample spectra has some serious
disadvantages. For instance, most conventional library search routines are
designed to operate only with pure samples. The increasing size of spectral
reference libraries, however, necessitates that we adopt new approaches to
accomplish efficient searching.

The proposed method allows for direct spectroscopic analysis of pure
samples as well as mixtures. A multidimensional vector approach is used
which allows the application of Gram-Schmidt’s orthonormalization
procedure to form an orthonormalized vector space from a library of
reference spectra. Computing the projection of an unknown spectrum into
the space spanned by the orthonormal library yields qualitative and
quantitative information.



The use of an orthonormal reference library results in a computational
efficiency that could not otherwise be realized. In fact, after completion of
the one time orthonormalization procedure, the qualitative and quantitative
analysis of a mixture can be done in about the same amount of computer
time as is required to identify a pure compound from its stored spectrum.
The required computer time has been evaluated on a 108-member library of
primary mass spectra acquired on a triple quadruple mass spectrbmeter
using VAX-station 3200 computer system. The amount of time required for
a typical analysis based on this library has been determined to be about 7.7
seconds.

The performance of the new procedure has been compared to that of the two
most popular library search routines, namely, the methods of absolute
differences and dot product matrices. compared to these two matrices,the
orthonormal procedure has shown equal performance for pure samples
and superior performance for mixtures. Also, the method has been found
to be faster than the conventional approaches to mixture analysis as well as
to provide a more efficient screening analysis of a specific target compound.
Additionally, the orthonormal algorithm can be directly applied to any kind
of spectroscopy; similar performance was obtained for both IR and mass
spectral data.

Finally, the orthonormal procedure has also been applied to the resolution
of fused chromatographic peaks. In this regard, the orthonormal method
has been capable of successful qualitative and quantitative resolution of
severely overlapping peaks.
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PART 1

THE DEVELOPMENT OF A PHOTODIODE ARRAY
STOPPED-FLOW SYSTEM AND ITS APPLICATION
TO CLINICAL ANALYSIS



CHAPTER1

Introduction

Generally in all spectroscopic systems, spectrometric information is
obtained by the measurement of some characteristic of electromagnetic
radiation versus either wavelength or frequency. Devices have been
developed to accomplish wavelength separation for all regions of-the

electromagnetic spectrum.

Analytical spectroscopists, however, had a particular interest in the
measurement of light in the UV-VIS region. For a long time, a variety of
combinations of filters has been used to cut the light down to narrow bands
of wavelength. The very poor resolution obtained by this method has been
an obstacle in the way of development of higher quality systems. The
introduction of dispersive elements such as the prism and grating has been
a great step forward in overcoming such problems. Nowadays almost all
spectrometers in use are equipped with a prism or grating, usually the
latter. The typical dispersive system employed in these instruments, the
monochromator, decodes the incident frequency information into an optical
spatial array on the focal plane of the instrument. A photomultiplier tube
in conjunction with an exit assembly is then used to monitor the light
intensity in a given wavelength resolution element. Inherent to these
conventional kinds of spectrometers, there exists a contradiction. The

contradiction is precisely between the static nature of the measurement



system (one wavelength at a time) and the potentially dynamic nature of the
matter under study. A mixture undergoing a chemical reaction, for
example, could undergo substantial change in composition before or while
it is being monitored. These changes could be manifest as wavelength
shifts in the peak absorbance maxima, abrupt changes in the absorbances
of other wavelengths, transient peaks, many of which, when a narrow

wavelength range is monitored, are never detected.

It is to remove exactly these limitations that the field of analytical rapid
scanning spectroscopy was developed. In this approach the spectrometric
information can be obtained by rapidly scanning across the spectral region
of interest. therefore, those phenomena occurring within the scan time
frame can be studied. however, rapid scanning should not be percieved as
simultaneous multiwavelength detection because different wavelengths are
monitored at different times. Traditionally, the detection system for the
simultaneous monitoring of the entire spectrum has been the photographic
emulsion plate. The photographic plates, however, have poor sensitivity,
marginal accuracy and precision, tedious and time consuming calibration

and data retrieval procedures.

In recent years optoelectronic image devices have become the detector of
choice for accomplishing such tasks. These devices actually combine the
multiwavelength capability of photographic plate with a real time electronic
readout and the wide dynamic range and sensitivity of photomultiplier
tubes. Substantial research has been devoted to exploring the capabilities of
such devices as parallel detectors in analytical rapid scanning

spectroscopy. Part I of this dissertation describes the development of a



rapid scan linear diode array spectrometer in conjunction with stopped-
flow mixing system and its application to clinical analysis.

Chapter 2 offers a historical review of the variety of approaches utilized in
analytical rapid scan spectroscopy. The most popular and widely used
techniques, from conventional scanning systems up to the recent
optoelectronic image devices are explained in fairly detailed fashion. the
advantages and disadvantages associated with each system are described.
Chapter 3 presents a thorough discussion of the linear diode array as well
as the stopped-flow mixing system. A description of the electronic interface

which controls the overall operation of the system is also illustrated here.

Chapter 4 describes the application of the linear diode array stopped-flow
spectrometer to the area of clinical analysis. Specifically, the kinetic
determination of the serum total protein by Biuret method is studied as an
example of a single component system. The multicomponent capability of
the system is demonstrated by the simultaneous kinetic determination of
glucose and alcohol in blood serum using the alcohol dehydrogenase and

glucose oxidase enzymes.



CHAPTER 2

HISTORICAL OVERVIEW OF IMAGING DEVICES
IN ANALYTICAL RAPID SCANNING SPECTROSCOPY

Introduction

Rapid scanning spectroscopy (RSS) is a technique in which a selected
region of the electromagnetic spectrum is scanned on a time scale ranging
from several seconnds down to a few microseconds. Scanning is
accomplished by mechanical or electronic means. The technique has been
developed primarily for the study of chemical reactions or processes which
involve short-lived intermediates with spectral properties which differ
significantly from the reactants or products. Repetitive scans of the
appropriate spectral region can provide information on the number and
types of species present as well as the kinetics of the formation and decay of
intermediates. From these data, one can drive explicit mechanistic
information which could only be inferred from measurements made at a

single wavelength.

The application of rapid-scan spectrometry includes both absorption and
emission studies. In most cases the time resolution aspect is the important
one, but the simple convenience of being able to see a large spectral region,
essentially continuously, has some advantages even in systems that do not
evolve in time or which change only slowly. The RSS techniques have a S/N
ratio disadvantage relative to a single wavelength normal spectrometer.
This arises from the fact that in a normal spectrometer the wavelength of

interest is continuously monitored, whereas in RSS techniques each



wavelength increment rapidly passes by an entrance slit. Thus the detector
spends only a small fraction of the time monitoring the photons of any given
wavelength increment which reduces the S/N ratio by /n where n in the
number of wavelength increment monitored. The scanning speed and S/N
ratio thus actually work against each other. It should be clearified at this
'point that the term RSS is used in a general sense here to also include
optoelectronic image devices. The integrating optoelectronic image devices,
however, do not suffer from the S/N ratio disadvantage mentioned above

and the discussion only applies to mechanically scanned spectrometers.

A most interesting application of RSS is in molecular luminescence (1).
When molecules are excited with light, they may relax to the ground state
by emitting radiation in the form of fluorescence (short-lived),
phosphorescence (long-lived) or both. The study of molecular luminescence
has value in investigating molecular structure and chemical properties of
molecules as well as in quantitative analysis. The RSS methods offer

advantages to both of these fields.

The molecular electronic spectroscopist considers the the fluorescence and
phosphorescence of molecules and chemical systems as probes into the
structure of the molecules and the chemical interaction between molecules.
The photochemist uses molecular luminescence to follow the paths for
relaxation of electronically excited molecules in order to gain knowledge
about photochemical reactions. The properties of molecular luminescence
of greatest interest to the spectroscopist and photochemist are: emission
and spectral location, shape, vibrational structure, intensity, polarization,

and life time of decay. Rapid scanning spectroscopy can give all of this



information very quickly, and in the case of life times has an advantage
over other methods. Some RSS techniques have calibrated scan times as
fast as a few msec, and therefore, can be used to follow phosphorescent
decays for many wavelength elements simultaneously. If one is doing a
phosphorescence experiment with a mixture of phosphorescencing
molecules, RSS can time-resolve spectra of individual molecules by taking
advantage of their differing lifetimes. A molecule with a long
phosphorescence decay lifetime (exponential decay) usually has a
comparably long rise time during excitation. Thus, by adjusting the
duration of excitation and the time interval between the end of excitation
and observation, one can enhance the observation of either the long- or the
short-lived molecular phosphorescence. These types of studies require
rapid data acquisition speed which has only become possible after the

introduction of RSS techniques.

The RSS methods can also be used to monitor molecular luminescence
while changing temperature or excitation wavelength, or during a
chemical perturbation. For example, one can obtain total luminescence
information by simultaneously scanning both excitation and emission
monochomators or, with a fixed wavelength interval (AA) between them
(sychronous excitation flourometry). Also, time dependent changes as a
result of any perturbation can be monitored by means of rapid and repetitive

spectral acquisition.

The RSS techniques are most useful when observing spectra that evolve in
time. An excellent application is stopped-flow kinetics which will be

discussed in greater detail in the next chapter. The information gained



about a reaction while observing the entire spectrum (or a substantial
portion of it) is powerful indeed. Chemical kinetics, when followed by
spectrometry, is subject to several pitfalls. The usual approach is to
monitor the radiant power transmitted by reaction mixture at a fixed
wavelength as a function of time. Such a measurement, while quite
precise, often will give erroneous information if spectral peaks shift, or if
there are transient absorptions at the monitoring wavelength during the
reaction. If one could observe the individual variations in each element of a
rather large spectral region during the reaction, all of the kinetic data
could be extracted while observing any spectral shifts or intermediate

absorptions that could interfere with the measurement.

The RSS techniques allow one to observe a large spectral range in one scan
(of a few msec duration). This makes them ideally suited for the stopped-
flow kinetics scheme. Another application of RSS is in combination with
liquid chromatography where the ability to identify the individual
components in overlapping peaks is most helpful (2-3). Other typical
examples which lend themselves to this type of study include enzyme-
substrate complexes (3), mixed complexes in ligand exchange reactions (4),

and products of electrochemical (5) and flash photolysis experiments.

As one can see the activity in the field of RSS is extensive and has already
been fruitful. The spectral regions under consideration extend from the
UV to the far IR, and the scan time sought causes some workers to begin
speaking in units of nanoseconds. A variety of interesting problems are

now under study that were quite out of reach only a few years ago.



The preceding examples give some indication of the kinds of interesting
spectroscopy possible with RSS. There are, of course, many more
specialized uses, such as: flame emission, arc emission, plasma emission,
atomic absorption and fluorescence and others. Actually one of the most
striking features of the literature on this topic is that it involves a series of
specialized instrument systems applied to equally specialized problems, but
they all share one important disadvantage "being mechanically scanned"

and therefore, limited to its associated problems and pitfalls.

The evolution of "photoelectronic imaging devices", however, has opened a
whole new era to the field of rapid scanning spectroscopy. Since the
introduction of imaging devices, there has been a slowly growing attraction
toward array detection. Within the past decade there has been an almost
complete shift toward the application of imaging devices rather than rapid
mechanical scanners for solving complex analytical problems. With the
advancement of television technology and the development of commercially
available image devices, the practical optical multichannel detector has
become a reality. These devices, often referred to as optoelectronic image
devices (OID), are typically constructed on a single monolithic silicon
crystal wafer, using well established LSI manufacturing techniques.
Linear detectors (25 nm long) with up to 2000 discrete light sensors and two
dimensional image devices with a few hundred thousands sensors are now

commercially available.

State-of-the-art optical parallel detectors confirm very well to mdst criteria
of "ideal” detectors. They are reliably manufactured at a reasonable cost.

They can be made immune to sudden "light-shocks". They are



mechanically rugged, compact and easily cooled, and consume little
electrical power. They can be constructed with exceptionally high
geometric accuracy (wavelength-to-sensor position registration across the
focal plane of the spectrometer). Some of these detectors provide high
flexibility in addressing the sensor elements, including individual and
random access reading. The silicon type detectors, particularly self-
scanned photodiode arrays, have a remarkably high sensitivity with
relatively uniform characteristics across a very wide spectral range (190-
1100 nm). Most significantly, their dynamic range (real-time) can be as
high as 105:1 with highly linear transfer characteristic (zamma of 1).

The present technology of optoelectronic imaging devices favored by the
advancement of minicomputers and microprocessors allows that, for
almost all problems, the manual and/or conventional mechanical designs
can be replaced by versatile electronically controlled systems. The time and
effort required to obtain one or several scans of a spectrum covering several
hundred nanometers should be little more than that now required to obtain

measurements at one wavelength by use of conventional instrumentation.

The purpose of this chapter is to review the course of development of RSS

according to the following two rather wide categories:

1) Conventional (mechanical) RSS; and

(2)  Optoelectronic image devices RSS.

This chapter will not cover the detailed design of the several RSS's designed
in the first category, but rather will develop a perspective of the different



general approaches which have been developed for RSS. More emphasis is
placed on the second category. Of course, those particular image devices
that have found considerable application in analytical chemistry will be

discussed in detail and the discussion about the rest will be brief.

Conventional (Mechanical) RSS

In terms of mechanism of scanning, rapid scanning spectroscopic
techniques can be classified into two rather large groups: Those which
employ mechanical means of scanning, also referred to as conventional
RSS, and those which utilize electronically scanned array detectors, also
called optoelectronic image devices (OID). This section will only deal with
mechanical systems; optoelectronic image devices will be the subject of the

next section.

Regardless of the scanning mechanism, most scanning spectrometers can
be grouped under one or two major classifications which may be labeled as
dispersion and multiplex spectrometers. Most common instruments
~employ the dispersion mode in which a prism or grating separates the
spectrum into narrow bands of energy (resolution elements) which can be
monitored independently. Spectrometers operating in the multiplex mode
utilize a single detector to monitor the total beam which is modulated in a
manner so that the intensity for each resolution element can be extracted

from the composite signal by use of mathematical methods.
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Each of these major categories can be divided into at least two significantly
different subgroups. In the dispersion method the two subgroups are:
scanned spectrum methods in which a single detector is used and array

detector methods which uses a multichannel detector.

The two subgroups of the multiplex methods are Fourier Transform
Spectroscopy (FTS) and Hadamard Transform Spectroscopy (HTS), each of
which operates on a different principle. Figure 2.1 represents the family

tree of rapid scan spectrometers.

Dispersion Techniques

Dispersion can be defined as breaking apart or separating a mixture of
wavelengths into its component wavelength. This can be accomplished
with a Prism using the phenomenon of refraction or with a Grating using
the phenomenon of diffraction. Dispersion is the mechanism on which the

most common spectrometers are based.

A spectrometer must eventually produce as the end result a spectrum,
which is a plot of intensity versus frequency. Therefore, in conventional
spectrometers, the polychromatic radiation must be fanned out or
separated into bundles of (almost) monochromatic radiation. Then by some
suitable mechanical arrangement the fanned out radiation is slowly swept
past a suitable detector. Each independently identifiable set of frequencies
can be termed a resolution element. The detector of the dispersion

instrument then produces a simple electrical signal which is
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proportional to the intensity of the radiation in the resolution element
striking it. The spectrum produced in this fashion is thus the result of a

series of radiometric measurements.

As previously mentioned the dispersion method is subdivided into scanned
spectrum and array detector methods. Figure 2.2 represents the two
subgroups. In one approach (2a), the dispersed spectrum is scanned
across an exit slit and onto a single detector, the instantaneous response of
which is dependent upon the wavelength and the intensity of the band of
energy being passed by the slit. In another approach (2b), the dispersed
spectrum falls on an array detector, and the array is interrogated to

generate spectral information.

In order to discuss each of the above basic approaches of dispersion
scanning spectrometers it will be helpful to take the dispersion portion of
the RSS family tree and expand it further to the variety of RSS techniques
developed and then briefly explain each of them. Figure 2.3 shows just that.

Scanned Spectrum Methods, Mechanical Design

Figure 2.4 shows two basic ways of using any conventional two-slit optical
system in rapid scan mode. In method 1, the image of the entrance slit is
swept, after dispersion, across the exit slit with mirror M1, or an optical
equivalent. This takes advantage of the fact that a range of frequencies
strike M1, and the corresponding. portion of the spectrum is displayed on

the exit slit jaws. Oscillation or rotation of M] sweeps this spectral region
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across the exit slit and thus sweeps the frequency that reaches the detector.
An advantage to this scanning technique is that Mj is generally a rather
small mirror, which permits high rotation rates. An alternate mechanical
option is to move the exit slit laterally across the spectrum, as is
conveniently done by placing the slit near the edge of the rapidly rotating
disk. The latter technique was used by Bethke (7) in the construction of a
pioneering instrument that achieved 50 microsecond scan times in the near
IR with low resolution (100 cm-1). Both methods, M rotation and lateral
slit movement, suffer from the fact that M is perfectly focussed and
illumination is centered on M only at one position (usually when the beam

falls on the slit jaws at normal incident).

The second method shown in Figure 2.4 is more conventional, since
rotation of a littrow mirror or grating that reflects a collimated beam is the
usual scanning technique in most ordinary spectrometers. The littrow
mirror can be either oscillated or rotated. The disadvantage of this optical
technique is that a relatively large mirror (or grating) must be moved at
high speeds. Pimental et al. (8) used a polished aluminum mirror up to
speeds of 200 rps. Then to improve resolution, they have substituted a
conventional replica grating on glass, and routine operation at 60 rps has

given no observable deformation to the grating.

Nevertheless, rotation of this large mirror is a limiting factor, and two
clever methods have been devised to relieve this problem. One, developed by
Terenin and co-worker (9), uses a sequence of rotating mirrors at the
Littrow position so that their rotation rate are additive. More elegant is the

method used by Hexter and Hand (10), in which the Littrow mirror deflects
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the collimated beam into a gallilean telescope to direct the light onto a
smaller mirror which is usually driven at rates as high as 2000 rps. Not
only this instrument permit 10 microsecond scan times, also a rapid
repetition rate that is quite desirable for kinetic studies. There are also
other spectrometer based upon one or another variant of the methods

described(10-13).

The most widely used design of an RSS based on mechanically scanned
monochromator incorporates a series of 24 corner mirrors mounted on a
rotating drum to scan the spectrum across the exit slit (14). The
wavelength scanning principle of this instrument allow the dispersing
optical train to be held fixed. The spectrum is scanned by rotating the scan
wheel; this sweeps the corner mirrors through the intermediate focal plane
formed after the first pass through the monochromator. Each time a
corner mirror sweeps through the focal surface, the spectrum is scanned
once. The scan repetition rate equals the number of corner mirrors times
the rotation speed of the scan wheel. Figure 2.5 shows the optical

schematic of the instrument.

This method of scanning, which is applicable to both prism and grating
monochromators, has some important advantages. Because the moving
element is outside the dispersing train and is dynamically balanced, the
optical quality of the spectrometer is not affected by the rapid scanning, and
performance is limited by the signal-to-noise ratio of the detector system, as
in a well designed, slow scan spectrometers. Also, the output is linear in
time and wavelength, the scan time is variable up to 80% of the repetition

time, the entire useful first order of a grating spectrum can be covered in
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one scan, and the design inherently provides for simultaneously scanning
two contiguous wavelength intervals. The device achieves high scan rates
with low drum velocity, but requires exact matching of the corner mirrors

for high photometric accuracy.

Another device employs a vibrating mirror to scan the spectrum (5,15). The
angular velocity of the vibrating mirror is controlled by the frequency of a
triangular wave which provides drive current. A beam splitter divides the
energy from the exit slit into a sample and reference beam, and a
logarithmic amplifier generates an output linear in absorbance. This
instrument scans the region from 370 to 700 nm (or any portion thereof)
with scan rate between 0.01-4000 scan/sec. The zero absorbance line is
constant to within 5% T between 380 and 650 nm, and the absorbance range
is 0.02-2.0 with spectral resolution of 2 nm at 1000 scan/sec. The
instrument was used to study the electrochemical reduction of methyl

violigen at an optically transparent electrode (16).

Electronic designed scanned spectrum methods (Electro-optic materials,
Fabry-perot, etc.) have not been able to gain popularity among analytical
spectroscopists and therefore they will not be discussed here. Multiplex
method (FTS, HTS), even though quite popular, but it is too far afield from
the main topic of this research and will not be presented here either. A
brief discussion of the photographic emulsion plate as an example of an
array (parallel) detector will be made in comparison to optoelectronic image

devices in the next section.
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Limitation of Conventional (Mechanical) RSS

Both of the multiplex methods and the more common spectrum scanning
methods involve mechanical devices. This factor limits the fastest speed
which can be obtained by use of these approaches. All spectroscopic
measurements involve some trade-offs among spectral resolution,
photometric accuracy, and measurement time. An ideal spectrometer
would include the capability of varying each of these measurement
parameters over a relatively wide range. Conventional spectrometers
which feature mechanical scan mechanism have tended to emphasize
spectral resolution and/or photometric accuracy at the expense of scan

speed.

There are problems of inertia associated with moving parts. A common
problem of conventional (mechanical) RSS techniques, specially in scanned
spectrum methods, is irreproducible baselines, brought about by multiple

mirror reflectance, mismatch, and differential aging.

Another problem associated with scanned spectrum RSS is that
information is obtained at only one wavelength at a given time. This gives
rise to longer analysis time and poorer signal-to-noise ratio. The technique
also offers limitations in situations where there are shifts of wavelength or

fast transient processes are studied.

It appears that the alternative to the field of rapid scanning analytical

spectroscopy is high speed "parallel detection” with wide spectral coverage.
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That is how the optoelectronic image devices operate and their advent has
attracted the attention of many rapid scan spectroscopists. This will be

discussed in the next section.
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OPTOELECTRONIC IMAGE DEVICES (OIDs)

Introduction

Considering all the limitations that various conventional (mechanical)
rapid scanning spectrometers have, it was concluded in the previous
section that an attractive alternative approach is the simultaneous
detection of multiple wavelength segments. The idea of parallel detection
was realized long before the age of optoelectronic image devices was put into
practice in the form of spectrographs (photographic plate detector).
Actually, for a long time, the most widely used and commonly available
parallel detector has been the photographic emulsion. It has a fixed and
accurate geometric registration that allows for reliable wavelength
calibration. Its operation is simple, its cost is affordable and its physical
dimension, and therefore spectral resolution practically unlimited,
depending only on the design of the spectrograph. Unfortunately, the
sensitivity (quantum efficiency) of the photographic plate is poor, its
transfer characteristic is non-linear, its accuracy and precision are
marginal and it requires tedious and time consuming calibration
procedures. Worse yet, the validity and usefulness of the spectral data
gathered can be verified only after the "plate-development” process. This
can result in a loss of invaluable, and at times, irreproducible experimental

data.
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A more recent multichannel (parallel-detection) approach is based on the
use of PMTs, because of their wide acceptance as a VUV-near IR
spectrometric detector. An array of PMTs is optically arranged across the
focal plan of a spectrograph. Although excellent sensitivity, wide dynamic
range, and rapid response are achieved, in practice this detector provides a
limited number of channels aligned for a predetermined specific
application (17,18). It does not provide the optimal flexibility in the
interaction between the spectroscopist and his/her experiment that would
be desired of a multichannel detector for general purpose and research

applications.

The newest approach involves optoelectronic image devices which can
provide several hundred independent optical channels in the linear mode
and many thousands in a two dimensional mode, e.g., echelle spectroscopy.
These detectors, when interfaced to a microcomputer (19) or a
microprocessor, provide unprecedented flexibility in spectroscopic data
handling, including signal processing, scan rate selection, various modes
of integration, ultra-rapid data accumulation and real-time display, and
elimination of undesired spectral information through software

manipulation or even through "on-target" random access capability.

In the last decade, as the state-of-the-art optoelectronic image devices have
adequately matured, their use as spectrometric parallel detectors has been
demonstrated, and they have gradually gained acceptance among

spectroscopists.
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Common Characteristics of OIDs

Generally, all optoelectronic image devices (OID), including TV-type or
solid state imagers, are, by their very nature, multichannel parallel photon
detectors which can accurately transform optical images into their
corresponding electronic images. Nevertheless, all these devices
implement the three basic functions of conversion, integration and readout

as elaborated in the following.

Charge Conversion

The role of a charge conversion component is to absorb photons and cause
the removal of electrons from the charge storage area in proportion to the
number of photons absorbed and in positions where the photons were
incident (20). In other words, it converts the photon images into their
electrical analogs, i.e., a pattern in electrical current or charge. The
mechanism of charge conversion varies from one type of OID to another.
Some operate by photoconductivity, some by photoemission, and some like
silicon vidicon by discharging the stored charge on the depletion region of a
reverse biased photodiode and then reading the remaining charge and so
on. In a photoconductor, the electrical conductivity is approximately
proportional to the irradiance to which it is subjected (21). An electric field
is applied to the photoconductor for example, by applying a fixed positive
potential at the transparent conducting signal plate as shown in Figure 2.6,
and driving the exposed surface to near gun-cathode potential through the

action of the periodically scanning electron beam. The field decays across
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the elemental capacitance according to the resistance-capacitance time
constant of that element. The resistance is controlled by the irradiance, so
that during the exposure interval the electrical potential at the scanned
surface of an element will be more or less positive, depending on the
irradiance. In this way, a pattern in positive electrical potential is formed

at the free surface that is reproduction of the optical image.

Photoemissive photocathodes are used in the image orthicon, the image
isocon, the SEC CAMER, and SIT. The photoemitter is a very thin
semiconductor film formed on the inside of the faceplate of the camera tube.
Light incident on the photoemitter excites into the vacuum an emission of
photoelectrons which is proportional to the irradiance. In more modern
tubes, the photocathode is a continuous electrode which does not hold a
charge image. Instead, the photoelectrons are imaged either
electrostatically or electromagnetically to produce a pattern of charge on a

separate storage medium.

In other kinds of OIDs such as the silicon vidicon, the charge conversion
component are the depletion regions of a planar array of reversed biased
silicon photodiodes which are charged up to a known voltage. When
irradiated, they become discharged leaving a charge pattern corresponding
to the light intensity pattern. This remaining charge pattern is eventually

read out as will be discussed in this chapter.

There is apparently a fourth option for the transducer, the photovoltaic
effect, the same as is used to generate power in solar cells. The photovoltaic

effect is not used in camera tubes because the voltage modulation produced
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across a single junction by a convenient irradiance is not sufficient for a
usefully sensitive device. It is conceptually possible, however, to devise a
photovoltaic pick-up tube that depends on the series of voltages developed by

multiple junctions.

Integration and Storage

Again, different mechanisms for storage and integration of charge are
implemented in different OIDs. Aside from different mechanisms of
storage they are either integrating or non-integrating detectors. In an
integrating detector, such as a vidicon, the electrical charge image
developed by the charge conversion component is in general accumulated
on a storage medium throughout the entire exposure time. The charge
pattern is stored for subsequent read-out by the scanning electron beam.
The storage medium may be the photosurface itself, for example, the
photoconductor film in the vidicon, or the photoemissive mosaic in the
orthicon. In a non-integrating detector such as plumbicon the signal is not
integrated for the entire exposure time but rather the charge pattern
present at the storage medium on the arrival time of the electron scanning

beam becomes read out.

Read-out

The final product of a read-out system is a video signal. This might be done
by an electron beam scanning like in TV-type OIDs, or by some electronic
circuitry as in solid state OIDs. In TV-type camera tubes the stored

electrical charge pattern is read out by the scanning electron beam to form
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the video signal. An electron gun in conjunction with electron optics,
provide a means of uniformly depositing electrons on the photoconductor or
target surfaces. Electrons emerging from the gun are made to form a beam
and are focused at the surface noted above. The focused electron beam
follows a predetermined pattern of movement tracing out scanning lines
designed to provide uniform coverage of the surface. The process is called a
raster scan and might simply consist of the focused beam moving across
the surface in parallel horizontal lines, beginning at the upper left corner
and ending at the lower right corner as in‘Figure 2.8. The process is
repetitive and the time it takes for the electron beam to cover the surface is

called the raster period.

In normal operation, the substrate of the detector is biased positively with
respect to the cathode of the electron gun. The substrate potential relative to
cathode potential is called the target voltage and is typically 5-10 V. The
impinging electron beam thus strikes the substrate with a maximum
energy of 10 eV and removes the charge pattern from small sections of the
storage area so as to be able to reconstitute the intensity and position

relations of the original signal.

As mentioned already, all OIDs have the above basic three components in
common, but the methods of implementation vary from one type of device to
another. Historically the trend in the OID industry has been toward
simplification via consolidation of these components. In some OIDs, all
three components including the video amplifier itself are combined on a

single monolethic silicon crystal wafer (22).
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Classification of OIDs

Optoelectronic image devices can be classified into at least three rather

broad categories:

I. TV-type image devices also referred to as electron beam
imagers.

II. Intensified imaging devices.

ITII. Solid state imaging devices (SSID).

Figure 2.7 outlines the family tree of OIDs. The variety demonstrated in
this outlines implies that there are important and careful decisions that
have to be made by the chemist who is interested in using one of these
detectors. The decisions are first of all whether the general idea of the OID
is compatible to his/her problem. Secondly, which of the detectors will best
fit his/her need and will be his/her optimum detector of choice. As will be
seen later there is no simple answer to these kinds of questions, since the
compromise and trade-offs involved in going from one device to another are

quite important in some cases.

All of the varieties of image devices listed have been applied as
spectroscopic detectors. Not all of them, of course, have found widespread
applications. Only a few of them have gained particular attention in the
field of rapid scan spectroscopy and their attractiveness and promising
features are continuously growing among analytical chemists. Therefore,

only those devices that have successfully been used as an RSS detector
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(designated with an asterisk(*) in the family tree) will be discussed in a
fairly detailed manner here. The reader can refer elsewhere (23-25) for

brief discussions of the rest.

. TV-Type Camera Tubes, Silicon Vidicon (SV) and
Silicon Intensified Target Vidicon (SIT) Tubes

The term vidicon is frequently used as a generic term for photoconductive
camera tubes. There are many types of vidicons in use today such as
silicon vidicon, plumbicon (PbO) and Sb203 (often referred to as vidicon),
which differ in the material used to form the photosensor and target,
mechanism of read-out and whether they are integrating or non-
integrating type. Among all the types of vidicon, the silicon vidicon has
found the widest application in analytical rapid scan spectroscopy for a

number of reasons which will be explored in this section.

The heart of the silicon vidicon (SV) is a single monolithic silicon crystal
wafer with a microscopic array of a few million diode junctions grown on it.
The p-regions of the diodes acts as charge-storage regions and the p-n
junction depletion region is the light transducer. All diodes have a
common cathode and their isolated anodes are selectively addressed by a
scanning (readout) electron beam. Figure 2.8 and 2.9 show the vidicon tube

geometry, beam scan pattern, and mechanism of signal production.

In normal operation, the diode array substrate is positively biased with

respect to the electron gun cathode. The substrate potential relative to the
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cathode potential is referred to as the target voltage and is typically 10 V.
The impinging electron beam thus strikes the mosaic and deposits
electrons on both the p-type islands and the silicon dioxide film
surrounding the diodes, which isolates the substrate from the beam. Since
the resistivity of the silicon dioxide film is very high, the electronic charge
accumulates on this surface and charges it to some voltage very close to the

cathode potential, where it remains until the next readout.

The beam diameter as indicated in Figure 2.9, is generally larger than the
diode spacing to eliminate any need for registration between the beam and
the mosaic. The electronic charge deposited by a sufficiently intense beam
will place a reverse bias of 10 V on the diode as it scans over the array. This
bias will create a depletion width of approximately 5§ M with a 10 ochm-cm
substrate, giving a junction capacitance that result in an effective charge-
storage capacitance for the target of approximately 2000 PF/cm2. Notice
that, at this bias, the silicon surface under the oxide will normally be
depleted, as indicated in Figure 2.9 with very low values of diode leakage
currents (less than 10-13A/diode). The diodes remain in the full reverse
biased condition throughout the entire frame period, if they are not

illuminated.

Almost all of the incident light associated with the image is absorbed in the
n-type region, each absorbed photon giving rise to one hole-electron pair.
Since the absorption coefficient for UV/VIS light in silicon is very large, the
majority of the photo-generated carriers will be created near the

illuminated surface. This will increase the minority carrier (i.e., hole)
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above its thermal equilibrium value and cause a net diffusion of holes
towards the reverse-biased diodes. If the lifetime of the holes is sufficiently
long and the illuminated surface has been treated properly to reduce
recombination effects, a large fraction of the photon-generated holes will
diffuse to the electric fields associated with the depletion regions‘of the
diodes and will contribute to the junction current. - The light induced
junction current will continue to flow and discharge the junction
capacitance throughout the frame period as long as the diodes remain in
the reverse-biased condition. Thus, high light levels require high values of
reverse-bias voltage or high values of junction capacitance to avoid
saturation. The video output signal from each diode is created when the
electron beam returns to a diode and restores the original charge by

reestablishing the full value of reverse bias.

Because of the insulating properties of the depletion region, one can think of
each photodiode acting as an elemental capacitor which is charged to an
initial potential by the electron beam (26). In this manner each diode
storage capacitor has a portion of its original charge neutralized, creating a
charge pattern which is stored on the beam side of the target between
successive passage of the readout beam. This charge pattern is an
electronic image corresponding to the optical image focused on the
transducer side of the target. The electron beam recovers this spectral
information and returns the diode array to its initial condition by depositing
an amount of charge equal to that discharged by the light (over the interval
of time since the last scan of the beam). The elemental capacitor
recharging current is capacitively coupled in the externmal circuit and

amplified to produce a position encoded photocurrent (27). The relationship
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between the observed photocurrent from any area (A) of the target and the
photon flux (N) on that area over the exposure time (T¢) is given by:

Te
I = QeGAT. J'(N)ydt amps
0

Where
Q = quantum efficiency of the photosurface;
e = electron charge, coulombs;
G = target gain (G =1 for SV),;
A = area of target scanned as unit of information, cm2;
N = incident photon flux, cm2sec1;
Y = slope of current vs. luminous flux curve (¥ =1 for SV);
Tr = readout time to scan area A, sec; and

Te = detector exposure time between readout, sec.

With a constant photon flux over the exposure time the above equation
reduces to I = KAN (Te/Tr) where K = QeG. Typical signals are on the order
of a few nanoampers. As can be seen from the equation there is a linear
relationship between the intensity of the incident light and the magnitude of
the resulting photocurrent.

Vidicon detectors and particularly the silicon vidicon with its various
image-intensified derivatives offer a number of unique advantages and, of
course, some limitations as detectors for rapid scan spectroscopy. The most
useful imager for UV to near-IR spectrometric application is the silicon

vidicon. Their behavior and performance are better controlled (even if not
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always fully understood). The ability to control the time and sequence of the
beam readout (not yet taken advantage of) can provide the user with a great

deal of flexibility in the operation of the device.

Silicon vidicon tubes use flat, thin-layered sensors, placed at the focal plane
of a spectrograph, with an excellent geometrical registration between
wavelength and position on the detector surface (spectral-to-spatial
conversion). Once the detectors are calibrated, there is no need to verify this
registration periodically, unless their position in relation to that of the light
dispersive element has been altered. The monitored spectra can be
observed in real time and any gross deviation from the expected result can
be detected immediately and corrected. In this way a great deal of time can

be saved and the loss of highly valuable data can often be prevented.

A large portion of the sensitivity of the device is due to combination of the
advantage of a multichannel detector and integrating detector. The
"integration”" mode of detection is derived from their storage
characteristics. Since the vidicon responds to energy (rather than power) it
can be used as a very efficient storage device. The procedure by which SVs
integrate is called "charge integration”. This integration capability can be
used to enhance weak signals by increasing the exposure time by means of
blanking the electron beam an inhibiting the deflection circuit for an

integer number of frames (time required to record one spectrum).

Charge integration can be utilized only until the most intense feature
saturates. If integration continues after an intense region has saturated,

the charge from the saturated channels will spread into adjacent channels,
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in contrast to linear diode array (28). The dark current charge also
increases linearly with exposure time, so that it,too places an upper limit
on the integration time that can be used for signal enhancement. Cooling
of the SV significantly lowers the dark current (23) and permit longer

integration time.

Another attractive feature of SV is that it is a two dimensional OID with an
area-array target comprising a few hundred thousands discrete
photodiodes. Since these diodes can be randomly read out by the scanning

beams, the detector is capable of performing some very useful spectrometric

tasks:

1. 2D spectral contours, such as obtained in "total luminescence
spectroscopy” (Ex. vs. Em.) (29) can be simultaneously
acquired, and actually monitored in real time.

2. The electronic division of the target into a large number of

individual tracks, each of which has ~500 channels, provides
the means for a rather unique dual-beam and more generally

poly-beam spectroscopy.

3. The adverse effect of blooming (explained later) and spectral
interference, whereby spectral features masked by dominant

neighboring features, can be largely reduced.

For detection of low light levels (i.e., single photoelectron), an image

intensification section is added to the silicon vidicon. The resultant imager,
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the silicon intensified target (SIT) vidicon has a photocathode (transducer)
that converts the photon image into a corresponding photoelectron image.
The generated electron image is accelerated (typically 7-9 KV) and focused
onto the silicon target. Since the number of electron-hole charge pairs
produced on the target is proportional to the potential of the incident
electrons (approximately one charge pair per 3-6 eV) an internal gain of
approximately 1500 is typically achieved, i.e., this is the number of electrons
produced from each photoelectron emitted form the photocathode. With
this gain, the signal is sufficiently enhanced (compared to readout noise) to
allow the detection of very weak signals.

Even though SV tubes are preferred over SIT tubes for detection below 360
nm and above 850 nm and whenever cooling capability (T<40°C) and
experimental conditions allow for long observation periods, in the case of
low light level spectroscopy (such as luminescence) the SIT tube with its

high in-target gain makes a superior detector.

Finally, the SV tube is a better detector than the other two: vidicon (Sb203)
and plumbicon. It responds over a wide spectra range (generally 350-1000
nm, but tubes with limited response down to 200 nm are available) with
high sensitivity, whereas the other two are limited to use between 400 and -
600 nm. SIT has lower lag (will be explained later), lower dark current,
linear response (g = 1), high resolution, freedom from image persistence or

damage from intense sources, and linear dynamic range of at least 104 (30).

Two of the most serious technical problems with the vidicon are the lag and

blooming characteristics. Lag is the incomplete erasure of images on the
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first few readout cycles after storage. This phenomenon is caused by target
capacitance and reduced beam acceptance at low discharge levels. This
characteristic is more of a problem for low level signals. Blooming, or
signal spreading, is caused by the lateral diffusion for charge from a region
of high spectral intensity to a region of low spectral intensity. The
migration of charge is caused by the potential gradient existing between the
two regions and is a result of finite target conductivity. Blooming increases
with increasing signal levels and causes a loss of resolution. Blooming
may also prohibit the acquisition of information from a low intensity line in

close proximity to a strong line.

Another undesirable feature of SV that limits its multichannel detection
performance is a substantial coherent pattern noise caused mainly by

diode-to-diode variations in the response and in the dark current.

The choice between operation in the single-frame and cumulative
integration modes presents a dilemma. With successive readout
(cumulative) at a standard TV-rate, the target reaches steady state and the
output response is linear, but the SNR is substantially reduced by the
introduction of amplifier noise with each readout. Alternatively, a long
exposure terminated by a single readout (single frame) eliminates this
effect but produces a non-linear response as a result of the incomplete
readout (lag) of the only slightly discharged pixels (at region of low light

exposure (31). However, ways have been proposed to remove this effect (32).

The list of photometric applications to date includes: astronomical

observation (33), scanner and imaging system for earth observation (34),
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flame multielemental atomic emission (35-41), and absorption (42-45),
molecular absorption (46-48), molecular fluorescence (49,51), picosecond
(laser) flash photolysis and molecular absorption spectroscopy (52),
picosecond (laser) molecular fluorescence (53), including a single living cell
fluorescence (54-55), time resolved resonance raman spectroscopy (52),
HPLC detection (56-57), stopped-flow kinetic detector (58-59), electro-optical

ion detectors in mass spectroscopy (60), and others.

IMAGE DISSECTOR

The image dissector is one of the oldest and simplest non-storage camera
tubes. It has been used in earlier studies (61-62), and recently received
some attention (63) but not comparable with either vidicon or solid state

devices.

An image dissector, in reality, is nothing more than a photomultiplier with
a small, electronically movable photocathode area which can therefore be
operated as an all electronic low inertia microphotometer. In other words,
it exactly functions as an electronically movable exit slit of the
spectrometer. As Figure 2.10 shows the image dissector acts like a PMT in
which a field of view is electronically scanned across a small aperture. It
consists of a photocathode separated from a conventional dynode chain

electron multiplier by a plate corresponding to the light image
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Figure 210 Image dissector photomultiplier. (1) Sweep coil electronics, (2) Photomultiplier power
supply, (3) Focus coil electronics, (4) Display, (5) Signal amplification
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incident on the photocathode. Electronic scanning is accomplished by
electromagnetic sweep coils surrounding the tube, which sweep the
electron image across the face of the plate. Only the portion of the electron
image which pass through the hole in the aperture plate can reach the first
dynode and be amplified by the dynode chain. As with other scanning
systems, signal averaging techniques can profitably be employed with
image dissector systems. These tubes have been employed with both one

and two dimensional dispersive systems.

Danielsson and Lindblom (64-65) and Danielsson, et al. (66) have recently
designed an image dissector/echelle system and have described its
application to multielement analysis. This system provides wide
wavelength coverage at high resolution. For example, the system covers
the whole spectral range from 200-800 nm with resolution on the order of
0.001 nm.

Some of the major advantages of an image dissector are the excellent
resolution, extremely high scan rates (up to 1 scan/nsec), easy random
access, relatively simplified computer interfacing, large dynamic range
(typically 105-106), and the virtual absence of lag and blooming effects.
Unlike vidicon, the image dissector can be operated at stationary deflection,
which greatly simplifies software control and permits more rapid
acquisition of spectral information. Although blooming does not occur with
the image dissector, an analogous phenomenon may reduce the available
linear dynamic range. If bright images are incident on the photocathode

when a measurement of illumination at a low level is being made, the back
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scattered flux from internal tube parts may limit the available dynamic
range to only 2 to 3 order of magnitude, depending on the area, brightness,
and location of the disturbing flux. Another limitation of the device is that
it is not an integrating sensor, such as the vidicon. This means the device
can not accumulate and store information from one part of an image while
another region is being integrated. Thus, if one is scanning N resolution
elements in a given time, then the random component of the signal to noise
ratio for each element would be degraded by a factor of N as compared to the
continuous monitoring of a single resolution element for the same time

period, assuming that noise is limiting.
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SOLID STATE IMAGING DEVICES

Introduction

Solid state imaging devices consist of arrays of discrete photosensitive
elements which are scanned by means of electronic circuits that are
integrated on the same semiconductor wafer. The various solid state
devices also referred to as silicon self-scanned array devices are similar in
the mechanism, limitations, and capabilities of the sensing elements, but
differ most significantly in the arrangement for signal amplification and

scanning.

In the last decade, there has been an intense development effort in the
design, manufacture, and application of solid state (SSIDs) devices. Even
though the development of such devices was primarily aimed at capturing
high commercial markets, spectroscopic detection technology is becoming a
major beneficiary. Among various solid state devices, the photodiode array
has been the most popular detector for analytical spectroscopy. The
photodiode array (PDA), also referred to as linear diode array (LDA), will be
discussed in detail in the next chapter. Two other solid state devices,
charge coupled devices (CCD) and charge injection devices (CID) have
recently received attention and seem promising for the future. They are

discussed here.
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CHARGE TRANSFER DEVICES (CTDS)

Charge transfer devices are solid-state integrating optoelectronic image
devices constructed by employing conventional VLSI photofabrication
technology. In contrast a photomultiplier tube (PMT) which produces a
current proportional to the instantaneous photon flux, CTDs similar to
PDAs integrate the photogenerated charge as light strikes them. The
mechanism of charge collection, storage, and read out in CTDs is different
from PDAs. In PDAs, the photon generated charge is collected and stored
in a reverse-biased photodiode whereas in CTDs the charge collection and
storage occurs in a metal-oxide-semiconductor (MOS) capacitors. The
amount of photogenerated charge stored in each detector element is

proportional to the number of photons that strikes that detector element.

There are two mechanism by which the accumulated signal information in
CTDs can be measured (read out). These two charge sensing mechanisms
are known as inter-cell and intera-cell charge transfer modes. Based on
these two different charge sensing methods, two types of CTD detectors
have been designed. The charge coupled device (CCD) utilizing inter-cell
charge transfer mode and the charge injection device (CID) using the
intera-cell charge transfer mode. An individual detector in a CTD array
consists of a doped silicon region used for generation and storage of
photogenerated charge. This doped silicon region is separated by an silicon
oxide layer from a series of conducting electrodes used for signal
information read out. A basic operation of a single CTD detector in shown
in figure 2.11.
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The negative voltage on the conductive electrodes with respect to the silicon
creates a charge inversion region which is energetically favorable location
for the mobile minority carriers (holes) to reside. An electron-hole pair is
generated by the absorption of a photon of appropriate energy. The proton is
promoted into the semiconductor conduction band and the hole moves
toward and is stored in the inversion region. When one electrode is held at
a more negative potential than the other, the positive charges (holes) will be

more favorably stored under this more negative electrode.

photon

ore . +4+++
silicon oxide (

n-doped silicon region »

Figure 2.11 A single CTD detector element.

One can measure the amount of accumulated charge using either of the
above mentioned inter-cell or intera-cell charge transfer modes. The
charge measurement process consists of either shifting the charge from
the detector element where it is'stored to a charge sensing amplifier as in
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CCDs (inter-cell charge transfer), or by the measurement of the induced
voltage change which results from the movement of the charge within the

detector element as in CIDs (intera-cell charge transfer).

Since their introduction in the early 1970s , there have been a great deal of
research efforts aimed at exploring the capabilities of CTDs as
multichannel detectors for analytical spectroscopy (70-73). These research
activities have been mainly motivated by the historical desire to replace the
single channel PMTs with an ideal multichannel detector (74-76). Earlier
attempts at accomplishing this task were the use of television-type camera
tubes such as silicon vidicons, SIT tubes, and image dissectors which were
previously described. These devices possess a large number of pixels for
rapid coverage of a wide wavelength range, while being compact in size.
However, as previously explained, these detectors all employ an electron
beam to carry the video signal information. It is absolutely necessary for
this electron beam to be precisely controlled. Any uncertainties in the
control of this electron beam can hamper the precise pixel selection in these
devices. Moreover, silicon vidicons and SIT tubes suffer from blooming and

lag problems under high light level conditions.

In an attempt to avoid these problems, solid-state multichannel image
detectors were developed. The PDAs were the first solid-state multichannel
detectors to be successfully used in scientific spectroscopic measurements.
Throughout the late 1970’s and early 1980’s, PDAs have found widespread
application and acceptance in the field of analytical rapid scan spectroscopy
and several commercial instruments based on its technology are now

available from a number of manufacturers. In many situations, however,
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neither the televesion-type camera tubes nor the PDAs are capable of
competitive performance with PMT in terms of sensitivity, dynamic range,
and noise. This has limited the successful applications of these devices to
those circumstances where the multichannel advantage outweighs the
sensitivity, dynamic range, noise, and bloomig (less in PDAs)

disadvantages.

Recently, the extensive research by Denton and coworkers in evaluating the
spectrometric performance of CTDs has demonstrated that when compared
on detector-element by detector-element basis, these devices are capable of
superior sensitivity and dynamic range to that of the PMT and some of
these devices can even exceed the sensitivity and dynamic range of all
available detectors (77-80). A number of manufacturers are currently
producing a wide range CTD devices with different electro-optical
characteristics, formats, and operating requirements. Current CTD
detectors can have peak quantum efficiencies over 80%, a high spectral
responsivity from the soft X-Ray to the near IR regions, very low dark count
rate that allow very long integration times, and read noises several orders
of magnitude lower than those of commercially available photodiode arrays
(81).

The detailed operation of the CCDs and CIDs along with their performance
characteristics influencing analytical spectroscopy have been described by
Denton and coworkers (77,79). Here, a brief description of the CCD and CID
devices as well as their major advantages for and their applications in

analytical spectroscopy is presented next.
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Charge Injection Device (CID)

CID imaging device utilizes an x-y addressed array of charge storage
capacitors which store photon generated charge in metaloxide
semiconductor (MOS) inversion region. Each single detector element
consists of a pair of charge storage MOS capacitors (figure 2.11) of which
one is controlled by an x-row drive line, and the other by a y-column drive.
The two storage MOS capacitors are formed by two conductive electrodes
and an n-type silicon region separated by a silicon oxide insulating layer. A

schematic representation of a typical CID detector is shown in figure 2.12.

A unique feature to note about the CID device is its random access readout
capability. High speed shift registers (addressing registers) are used to
randomly address any single detector element. As shown in figure 2.12,
these addressing registers sequentially connect rows and columns to the
output amplifier and drive signal, respectively. The photon generated
charge during the integration is stored in the potential wells formed by by
applying negative voltages (with respect to substrate) to both conductive
electrode in each detector element (figure 2.11). One of the electrode
(storage) is held at a more negative potential than the other, making the
storage of photogenerated charge more favorable under this electrode. This
energetically more favorable charge storage location is indicated by the
depth of a potential well under the more negative electrode.

As was pointed out earlier, the accumulated charge in the CID device is

measured using the intera-cell charge transfer mode. This involves
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shifting the charge from under the more negative storage electrode to the
other less negative (sensing) electrode and measuring the potential change
induced on the sensing electrode. The induced potential change is dV =
dQ/C, where C is the capacitance of the MOS sensing capacitor and dQ is
the quantity of charge transferred. A differential charge sensing scheme is
employed where two charge sampling, one before and one after the charge
transfer, is performed. The difference in charge (dQ) between the two
sampling is proportional to the amount of photogenerated charge. In
practice, one can accomplish this process by first driving the voltage of
storage electrode from its integrating negative potential to positive causing
the collapse of the inversion region under this electrode and; thus,
transfering the charge to the only remaining potential well under the
sensing electrode. Next, the voltage of the sensing electrode is driven
positive which results in the collapse of inversion region under both
electrodes and the injection of charge from the entire detector element into
the substrate.

The charge readout sequence in the CID device can be completed in one of
two ways (79). In one way known as the nondestructive readout (NDRO);
after the second voltage measurement on the sensing electrode is made, the
charge is shifted back under the storage electrode (original position) by re-
establishing the potential well under this electrode. This returns the
detector element to its condition prior to charge measurement
nondestructively, i.e., without any change in neither the amount nor the
location of the photogenerated charge information. The second option is
that upon completidn of the differential voltage measurement, the potential

well under the sensing electrode is made to collapse. This is known as
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destructive readout (DRO), since it causes electron-hole recombination and
destructive elimination of charge from the detector element. These two

readout methods are shown schematically in figure 2.13.

The CID device has several unique features which makes it very useful as a
spectroscopic detector. First, it can be operated with random access
readout instead of sequentially scanning through the whole array as is the
case in other solid-state devices. This allows for faster readout speed for
rapid analysis. Second, it is very resistant to cross talk (blooming) between
detector elements except under extremely intense illumination conditions
where the charge migration across the substrate junction may not occur at
sufficient rate. Third, the read noise in the CID device can be significantly
reduced through the use of NDRO readout. Besides photon counting PMT
detectors which essentially have no noise associated with their readout
system, almost all other spectroscopic detectors including solid-state
devices have some read noise introduced by the detector and its associated
readout electronics. The read noise in solid-state imaging devices varies
from more than 1200 electrons for PDAs to less than 5 electrons for some
CCDs (77). The S/N ratio of a photon flux measurement can be increased by
averaging a number of NDROs with the CID. Contrary to typical signal
averaging which is subject to various photon noises, NDRO averaging in
the CID is free from photon noise and only subject to the read noise.
Therefore, if the read noise is random, the NDRO averaging can result in a

factor of 10 reduction in the effective read noise (81).

Now, that many of the earlier problems with the CID devices such as low
response in the UV region and the absorption of light below 350 nm by their
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glass windows have been removed (72), and in light of some important new
developments discussed above, the CID technology appear to be ready and
well suited to many interesting spectroscopic applications. A recent
application of a two dimensional CID to multielement ICP emission
spectroscopy (82) is a very good example. In this regard, the CID device
offers several important advantages. These include full utilization of the
enormous information available in the emission signal, random access
readout and random access integration through NDRO which leads to a
very wide dynamic range as well as clean background correction and

dynamic optimization of the experiment (78).

Charge Coupled Device (CCD)

Like most imaging devices, charged coupled devices (CCD) were not first
intended for use in spectroscopy but rather for a wide variety of military,
industrial and consumer imaging applications. Presently, however, a
variety of CCD detectors optimized for scientific imaging applications are

available from many manufacturers.

Similar to the CID, the structure of CCD also consists of a series of MOS
capacitors for storage of photogenerated charge packets (figure 2.11). The
two detectors do, however, differ in a number of ways. First, CCDs are
usually manufactured with p-type materials (as opposed to n-type in CIDs),
so that electrons are stored in the potential wells. Second, the structure of
CCDs does not allow for random access readout and the entire array must

be read before the next exposure. Third and the most important difference
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between the two detector is in the way which the charge packets are read
out. As mentioned before, CCDs employ inter-cell charge transfer mode for
charge information readout. Analogous to the CIDs, a number of
independent conductive electrodes are used in each detector element to
effect the charge transfer. The number of electrodes used may range from
one to four giving rise to uniphase to four phase CCD device (83),
respectively. By changing the voltages of these conductive electrodes in a
controlled way, the charge from one detector element is sequentially shifted
to the next (analogous to an analog shift register) and on to a single on chip
charge detector diode and voltage sensing amplifier located at the edge of

one or two dimensional arrays of detector elements.

A schematic diagram of a typical two dimensional CCD is shown in figure
2.14. Columns are clocked in parallel causing the charge in an entire
array to be shifted, one row at a time, toward a serial shift register where it
is serially moved to a single low capacitance output node for readout. The
migration of charge from one column to another is prevented by means of
fixed potential barriers between them. The sequential shifting of charge
from each detector element to a single low capacitance output node allows
for higher S/N ratio to be achieved in the CCD output compared to the CID
and the PDA which employ mutiplexed architecture. The capacitance at
the input of an off-chip amplifier in the CID, for example, is relatively
higher than that of the CCD and; thus, the voltage change induced on this
capacitance (dV = dQ/C) for a given quantity of charge is lower in the CID
device. In fact, the dominant noise source in the CID is directly

proportional to the capacitance at the input node of this off-chip amplifier.

57



CCD array \

1l

- ‘/Serial register

Potential barrier

//—
y
d N\,
- AN
b \
r - \
p \
P
P
Parallel o—b
clock o
Output | |
amplifier °_‘L A 1 4 A 1
Serial
clock
Figure 2.14 Diagram of a hypothetical three-phase CCD

58



The elimination of the multiplexed circuitry and its replacement with a
single low capacitance readout node provides for an ultra low read noise
observed in the CCD device. However, before the charge from a given
detector element reaches the output node, it undergoes numerous transfers
from detector element to detector element, as well as from the parallel
register into the serial register, and finally from the serial register into the
output node. This demands for an extremely efficient charge transfer
process where after several thousand transfers, the amount of charge in

each packet stays substantially the same with minimal signal degradation.
Charge transfer efficiencies on the order of 0.99999 is required for this
purpose (79) and fortunately CCD devices charge transfer efficiencies on the

order of 0.999995 are available.

A very important characteristic of the CCD which makes it unique among
all other imaging devices is its ability to utilize a special charge readout
mechanism called binning (84). Binning is a process where the
photogenerated charge packets from more than one detector elements is
physically combined into one single charge packet (bin) and is subsequently
transferred to the output node for readout. With the CCD device, it is
possible to perform serial, parallel, as well as two dimensional binning of

any number of consecutively arranged detector elements.

The summing of the photogenerated charge packets from multiple detector
elements has a direct effect on the S/N ratio and the dynamic range of
spectral intensity measurements. The on-chip analog summation
(binning) is definitely advantageous over digital summation in a computer
memory. This is because the binned charge packet (charge from a group of
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detector elements) is subject to only one read noise, whereas digital
summation adds the read noises from every detector elements in the group.
Under detector read noise limited situations (very low-light-level), the noise
in a digitally summed signal is greater by a factor equal to the square root of
the number of summed detector elements. Moreover, the number of analog
to digital conversion required to process a group of charge packets is
reduced by binning which, in turn, reduces the total detector noise and
increases the readout speed. It is also important to point out that the
sacrifice in resolution accompanied with the gain in sensitivity brought
about by binning may not be that significant due to the original large

number of resolution elements in the CCD arrays.

As evident from the above discussion, there are several unique
characteristics of the CCD device that encourages its application in
analytical spectroscopy. First, it is the most sensitive multichannel
detector for low-light-level scientific applications. The high sensitivity of
the CCD device is due to its high quantum efficiency, ability to integrate
charge for a long time, negligible dark current, and most importantly, its
ultra-low detector read noise. Second, all elements integrate over precisely
the same time frame before the signals of all elements are simultaneously
moved into the analog shift register and serially clocked into the output
node. One disadvantage with regard to spectroscopic applications may be
the spatial format of two dimensional CCDs where the height to width
aspect ratio of a single detector element does not match that of a typical slit
image found in spectroscopy. However, the added flexibility provided by
binning in the CCD can easily overcome this spacial format disadvantage.

Appropriate number of detector elements may be binned to exactly match
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any desired slit image. In fact, if so desired the entire two dimensional
CCD can be binned into a single channel detector with a large active area,
or into a linear array detector with a high aspect ratio or, with appropriate
optics, into two stacked linear array for truly multichannel dual-beam

operation(84).

The high sensitivity obtainable with the CCD device, makes it a particularly
suitable detector for low-light-level spectroscopic applications such as
luminescence and raman spectroscopy. Recently, very promising results
have been obtained with the application of the CCD device to
chemiluminescence (85) and molecular fluorescence (86). In both cases,
significant improvements in sensitivity and dynamic range have been
realized through the use of CCD array detector. The case of molecular
fluorescence is particularly interesting in that despite the use of a mercury
pen lamp as excitation source that is modest in both cost and photon flux, a
wide dynamic range (over 6 orders of magnitude) as well as very low
detection limit of 1 fmol has been obtained (86). Based on this kind of
performance, the authors conclude that these type of CCD based
luminescence detection systems can be well suited for use in conjunction

with FIA and HPLC analysis.

Device Comparison

Comparison among various SSIDs and their advantages and limitations as
rapid scan multichannel spectroscopic detectors appear in previous

sections of this work. By now the reader must be very well aware of the fact
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that it a difficult , if not impossible, task to single out one particular detector
as the best detector for all RSS applications. All of them involve some trade-
offs among resolution, photometric accuracy, and measurement time.
Other areas which also merit significant attention in selecting an
appropriate multichannel detector for a given situation are sensitivity,
dynamic range, spectral response, and addressing schemes. In fact, the
desire for improvement in these areas has been the motivation behind
analytical spectroscopists to keep on searching for new devices and
technological advancements in other areas and exploit them for
spectroscopic application. Actually, that is how the imaging devices came

to be used in analytical spectroscopy.

However, it is obvious at this point that the optoelectronic image devices are
superior detector over conventional mechanical systems at least for
analytical rapid scan spectroscopy in the UV/VIS regions. Their
applications have already broadened the field and will continue to do so.

Within the OIDs, solid state devices have recieved greater attention in
recent years and have become well accepted among analytical
spectroscopists. This is due to the fact that these devices offer long life,
small size, low power consumption, ease of cooling, simplified circuitry

and thereby ease of interfacing to the computer.

Among solid state devices, the photodiode array (PDA) has been the most
popular multichannel detector for many years. This has been in part due to
the develpment of PDAs specifically for spectroscopic application.
Additionally, the spectroscopic performance of the PDAs have been well
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studied and the device has been successfully applied to many areas such as
atomic and molecular spectroscopy, stopped-flow kinetics, and HPLC
detection. These factors as well as commercial availibility of PDA-based
spectrometers in recent years have contributed ti its popularity. In fact,
many spectroscopists had predicted that PDAs would eventually become the
detector of choice.

Recent developments in charge transfer devices (CTDs), however, have
begun to change the equation. Notice, that PDAs do still suffer from several
drawbacks including fixed sequence of scanning, one dimensional format,
higher read noise (due to multiplexed readout scheme), and finally, lag and
blooming. Moreover, the PDA’s sensitivity and dynamic range does not still
quite match those offered by the PMT, particularly in low-light-level
situations. Even the use of intensified PDAs does not totally eliminate the
problem, since the dark current noise associated with the photocathode
materials used in the intensification stage will still place a limit on the S/N

ratio that can be achieved.

CTDs, on the other hand, provide a number of unique advantages compared
to the PDAs. These include higher density of detector elements, ultra-low
read noise (particularly in CCDs), and random access capibility. Their
sensitivity and dynamic range have been shown to even exceed those of the
PMT when compared on detector element- by-detector element basis. The
imaginative readout schemes offered by the CTDs along with their very low
read noise allows these devices to acheive high S/N ratio measurements

specially at low-light-level.
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The author believes that once a few remaining obstacles for the CTDs are
resolved in the future, they will most likely dominate the field of rapid scan
spectroscopy. One problem is their high cost which is not still affordable by
many potential users. Secondly, the small size of the CTD detector
elements does not match those of the slit-like images encountered in most
spectrometers. Therefore, specific spectrometers need to be designed to
match the CTD detector elements physical geometry. Third, and most
importantly, intellegent software needs to be developed for control of the
device and efficient processing of the enormous amount of information that
is generated. When these issues are properly addressed and the demand
for their applications increases, the presently high cost of the CTDs will
perhaps become more affordable.
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CHAPTER 3

DESCRIPTION OF A RAPID SCANNING LINEAR DIODE ARRAY
SPECTROPHOTOMETER FOR STOPPED-FLOW KINETICS

Introduction

The purpose of this chapter is to provide a complete presentation of the
instrument developed throughout this research. This is done by first giving
a brief historical review of linear diode array applications in rapid scan
spectroscopy in conjunction with stopped flow and then presenting an
overview of the basic parts of the instrument; the function of each part of the
instrument is described. Advantages and disadvantages of the LDA versus
other optoelectronic image devices described in the previous chapter are
discussed wherever necessary so that, this chapter is complementary to the

previous one.

History of the LDA as an RSS Stopped-flow Detector

Only a few of the great many techniques that have been developed for rapid
scanning spectroscopy have been applied to stopped-flow kinetics. Both of
the two general techniques of RSS, i.e., conventional mechanical and
optoelectronic image devices (OID) have been used in conjunction with

stopped-flow and they have been reviewed by E. M. Carlson (87).
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Until recently the application of the linear diode array to rapid scanning
spectroscopy, especially stopped-flow kinetics, has been somewhat limited.
This has been due to the low manufacture yield which limited the
commercial availability and also the number of sensor element per array.
Now that they have become commercially available with a large number of
elements at a relative low price, these compact integrated circuits are
beginning a new trend. Most experts predict that the self scanned solid
state imagers, especially the LDA will eventually become the OID of choice.

However, the only report of a rapid scanning stopped-flow
spectrophotometer which utilizes a linear diode array as a detector is that of
Dessey (88). No data have appeared on the characterization or application
of this system.

Functional Description of the Instrument

In traditional stopped-flow spectrophotometers, the reaction under study is
monitored by recording the absorbance change with time of either a
product, a reactant, or in some cases, an intermediate in the reaction.
Because these measurements are done at a single wavelength, they require
a repetitive process of performing the experiment for each wavelength at

which the reaction is to be studied.

The rapid scan diode array stopped-flow spectrophotometer discussed here
with its multiwavelength capability enables one to monitor the light
intensities over a large spectral region simultaneously in a time

comparable to that which a traditional spectrophotometer takes for a single
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wavelength experiment. This multiwavelength capability provides the user
with the choice of observing any abrupt change of formation of intermediate
species at any wavelength during the course of the reactions. This kind of
information is very helpful for a variety of theoretical studies such as
determining the mechanism of a chemical reaction, rate constant, or rate
expression. The system very quickly provides the analytical chemist with
information over a large spectral region, which allows him/her to look at
all spectral features in a given region and immediately locate the optimum

wavelength desired for the analysis.

Figure 3.1 shows the block diagram of the instrument. The upper half of
the figure shows the stopped-flow mixing system which is used as a
solution handling system. The sample and reagents are rapidly mixed and
brought into the observation cell. To monitor-the subsequent reactions that
take place in the observation cell, a beam of light focused by a double convex
lens is passed through the cell and then into a polychromator module.
Since it is very important for the linear diode array to have a focused
spectrum across its flat surface, the polychromator module employs a
holographic grating. The holographic grating design technology has made
possible the production of flat field spectrographic, concave, abbertion-
corrected gratings which by themselves produce a flat field image across
the photosensitive elements of the detector with a minimum of stray light.
The polychromator module which contains the holographic grating, linear
diode array and other required optics all in one package has been designed
by P. J. Aiello and is explained in detail elsewhere (89); so, it will not be
further discussed here.
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The light dispersed by the polychromator eventually hits the rapid scan
linear diode array, the output of which is recorded by a Tektronix storage
scope. Other important parts of the instrument include: the linear diode
array, the stopped-flow mixing systems and the control interface. The

discussion of each follows.

Linear Diode Array

The linear diode array (LDA) used in this research was purchased from
Reticon Corp. (90). This is a Reticon "S" series Type Rl-512S which has 512
sensor elements and is the first solid state image sensor designed

specifically for spectroscopy applications.

The Reticon "S" series is a family of monolithic self scanning linear
photodiode arrays. The devices in this series consist of a row of silicon
photodiodes, each with an associated storage capacitor on which to
integrate photocurrent and a multiplex switch for periodic readout via an
integrated shift register scanning circuit. The device is packaged in a 22
lead dual-line integrated circuit package with choice of a ground and
polished quartz window or a fiber optic faceplate. The pin configuration of
the 512 element array used here is shown in Figure 3.2.

The Reticon S-series self scanning photodiode arrays here consists of 512
sensor elements (silicon diode). The overall length of the array chip is 12.8
mm, and the sensors are on 25 micrometer centers which corresponds to a

density of 40 diodes/mm. Each sensor has a height of 2.5 mm providing a
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slit like geometry to each element with an aspect ratio of 100:1. This feature
makes the array suitable for use in conjunction with monochromators or
spectrographs. Figure 3.3 shows the sensor geometry and aperture
response function. Each diode consists of an island of p-type bars diffused
in an n-type substrate. Upon irradiating the sensing area, a charge
proportional to the amount of light is generated. The generated charge is
collected and stored on the p-type islands during the integration time. The
stored charges are then transferred to the video line readout. Both the p-
type and n-type silicon substrates are photosensitive. The charge generated
on the p-type region is stored on the corresponding diode, and the charge
created on the n-type substrate between two p-type regions will divide
between the neighboring diodes to yield the response function shown in

Figure 3.3.

Figure 3.4 shows the simplified equivalent circuit of an RL512S linear diode
array. As can be seen each element contains one photodiode and one
dummy diode, with each having its corresponding storage capacitance.
The diodes are connected to dummy and video recharge lines through
multiplex switches. All the odd sensor elements are connected to one pair
of recharge lines and all the even sensor elements are connected to another
pair. The shift register scanning circuit sequentially turns the multiplex
switches on and off and thereby periodically recharges each element to 5
volts. As a result, a charge of Qgatn is deposited on its capacitance. A two-
phase clock drives the shift registers. The clock also produces a periodic
start pulse for initiation of each scan. The clock frequency determines the
element-to-element sampling rate. The interval between start pulses is the
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integration time. During the integration time the reverse current flowing
in each photodiode gradually discharges the charge on its associated

capacitor. This reverse current consists of two components: the

photocurrent ip and the dark current id which is often negligible.

The photocurrent is the product of the responsivity of diode and the intensity
of light. In a given line scan time the amount of charge which is
discharged from each element is the product of the photocurrent and the
line time. The video line must replace this charge when it samples each
element once each scan. Therefore, each scan from a given N-element
array produces an output signal which is a train of N charge pulses each
being proportional to the light intensity on the corresponding photodiode.
All of the diodes can be sampled in proper sequence by correctly phasing the
two shift registers to the clock drives. Then by simple connection of the two
video lines together a continuous train of output charge pulses will be
produced. Switching transients are also capacitively coupled into the video
lines by the multiplex switches. The transient are fed into the dummy
lines, so that, they can be eliminated and a clean signal extracted by
reading out the dummy and video lines differentially. Some of the key

features of the LDA employed in this research are in summary:

1) Simultaneous integration of 512 photodiode sensor elements

with 25 micrometer center-to-center spacing.

2) Integration time as short as 0.5 ms (according to the Reticon

data sheet) or as long as 0.3 s are possible at room
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temperature. however, in our experience the detector did not

work properly with integration times of less than 4 ms.

3) Clock controlled sequential readout at arbitrary rates up to 2
MHz and simple square wave clock.

4) Differential output to cancel clock switching transients and
fixed patterns.

5) Low output capacitance (2 pF) for low noise.

6) High saturation signal charge (14 C) for wide dynamic range.

()] Wide spectral response (200-1000 nm).

8) Quartz window for UV application.

Stopped-Flow Mixing System

The stopped-flow mixing system described here is a solution handling
system whose purpose is to mix two solution rapidly together and deliver
them to an observation cell where the reaction can be monitored by the diode
array spectrophotometer. A complete schematic diagram of the stopped-
flow mixing system is shown in Figure 3.5. As can be seen in this figure, it
consists of two delivery syringes, a pneumatic drive piston, four
pneumatically driven check valves, mixing chamber, observation cell, 3-

way pneumatically driven slider valve and a stopping syringe assembly.
Two pairs of check valves works in opposition to one another so that the

syringes are either connected to the reagent or to the observation cell

depending on the direction of pressure. In a normal stopped-flow run (or
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push), the first operation is the filling of the drive syringes with the
solutions. The pneumatically driven piston shown at the top performs this
operation. The drive syringe piston moves upward, drawing reagent and
sample solutions into the syringes. During this time the check valves
insure that the syringes are filled with the sample solutions only. Then,
the direction of air pressure is switched and with the 3-way slider valve in
closed position, no solution flows at this time. The drive syringes become
energized, and the check valves prevent the solution from returning to the
sample reservoirs. The solution starts to flow when the position of the 3-
way slider valve is switched to connect the flow system to the stopping
syringe, and the syringe drive piston rapidly strokes forward, forcing the
solution through the mixing chamber. The flow is automatically stopped
when the springloaded stopping syringe comes to rest against a
mechanical stopping block. The reaction occurring in the observation cell
is then monitored. Upon completion of the reaction the 3-way slider valve is
switched, connecting the spring loaded stopping syringe to the waste and
forcing old solution in the stop syringe out the waste port.

The connection of various parts of the system are accomplished by 1/8 inch
Teflon tubing (1.5 mm 1.D.) with Altex chemically inert tubing end fittings
(Altex Scientific Inc., part No. 200-15). The exact dimension and part
numbers of both drive syringes and the stopping syringe (constructed by the
Michigan State University glass shop) or the drive, air valves and check
valves (purchased from outside) are given in the Ph.D. thesis of R. M.
Carlson (87). The same author also explains the stopping syringe

velocity/position transducer (originally designed by F. J. Holler (91)
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mounted on the stop syringe; this device enables the user to determine the
position of the stopping syringe plunger at any time during the stopped-flow
push.

Figure 3.6 shows a cross-cut view of the stopped-flow mixer and observation
cell. The whole cell assembly, except for the Teflon adaptor, is made of a
block of stainless steel and was made by the chemistry department machine
shop of Michigan State University. Same Altex end fitting is used here for
connection. Quartz rods (2 mm) with ground and polished ends (Wilmad
Glass co., Inc.) are sealed to the ends of the observation cell and are kept
tight by the compression of Teflon washers, rubber o-ring and aluminum
compression fitting. These quartz rods also play a role as light pipe and
have a tremendous effect on light throughput. The mixer used here is a
Notz-type Kel F mixer (92), which is sealed to the observation cell by

compression from Teflon mixer adaptor.
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Control Interface

In order to control the overall operation of the rapid scanning stopped-flow
diode array spectrometer a digital interface has been built. The circuit
block diagram of the interface is shown in Figure 3.7. The digital interface
has been designed to provide the following functions:

1. provide a variable integration time for the LDA.

2. provide a variable delay time to allow the user to obtain a
spectrum at different times during the reaction.

3. provide proper signals to run the stopped-flow.

4. provide a triggering signal for the storage scope.

The integration part of the interface consists of four presettable 4-bit
synchronous binary counters which are cascaded to one another to form a
16-bit integration counter; this can be expanded to any number of bits if
desired. The integration time is set by a 16-bit dip switch; once an optimum
integration time is set for a specific experiment it need not be changed. The
input to the integration counters is a 16 micro second clock pulse from the
Reticon board, and the output from integration counters is the START
pulse. The start pulse is an input to the Reticon and continuously scan the
diode array with a preset integration time. The range of integration times

available is from 4 ms up to about 1 min.
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Another set of three presettable 4-bit down counters are cascaded together to
form a 12-bit presettable delay counter. The delay time is actually a
multiple of the integration time or, in other words, it is the integration time
multiplied by the preset number on the delay counter. Therefore, the delay
counter simply counts the preset number of start pulses and then triggers
the storage scope to record a spectrum. The operation of the delay counter
is controlled by two manual switches. Switch 1 loads the preset delay time
from the dip switches into the delay counters, and clears the stopped-flow
push flip flop. Now as soon as the push button switch 2 is pushed, it
triggers the monostable (MS) which produces a low signal of a few
microsecond duration to the preset input of the stopped-flow push F/F.
Once the push F/F is set, it enables the delay counters, which after counting
the preset.number of start pulses, trigger the scope and a spectrum is
acquired. In this way one spectrum per push can be obtained and the
process must be repeated for multiple spectra. In order to synchronize the
time that the scope is triggered and the time that the flow stops for a precise
determination of the time, a counter-time-frequency (CTF) card is used as a
period meter to measure the time between the push and stop

Determination of the System Dead Time

One of the single most important characteristics of a stopped-flow mixing
system is its dead time. The stopped-flow dead time can be defined as the
time between the theoretical start of the reaction and the time at which the
reaction can be monitored, or it could practically be defined as the time for
the solution to flow from the mixer to a point halfway through the
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observation cell. The procedure employed here to determine the dead time
is known as the extrapolation technique (93). The technique is based on a
determination of the amount of the reaction occurring before the first
observation is made. To carry out the experiment a 5 x 10-4 M solution of
Fe(III) in 0.05 M H2SO4 and a 0.02 M solution of KSCN in 0.05 M H9SO4
were mixed by the stopped-flow. The spectrum at different times during the
reaction was obtained by the diode array spectrophotometer at 8 ms
integration time and the course of the reaction was followed at 450 nm.
Then the dead time was determined by extrapolating the slope of the
absorbance vs time plot back to the initial absorbance of the reaction
mixture. The dead time is the time between the intersection of the
extrapolated curve with the initial absorbance line and the time of the first
observation of the reaction curve. The dead time of the system was

determined to be 7.9 + 1 ms.

Determination of Mixing Time

The mixing time of the stopped-flow system was determined by mixing 0.01
M NaOH with 0.01 M p-nitrophenol solution. The spectrum of this very
rapid reaction was monitored at different integration times with the diode
array spectrophotometer. The oscilloscope was triggered as the plunger of
the stopping syringe came to rest against the stopping block. It was
observed that the minimum integration time of 2.048 ms a constant
spectrum was obtained each time, so it can be stated with certainty that

mixing time was complete in less than 2.048 ms.
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CHAPTER 4

APPLICATION OF THE DIODE -ARRAY STOPPED FLOW SYSTEM TO
THE KINETIC ANALYSES OF BOTH SINGLE AND
MULTICOMPONENT SAMPLES

Introduction

There are a number of significant advantages associated with the diode-
array spectrometer for qualitative and quantitative analyses of both single
and multicomponent samples. Ordinarily, due to its relatively low
information content, UV-VIS spectra are rarely used for qualitative
analyses. However, the spectral reproducibility advantage of the diode-
array permits the identification of for example two compounds with very
similar spectra. This is very difficult to achieve with conventional
scanning spectrometers. With conventional systems, one can never be sure
whether the small differences in the spectra are real differences or only due
to the instrument reproducibility errors. Therefore, the confidence on
spectral reproducibility offered by the diode-array can certainly extend the
application of UV-VIS spectroscopy to qualitative analyses.

The advantages of the diode-array are even more pronounced when applied
to quantitative analyses of either single or multicomponent systems. In
this regard, one of the major drawbacks of conventional scanning
spectrometers is the wavelength resettability and drift problems which

affects the precision of measurements. These problems become
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continuously more serious as the mechanical linkages wear. This forces
the analyst to perform all of his/her analyses at the wavelength of
maximum absorption where the wavelength resettability error is at its
minimum. This is despite the fact that the wavelength of maximum
absorption may not be the optimum wavelength for reason of for instance
selectivity. Since there are no moving parts involved in scanning a
spectrum with a diode-array, the above problems are not present in such
systems. The availability of the entire spectrum, virtually free of
wavelength resettability errors, allows the analyst to choose the optimum
wavelength for improved sensitivity, selectivity and dynamic range.
Measurements at any wavelength, peak maxima or on the side of the
absorption band, can be made with essentially the same accuracy and

precision.

The combination of simultaneous multiwavelength detection and the
wavelength resettability advantage offers a number of other benefits to the
analyst for the improvement of sensitivity and dynamic range. For
instance, one can compensate for source fluctuations by performing
simultaneous measurements at the analytical wavelength and a second
wavelength in close proximity of the analytical wavelength where there is
no absorption. This is very important for situations where measurements
are made at low absorption. Notice that this is, in essence, a pseudo dual-
beam operation without the complexity associated with such an optical
design. Conventional scanning systems does not allow for such operations,

since different wavelengths are measured at different times.
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Another important benefit comes from the fact that stray light is less of a
practical problem with diode-array instruments which leads to an
extension of dynamic range. An extension of the dynamic range at the
upper concentration range may be achieved by measuring strongly
absorbing samples at the side of an absorption band, where absorbance is
lower compared to the band maximum. At low absorption end, the
dynamic range can be stretched further with the diode-array due to higher
light throughput (fewer optical surfaces than conventional instruments),

and lower noise level.

Moreover, a diode-array equipped with a computer and appropriate
software is capable of reducing the noise even further through the use of
two noise reduction techniques known as time and wavelength averaging.
For example, if one desires to obtain a full spectrum over the range of 200 to
1000 nm at 2 nm intervals, one has to make 401 measurements. Assuming
each data point takes one second, a conventional scanning system will
require 401 seconds to collect the full spectrum. The diode-array
instrument on the other hand, measures all data points simultaneously
and, therefore, can generate the full spectrum in one second. In fact, the
diode-array can collect and average several spectra in one second (time
averaging). This will reduce the noise level by a factor of the square-root of
the number of spectra averaged together. Consequently, improved signal-

to-noise and hence sensitivity is achieved.

The second noise reduction technique (wavelength averaging) stems from
the multiwavelength measurement capability of the diode-array. Instead of

quantitative measurements at only one wavelength (e.g., wavelength of

86



maximum absorption), one can measure several data points on either side
of the maximum in the same time and average them together. This will
again result in improved signal-to-noise and in turn sensitivity. However,
for a given absorption bandwidth, there will be a limit as to how many data
points can be averaged to give an optimum signal-to-noise. As more data
points are included, the average absorbance is reduced which has a

negative effect on the signal.

It should be pointed out that it is possible to do both time and wavelength
averaging with a conventional scanning spectrophotometer. However, the
required time is considerably longer which makes it more susceptible to
drift errors. One may also perform wavelength averaging by widening the

slit-width in a conventional system, but then the linearity is seriously

affected.

It can be concluded from the above discussion that the diode-array
spectrophotometer is clearly superior to conventional systems in all
applications where speed and full spectrum acquisition is of major
concern. Undoubtedly, the speed of diode-array data acquisition makes it a
clear choice both for kinetic analyses and for fundamental kinetic studies.
The diode-array spectrometer in combination with the stopped-flow, as a
rapid mixing technique, can further expand the horizon of the instrument
to the study of those reactions which occurs in a very short time scale.

This chapter describes the application of the developed system to the kinetic
analyses of some clinically significant species. In fact, many clinically

important processes, in addition to being in a complex media, also occur at
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a moderately fast rate. Therefore, the diode-array stopped-flow
spectrometer appears to be well suited for the analysis of such samples.
The kinetic determination of total serum protein is studied as an example of
single component sample followed by the simultaneous kinetic analysis of
glucose and alcohol in blood serum as a representative case of

multicomponent system.
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DETERMINATION OF TOTAL SERUM PROTEIN
BY BIURET METHOD

Background

One of the most significant clinical test often performed in any clinical
laboratory is the determination of total blood serum protein. The evaluation
of the result of the test is normally used to decide whether further analysis
of subfractions of protein is necessary. Among many methods available for
determination of blood serum protein, the biuret method is one of the most
widely used procedure. This is because the method has been shown (94) to
be least affected by variation in protein composition. The sensitivity of the
method , although not as good as some other ones, but has been evaluated

(94) as sensitive enough.

The principle of the biuret method is based on the fact that all protein
contain a large number of peptide bonds. When a solution of protein is
treated with cupric (Cu+2) ions in a moderately alkaline medium, a colored
chelate complex of unknown éomposition is formed. The reaction takes
place between the carbonyl ( - C = O ) and imine ( = N - H ) groups of the
peptide bonds of the protein and cupric ions. It turns out, that the organic
compound biuret ( H2N - CO - NH - CO - NH2 ) also undergoes similar type
of process with cupric ions and, therefore, the reaction is referred to as

biuret reaction (Figure 4.1).
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The reaction appears to take place between the cupric (Cu+2) ions and any
compound containing at least two HgN - CO - , HgN - NHg -, HgN - CS -,
and similar groups directly joined together or through a carbon or nitrogen
atom. However, aminoacids and dipeptides do not undergo this reaction,
but tri- and polypeptides and proteins react to produce a pink to reddish

violet color product.

The biuret method was first introduced by Kingsley (95) in 1939. Since then,
there have been many modifications to the method (94,96). In a typical
procedure the blood serum or solution of standard protein are mixed with
biuret reagent and the absorbance is measured after 30 minutes waiting
period for the equilibrium to be established. Certainly, this rather long
waiting period (30 min.) is the main disadvantage of the equilibrium
methods. In an effort to shorten the analysis time , many investigators
have been working toward the applicability of various reaction-rate methods

to the determination of total serum protein by biuret method (94,96).

Hatcher and Anderson (97) were the first to describe the determination of
serum total protein with the fast analyzer. However, according to Koch and
coworkers (94) , “ they did not study many samples from patients nor did
they discuss the characteristics and requirements of the kinetic approach”.
Koch, Johnson, and Chilcote (94) employed a fixed time kinetic approach
using the “Centrifichem” centrifugal analyzer. Although fixed time kinetic
analysis is limited to those substances undergoing a first order (or pseudo-
first order) reactions (98-99), they did not find biuret reaction to follow a
simple first order kinetics. Nevertheless, they found it suitable for fixed
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time kinetic analysis and described their method as being rapid, accurate,
and reasonably precise. But, Savory and coworkers (96) suggested that the
method was found to be relatively imprecise in their hand and subject to

errors in analyses of sera from patients with dysproteinemias.

In an attempt to develop a more precise and rapid rate method, Wai-Tak-
Law and Crouch (100) examined the biuret method using stopped-flow
mixing system. In agreement with previous investigators, they also found
that the biuret reaction did not follow a first order or pseudo-first order
kinetics. They, nevertheless, pointed out that the reaction is still suitable
for the two point fixed time reaction rate approach. They, in fact, indicated
that one is able to obtain an analytical curve long before the reaction is over.
They performed experiments both with 0.1 second and 10 seconds time
interval and because of the rapidity of biuret reaction, found that the 10
seconds time interval gave more precise results with standard deviation of

1.4 %.

As a test of our system’s performance, we decided to carry out the analysis
of serum total protein by biuret method using the linear diode-array

stopped-flow spectrometer.
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Kinetic Determination of Total Protein in Blood Serum
by Linear Diode-Array Stopped-Flow System

As pointed out in the previous section, this experiment was chosen to
demonstrate the ease and flexibility with which single component analysis
can be accomplished with the diode-array stopped-flow instrument. There
are several major advantages which becomes immediately apparent to the
analyst as the system is applied to situations such as the one studied here.
The stopped-flow mixing system facilitates the achievements of an
extremely short analysis time. It also demands a very small sample
volume. The rapid acquisition of the entire spectrum with the diode-array,
not only satisfies the requirement of the stopped-flow, but also displays the
spectrum instantly for the analyst ‘s visual inspection. An appropriate
optimum v;ravelength for the analysis may be selected at a glance. This
relieves the analyst from having to have preknovyledge of the analysis
wavelength. Multiple spectra can be acquired by multiple push of the
stopped flow system.

Based on Wai-Tak-Law and Crouch observations, it was decided that two
point fixed time reaction rate method be employed and the At of 8 seconds
was chosen as a good compromise between precision and analysis time. It
should be pointed out, that since the system can acquire data almost
instantaneously after mixing, it could provide for more exact definition of
blank and, therefore, improvement in precision over other rate methods

using two point fixed time approach.
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The reagents and solutions used for the experiment were as follows:

Biuret reagent: This reagent contains cupric sulfate (2.4 g L'1 ), sodium
potassium tartarate (8 g L-1 ), sodium hydroxide (48 g L1 ), and potassium
iodide (1.0 gL1).

Standards: The human serum protein standards (Dade Division,
American Hospital Supply Corp., Miami, FL. 33152 ; Cat. No. B5158) were
diluted to proper concentrations in saline solution (NaCl, 9 g L1 ).

Quality Control Sera: Lyophilized control serum samples ( Moni-trol I, Cat.
No. B5103 ; Moni-trol II, Cat. No. B5113 ; Patho-trol, Cat. No. B5110 ; Dade
Division, American Hospital Supply Corp., Miami, FL. 33152 ) were
reconstituted according to manufacturer’s instructions and diluted to

proper concentrations.

All protein solutions were prepared fresh from vacuum sealed prepackaged
bottles which were stored at 2 - 8 © C. The biuret reagent was kept in dark
place in plastic bottles.

Figure 4.2 shows the calibration curve for serum protein standards using
the two point fixed time ( At = 8 s ) reaction rate analysis. The 0% T was
recorded with the light source blocked. A spectrum was then recorded
(first push) with the diode array integration time set at 8 ms and was
treated as a blank avoiding the need for running a separate blank. The
integration time was then changed to 8 seconds and a second spectrum was

recorded (second push) . The difference in absorbance (AA) was used in
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the standard curve. The standards concentration range along with the

statistics of the standard curve is shown in table 4.1.

The statistical calculations were based on the assumption that
measurement precision is determined by the standard deviation(oT) in the
measurement of Transmittance (T) which is constant and independent of
the magnitude of Transmittance. This is due to the fact that a fixed stopped
flow cell was used for all measurements which leads to a negligible
contribution of random error due to cell positioning. Also, the photon
detector shot noise is negligible compared to the somewhat limited
resolution of the readout system (oscilloscope). Under these conditions (%T
noise-limited), the following equation was used (101) for error calculations.

0434 _ of
logT * T

oc
C

Three replicate measurements of each standard solution were overlaid and

the thickness of the scope trace were used as a measure of precision. A
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Table 4.1 Results for standard solutions of serum protein (At = 8 8)

Protein concentration Absorbance RSD (%)
(g/L) ( A average)

10 0.26 1.5

15 0.39 14

2 0.51 14

P} 0.61 1.5

0 0.75 1.6
Slope = 240x102 AglL
Intercept =240x102 A
Correlation coefficient =0.998
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typical standard deviation of + 0.005 T was found in the measurement of
%T which turns the above equation into:

= 0434 _ 0.005
log T T

oc
C
which was used for the calculation of relative standard deviations.

The standard curve is linear over the range of standards concentration
with the correlation coefficient of 0.998. The maximum relative standard
deviation obtained was 1.6 %, which is slightly greater than that obtained by
Wai-Tak-Law and Crouch (100).

To experiment with real serum sample, three lyophilized sera ( Moni-trol I,
Moni-trol II, and Patho-trol) were analyzed as controls. Assigned values of
total protein for these sera based on the analyses with well-established

methods are given by the manufacturer.

The results obtained for these sera with diode array stopped-flow system
utilizing fixed-time rate method is presented in table 4.2. The results
reported by three other methods namely improved biuret (equilibrium
method), centrifichem (rate method), and the PMT-based stopped-flow
(fixed-time rate method) of Crouch et.al. are also listed for comparison.
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Table 4.2 Results of determination of Total protein in real human serum

Moni-trol 1

method 1

method 2

method 3

Moni-trol I

method 1 .

method 2

method 3

Patho-trol

method 1

method 3

Reported values Measured values

Mean (g/dL) Range (At = 858)
7.0 + 0.06 6.7-7.2

6.5 + 0.35 58-7.2 7.0 £ 0.09
6.79 + 0.01

5.3 + 0.07 5.0-5.6

4.5 + 0.05 42-48 45 1+ 0.07
514 + 0.04

53 + 0.12 50-5.6

5.85 + 0.08 5.31 + 0.08

Method 1 : Improved biuret (equilibrium method)
Method 2 : Centrifichem (rate method)
Method 3 : PMT-based stopped flow (fixed-time rate method)
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The data in table 4.2 shows that the results obtained for the analysis of
Moni-trol I and Patho-trol are in good agreement with those of both the
improved biuret and the PMT-based stopped-flow methods, while the
results for Moni-trol II is more closer to that reported by centrifichem
method. Nevertheless, the results for all three samples are well within the

acceptable range given by the manufacturer.

Based on the overall results of the experiment, it can be concluded that not
only it is possible to carry out single component reaction rate analysis with
the LDA-stopped flow system, but one can perform such analyses with far
greater speed, flexibility, and convenience compared to instruments with
single channel detection. However, the real power of the LDA-stopped flow
spectrometer can be realized when applied to multicomponent systems.

This is demonstrated in the next section.
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SIMULTANEOUS KINETIC DETERMINATION OF
GLUCOSE AND ETHANOL IN BLOOD SERUM

Introduction

Optical spectroscopy in the UV-VIS region accounts for a large portion of
all analyses performed in a modern clinical laboratory. However, most
spectrophotometers used in clinical laboratories are based on a design
concept in which a single resolution element is isolated by a filter or some
type of a dispersion optics and slit combination, and its intensity is
subsequently monitored by a photoelectric detector. With such
instruments, time consuming separation is- usually required before the
measurement step to separate the analyte from other species that absorb in
the analytical bandpass. Because most biological samples are complex
matrices, it would be advantageous in many situations to determine
multiple components without a complete separation step. This, in
principle, requires the ability to monitor multiple wavelengths
simultaneously. The use of conventional rapid scanning instruments that
require several minutes for the acquisition of each complete spectrum, can

only offer a slight advantage over todays fast separation techniques.

Optoelectronic image devices such as diode array, on the other hand, are
capable of collecting the entire spectrum in millisecond time scale and with
repetition rates approaching 1000 spectra per second. This kind of speed is,
by no means, matched by any of the existing separation technologies. The
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extremely short time required for a complete scan with the diode array, is
well below the time scale for most clinically important reactions to reach
equilibrium. This makes the diode array spectrometer well suited for
multicomponent kinetic analyses in a clinical laboratories. A brief history
of the application of kinetic methods in clinical chemistry may be

appropriate at this point.

Clinical chemists have long been interested in kinetic methods of analysis.
The main reason for the popularity of kinetic methods among clinical
chemists is the extensive application of enzymes in the diagnosis of
diseases. In fact, enzyme activity determinations constitutes a major
workload of a typical clinical laboratory. The main advantage of enzymes
as analytical reagents is their specificity in catalyzing many complex
chemical réactions ocurring in biological media. Since enzymes affects the
kinetics of reactions, reaction rate methods have been used for a long time
for the determination of substrates, activators, inhibitors, and also of

enzyme themselves.

However, prior to 1960’s the use of enzymes for analytical purposes has
been rather limited. This has been mainly due to some disadvantages
attributed to the use of enzymes such as unavailability, instability, poor
precision, considerable time and labor required for the analyses. While
these objections were quite valid earlier, numerous enzymes are now
available in purified form, with high specific activity, at reasonable prices.
With recognition of the enzyme instability and adoption of appropriate
precautions, this potential problem can be minimized. The burden of using

large amounts of expensive enzymes for routine analytical purposes has
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also been somewhat alleviated by the development of immobolized enzyme
techniques which allows continuous use of the enzyme for a relatively long

period of time.

The question of poor precision, time and labor demand that have in the past
made enzymatic kinetic methods of analysis undesirable, have been more a
consequence of the experimental techniques ahd instrumentation than the
inherent fault of enzymes or kinetic approach. Techniques and
instrumentation originally developed for equilibrium methods were being
used for kinetic analysis. Kinetic methods are inherently time dependent
and highly sensitive to experimental variables. Equilibrium based
instruments are not essentially equipped with means of accurate time
measurements, temperature control, or adequate detector sensitivity or

stability for monitoring small signal changes in kinetic analysis.

During the 1960’s, several investigators (102-104) began to address the issue
of designing appropriate instrumentation explicitly for kinetic methods. As
pointed out by H. L. Pardue (105) : “the turning point for kinetic approach
as a viable tool for high quality, fast, routine analyses occurred during the
1960’s when a few workers focused a concentrated effort on the development
of instrumentation and techniques designed explicitly for kinetic
applications”. During this same period and throughout 1970’s, many other
developments such as rapid mixing techniques, temperature control
reaction cells, various analytical kinetic methodologies, and finally
automation of most stages of measurement process such as sample
introduction, data acquisition and processing has contributed

tremendously to the maturity and acceptance of kinetic methods of
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analysis. It was clearly demonstrated during this period that rate methods
of analysis could be performed with speed, reliability and simplicity
compared to that of most common equilibrium methods. These
developments have been the subject of several texts (106-107) and reviews

(108-112).

Until recently, however, the most frequent application of rate methods of
analysis in clinical laboratories has been through the utilization of
catalyzed reactions for the determination of single species using
photometers or spectrophotometers with single channel detection. The
introduction of multichannel spectrometers and their applications to a few
clinical problems (113-115) in the mid to late 1970’s, provided a whole new
opportunities to the modern clinical chemist. When applied to clinical
chemistry an array detector capable of monitoring hundreds of resolution
elements simultaneously can offer several significant advantages. In
addition to handling single channel equilibrium and kinetic measurements
often performed with conventional systems, these instruments can also
provide fast repetitive scans of optical spectra, with little or no extra effort
on the part of the operator. these instruments allows for rapid and simple
means of equilibrium and kinetic multicomponent analysis of complex
biological samples as well as fundamental kinetic studies of clinically
significant reactions. A properly designed multichannel spectrometer for
clinical applications can, in effect, replace an otherwise several other
instruments and, therefore, bring about a tremendous saving in the cost of

equipment and personnel training.

104



Despite the obvious benefits of these devices, however, clinical chemists
have been very slow in taking full advantage of these new developments and
the application of array detectors for multicomponent clinical analysis have
been quite limited. In the next section, the application of the diode array
stopped-flow system to simultaneous analysis of glucose and ethanol in

blood serum using enzyme catalyzed reactions is described.

Simultaneous Kinetic determinations of
Glucose and Ethanol in Blood Serum

The primary objective in this work was to demonstrate the capabilities of
the diode array stopped-flow system for multicomponent analysis using
enzyme-catalyzed reaction rate method. Therefore, the determination of
glucose and ethyl alcohol in blood serum was undertaken because
established reaction rate procedures are available for each species. Some
modifications to these procedures were necessary to allow for simultaneous

determination of both glucose and alcohol in a blood serum sample.

The determination of both glucose and ethanol in blood serum are
procedures most frequently performed in hospital chemistry laboratories.
The glucose determination is often done as an aid in the diagnosis and
treatment of diabetes. Early detection of diabetes allows for delay or
minimization of the complications of the disease. The blood glucose level
can fall below normal as a result of either overproduction or excess
administration of insulin. In sever cases, the resulting extreme

hypoglycemia causes muscular spasm and loss of consciousness known as
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insulin shock. Therefore, it is important for a clinical laboratory to use
methods which can furnish the results of glucose analysis rapidly and with
high degree of reliability.

Enzymatic methods have been used very frequently for the specific
determination of glucose in biological samples. One of the common
procedure involves the oxidation of glucose with glucose oxidase, forming
hydrogen peroxide, which in turn oxidizes a chromogenic oxygen acceptor
such as o-dianisidine in presence of horse raddish peroxidase to form a
colored product proportional to the glucose concentration (116-118). The
measurement of absorbance is made after a long time waiting period

required for the reaction to reach equilibrium.

Based upon the above enzymatic reaction, Malmstadt and Hicks (119)
described a rate method which gives quantitative data within the first few
minutes of the reaction by an automated spectrophotometeric system. This
method avoids the waiting period for the establishment of equilibrium and
greatly reduces the total analysis time. A potentiometric kinetic method for
the analysis of aqueous glucose samples in which the hydrogen peroxide
formed in the oxidation of glucose reacts with excess iodide, in the presence
of molybdate catalyst, to form an equivalent amount of iodine has also been
described by Malmstadt and Pardue (120). This method is rapid, precise,
sensitive, and has the advantage of substituting molybdate catalyst in place
of the expensive peroxidase enzyme. The above same chemical system has
been employed by Malmstadt and Hadjiioannou (121) except that the rate of
iodine formation been monitored by an automatic spectrophotometric

system measuring the time required for a fixed absorbance change. They
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obtained within 2 % precision for measurements on samples containing

0.08 mL of serum, plasma, or blood.

Most of the interest in the determination of ethanol in blood arises from the
fact that it is the most frequent toxic substance encountered in medico-legal
cases. Not only it is lethal by itself, but it is most often a significant
contributor to accidents of all types. Every time that a patient is brought to a
hospital in coma, a differential diagnosis of the cause of coma is performed
in which the effect of alcohol must be first ruled out. This, of course,
demands for a rapid and precise method of alcohol determination in
biological fluids. As a result, more analytical methods have been developed

for the determination of alcohol than for any other toxic substances.

Many of the chemical methods are based on the measurement of the
oxidant required for the stoichiometric oxidation of ethanol. The most
commonly used oxidant is dichromate in sufuric acid (122), but
permanganate, vanadium pentoxide, and osmic acid have also been used
(123). The major problem of the oxidation methods is their lack of specificity
and, therefore, the necessity to eliminate materials such as acids, bases,
aldehydes, ketones and alcohols prior to oxidation using various time

consuming separation techniques (124).

Enzymatic methods (125-126), on the other hand, allows for high specificity
without separation. The usual enzymatic methods are based on the use of
the enzyme alcohol dehydrogenase (ADH) to catalyze the reaction between
ethanol and diphosphopyridine nucleotide (DPN). A typical 60 - 90 minutes
waiting period is required before the absorbance of DPNH (reduced form of
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DPN) in measured at the wavelength of 340 nm. In an attempt to develop a
faster method, Malmstadt and Hadjiioannou (127) applied the rapid
spectrophotometric reaction rate method previously developed for the
determination of glucose (128) to the determination of ethanol in blood.
They measured the time required for the fixed absorbance change and were
able to determine blood alcohol concentrations in the range of 0.015 to 0.3

with relative errors of about 2 to 3 %.

To demonstrate the capability of the diode array- stopped flow system for
multicomponent kinetic analyses, the simultaneous determination of
glucose and ethanol in blood serum using enzyme catalyzed reactions was
carried out. The reaction chosen for glucose involves the oxidation of
glucose by glucose oxidase to form hydrogen peroxide. The hydrogen
peroxide then reacts with o-dianisidine in presence of peroxidase to produce
the oxidized form of o-dianisidine which absorbs at 540 nm. The procedure
for ethanol was essentially based on the method used by Malmstadt and
Hadjiioannou (127) which involves the use of enzyme alcohol
dehydrogenase. As part of this reaction, DPN+ is converted to DPNH which
absorbs light at 350 nm. These two reactions are shown in figure 4.2.
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GLUCOSE

Glucose oxidase

Glucose + O2 + H90 —p= Gluconic acid + HoO2
peroxidase
o-dianisidine + HoO2 -> Oxidized + H20
o-dianisidine
(color)
A mex = 540 nm
ETHANOL
ADH
CH3CH20H + DPN* e CH3CHO + DPNH + H*t
(color)

A = 350 nm

Figure 4.3 Enzymatic reactions of glucose and ethanol
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The reagents used are as follows:

L Deproteinization reagents
a) Barium hydroxide (Ba(OH)s . 8 H20), 1.8 % solution in water.
This solution was let stand for two days, then decanted and stored

in a bottle.

b) Zinc sulfate (ZnSQOy4 . 7TH20), 2 % solution in water. This solution
was balanced against barium hydroxide so that 5.00 mL of barium
hydroxide is equivalent to 5.00 mL of zinc sulfate solution.

2. Buffer solution, pH 6.8
The KH2PO4/KoHPO4 conjugate pair was used to which 4.0 g of
semicarbazide hydrochloride was added and the PH was adjusted
to 6.8 using a pH-meter. This solution is stable indefinitely.

3. Glucose oxidase
The enzyme packaged mixture (Worthington Biochemical Corp.,
Freehold, N.J. 07728) was used. A small package contains 10 mg of
o-dianisidine and a larger package contains about 125 mg of glucose
oxidase and 5§ mg of peroxidase. The soluble o-dianisidine was
completely dissolved in 1.0 mL of distilled water and drained into an
amber bottle. The glucose oxidase and peroxidase mixture was
dissolved in, and diluted to 100 mL with the buffer solution. This
solution was added to the amber bottle and stored in the refrigerator.

The solution is stable for about a month.
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4. Alcohol dehydrogenase (ADH
Yeast ADH (from Worthington Biochemical Corp) was dissolved in
the buffer solution, just before use and kept in ice bath during use.

5. Coenzyme DPN (diphosphopyridine nucleotide)
This solution was prepared just before use by dissolving 0.33 mg of
DPN from Sigma Chemical Co. per one mL of the buffer solution and

kept refrigerated when not in use.

6. Glucose standards
Stock standard glucose solution of 1.0 g/100 mL was made by
dissolving 1.000 of dry reagent grade glucose in benzoic acid (2 g/L)
and diluting to 100 mL with benzoic acid. This solution is stable
indefinitely if kept refrigerated when not in use. Working standards

were made from this solution with proper dilutions.

7. Ethanol standards

A 300 ppm stock ethanol solution was made from anhydrous ethanol.
Working standards were prepared from this solution with proper

dilutions.

Using the photodiode array stopped-flow system, two separate calibration
curves were initially established for glucose and ethanol employing the
fixed-time (At = 8 8 ) reaction rate approach similar to that explained in the
analysis of total protein. This was done by preparing a composite solution
composed of both enzymes (glucose oxidase and ADH), coenzyme DPN in
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the buffer solution. Prior to the analysis, all solutions were kept separate
because the composite solution of ADH and DPN is unstable at room
temperature. The ADH was kept in an ice bath during use. The buffer
solution was placed in a 37 °C water bath and the other solutions were
separately added and allowed to warm up for a few minutes just before the
analysis. The composite solution was adjusted to contain 1.25 mg/mL
glucose oxidase and 1.5 mg/mL ADH. These values are reported as
appropriate values (127-128) to provide satisfactory enzyme activity for the

range of concentrations used for the standard solutions in this experiment.

The second solution consisted of either glucose or ethanol standards in
buffer solution for preparation of their respective calibration curve. This
solution was also allowed to warm up in the 37 oC water bath prior to the
analysis. Under the above selected conditions (substrate and enzyme
concentrations), both reactions follow first order kinetics and the
absorbance change (AA) measured near the start of the reactions is
proportional to initial concentration of the substrates. Also, the materials
present in glucose oxidase, ADH and DPN which may absorb light at
analyses wavelengths do not pose a serious problem since absolute
absorbances are not measuréd. The possibility of side reactions is also very
remote as the measurements are completed during the early part of the

reactions.

However, in addition to enzymes and substrates concentrations the
measured absorbance change is also affected by experimental variables
such as pH and temperature. As was described earlier, every efforts were

made to minimize the effect of temperature variations, but some degree of
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temperature fluctuation will still be present since the system was not
thermostated. The question of pH is a more difficult one since the
procedure used for glucose is normally carried out at neutral to slightly
acidic pH (~6.8 - 7.0), while that of ethanol is usually done at moderately
alkaline pH (~8.7). This is because the second step in the glucose procedure
(involving peroxidaes) is less specific and at pH values above neutral,
various substances such as uric acid, ascorbic acid, and bilirubin compete
with o-dianisidine for hydrogen peroxide (129). In the case of ethanol, a
very small fraction of alcohol (1-10%) is consumed (127) during the
measurement period and buffering at high pH values can drive the reaction

more to the right.

The buffe; solution used in this experiment (pH = 6.8) was in fact optimized
for glucose, while the addition of semicarbazide hydrochloride to the buffer
solution was intended to drive the ethanol reaction to the right by reacting
with aldehyde as it is formed. Figure 4.2 and 4.3 show the calibration
curves for glucose and ethanol respectively, and table 4.2 and 4.3 list their

corresponding standards concentration range and statistics.

As can be seen, both calibration curves which are obtained by plotting AA
against the standards concentrations are quite linear. Neither of which,
however pass through zero because of the certain amount of glucose or

alcohol which is consumed before the measurements are completed.
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Table 4.3 Results for standard solutions of glucose (At = 8 s)

Glucose concentration Absorbance RSD (%)
(mg/100 mL) (AA, average)

10 0.24 1.5
20 0.30 1.5
0 0.48 14
40 0.63 1.5
50 0.69 1.6
60 0.82 1.6
80 0.94 1.7

Slope =1.06x10-2 AglL

Intercept = 0145 A

Correlation Coeff. = 0971
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Figure 4.5 Calibration curve for ethanol
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Table 44 Results for standard solutions of ethanol (At = 8 s)

Ethanol concentration Absorbance RSD (%)
(mg/100 mL) (AA, average)
5 0.16 1.6
10 0.22 1.6
15 0.29 1.5
2 0.3§ 14
2 0.42 14
30 0.50 14
Slope =135x102 AglL
Intercept = 8.80X102 A

Correlation coeff. = 0.999




To carry out the simultaneous determination of both glucose and ethanol in
real blood serum, a sample of human blood serum was acquired from
Sparrow Hospital in Lansing, Michigan. The sample was a pooled blood
serum over a large human population. .Therefore, its glucose content was
expected to be in the average of the normal range. As for ethanol, normal
blood serums are free from alcohol and a known amount of ethanol had to
be added to the serum. Thus, after deproteinization of the blood serum
sample with barium hydroxide and zinc sulfate solutions, it was diluted

with ethanol solution to contain 60 mg of ethanol per 100 mL of blood serum.

Three replicate measurements (At =8 s) of the blood serum sample were
made (by a procedure similar to those of the standards) and the
concentrations of glucose and ethanol were determined from the calibration
curves. The average values determined for the concentrations of glucose
and ethanol were 91 mg/100 mL and 51 mg/100 mL of blood serum,
respectively. The relative standard deviations of the measurements were
on the order of 6.8%. The normal value for glucose concentration in blood
serum is in the range of 70 - 105 mg/100 mL (129) and, as expected, the value

determined for glucose is well within this range.

However, the results of ethanol analysis is more than 15% at error. This
may be explained by considering several experimental factors which were
not favorable for ethanol determination. One factor which was previously
mentioned is that of low pH (6.8) which can further reduce an already small
fraction of ethanol which reacts during the measurement time. Secondly,
the light source which was used (quartz halogen) has a very low photon
flux at wavelengths below 400 nm. Both of these factors can lead to low S/N

118




ratio for ethanol. Small amount of ethanol could have also been lost by
evaporation during the measurement period, particularly during the warm
up period at 37 © C. All of these factors could have contributed to the low
value obtained for ethanol.

Also note that the measurement precision (RSD of 6.8%) for simultaneous
determination of glucose and ethanol is only fair. Obviously, it is possible to
improve the measurement precision by conducting a more vigorous and
careful studies for optimization of the experimental variables such as pH ,
temperature, enzymes and coenzyme concentrations. However, since the
primary objective of this work was to demonstrate the potential utility of the
proposed system to multicomponent kinetic analyses, such extensive

optimization studies were not carried out.

The overall results in this chapter indicate that the photodiode array
stopped-flow spectrometer is certainly a powerful technique for clinical
applications. The system allows for both single and multicomponent
analyses to be performed with great ease, flexibility, and convenience using
either equilibrium or kinetic methods. In most applications, the system
provides for an essentially overdetermined analyses and, therefore, offers a
greater degree of flexibility and freedom to the clinical chemist for utilizing
the information of his/her interest. Undoubtedly, for modern clinical
laboratories involved in many complex chemical analyses, a photodiode

array stopped-flow spectrometer is clearly a viable choice.
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