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ABSTRACT

PRACTICAL CONSIDERATIONS FOR THE USE OF IMMOBILIZED ENZYMES
' IN FLOW INJECTION ANALYSIS

By

Cheryl Lynn Mattson Stults

Numerous practical issues concerning the use of immobilized
enzymes in flow injection analysis (FIA) have been investigated.
Immobilized glucose oxidase (GO) was used predominantly. The enzyme
reaction was coupled with a modified Trinder reaction in an FIA systenm.
The basic components of the apparatus were: a peristaltic pump, a
pneumatically actuated sample injection valve, single bead string
reactors (SBSRs), and a miniaturized filter colorileter. Data
acquisition, sample injection and pump speed were controlled by a
microcomputer.

The procedure for immobilizing GO on nonporous glass beads was
studied and improved. Simplex optimization was used to find an optimum
set of operating conditions for the FIA system containing a GO SBSR.
Seven variables were specified: carrier pH, reagent pH, temperature,
flow rate, aminoantipyrine concentration, dichlorophenolsulfonate
concentration, and peroxidase concentration. The results were similar
to those obtained by univariate experiments.

Several extended applications of the GO SBSR were investigated.
The enzyme coated beads were used to make a microconduit SBSR. The
response obtained was equivalent to that of the conventional SBSR. A GO

SBSR was used to study the mutarotation of D-glucose in the presence of



phosphate. The mutarotation coefficients obtained were in good
agreement with the literature values. Galactose oxidase (GA) was
immobilized by a procedure similar to that for glucose oxidase. A GA
SBSR was combined with a GO SBSR to make a parallel FIA system. The
results obtained from the analysis of real samples matched known values.

Two other issues that are related to the use of immobilized
enzymes were also studied. First, the effect of temperature on
dispersion was examined for four classes of reactions—none, fast,
medium, and slow. A dye was used to establish the effect of
temperature. The reactions were: p—nitrophenol with sodium hydroxide,
nickel with 4-(2-pyridylazo)resorcinol, and the GO/Trinder reaction.
The results indicate that it may be possible to calibrate FIA systems
for temperature changes. Second, a partially automated system on which
flow reversal/merging zones experiments may be carried out was designed
and characterized. The results illustrated the advantage of using a
second detector and two dimensional mapping of reaction surfaces from a

single injection.
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CHAPTER 1
WHAT’S IN THE BOOK

The immobilization of enzymes is no longer a novel concept.
Application of these reusable reagents has gained notoriety in the
fields of food processing, clinical chemistry, and analytical chemistry.
Research in the area of immobilized enzymes has focused primarily on
immobilization procedures, reactor designs, and analytical applications.
The research reported in this dissertation focuses on the practical
considerations that must be made in order to utilize immobilized enzyme
technology to its fullest.

This work centered around the use of glucose oxidase (GO)
immobilized on nonporous glass beads in the form of a single bead string
reactor (SBSR). This enzyme is inexpensive, has good activity, and can
be bonded to a variety of insoluble substrates. Primary consideration
was given to the use of the SBSR in a flow injection analysis (FIA)
system. In this system the GO reactor is coupled with a reaction that
utilizes the hydrogen peroxide formed from the enzyme reaction to
produce a colored dye.

Fundamental background information is provided in Chapter 2. A
review of current immobilized enzyme methodology is provided along with
a more specific orientation to the analytical applications of these
reagents in FIA. A brief review of the principles of flow injection
analysis is presented; the SBSR is introduced.

Chapter 3 describes the characteristics of the GO SBSR. A more

efficient immobilization procedure is enumerated. The activity, useful



lifetime, catalase activity, and specificity of the reactor are
discussed in detail. Another matter of practical interest, optimm
operating conditions, is treated in Chapter 4. Three methods by which
the response of the FIA system can be increased are presented. Several
extended applications of the system are given in Chapter 5. The
potential for using the immobilized enzyme beads in a microconduit is
explored. A preliminary investigation of ascorbate interference is
described. A novel use of the system, to study a batch reaction, is
presented. Finally, the knowledge gained from the work on glucose
oxidase was applied to galactose oxidase and resulted in a parallel
analyzer. The design, construction, and use of the system for the
simultaneous determination of two sugars in real samples are discussed.

Two topics of practical interest are presented following the
enzyme work. In Chapter 6 the effect of temperature on the FIA profile
is examined. Four different reaction conditions are presented. The
design and characterization of an FIA system which combines the flow
reversal technique with merging zones is discussed in Chapter 7.' Ideas
for future projects are given in Chapter 8.

The practical information obtained in the course of this research
should prove beneficial to those who continue to work with immobilized
enzymes in coming years. It should be possible to extend the procedures

developed here to other immobilized enzyme systems.



CHAPTER 2
BACKGROUND INFORMATION

This chapter provides a condensed review of the topics with which
familiarity is assumed in the subsequent chapters. There are two major
areas of focus: immobilized enzymes and flow injection analysis (FIA).
The first section gives the reader a perspective on the general
methodology employed with immobilized enzymes in analytical chemistry.
More complete information on the subject of immobilized enzyme
technology can be found in recent books (1-11) and general review
articles (12-18). Specific procedures for enzyme immobilization can be
found in Reference 8. The second section deals with some of the
fundamental aspects of FIA which are common to all of the systems in the
following chapters. Discussion of subtopics which relate only to the
material in one chapter are delayed until then. The authoritative book
on FIA by Ruzicka and Hansen was published in 1981 (19). A recent
monograph by Valcarcel and Luque de Castro (20) provides a review of
current FIA technology. An excellent bibliography containing 811
references to the work accomplished in this field was published in a
recent review written by the same authors (21). A complete bibliography
has also been published by Tecator which covers the period from 1974
through February 1985 (22).

Introduction to Immobilized Knzymes

An enzyme is a protein which acts as a biological catalyst. It

differs from an ordinary catalyst in that it has a high turnover rate at



ordipcry temperatures, is selective with respect to a particular
reaction pathway, and may be specific for one or for only a few
compounds. Enzyme solutions are useful as analytical reagents, but they
have a few major disadvantages. Some enzymes are unstable in solution,
most cannot be used in organic solvents, and all are very sensitive to
elevated temperatures. Enzymes are expensive reagents. Once an enzyme
is used in solution it is not easily recovered, therefore making the use
of these catalysts rather uneconomical.

The immobilization of these biocatalysts has been a major factor
in the popularity which they have achieved in the past few decades. By
rendering the enzyme water—insoluble many of the disadvantages of the
soluble form are eliminated and some advantages gained. The enzyme
retains its activity over a broader range of pH and temperature. The
enzyme is reusable in this form and so provides an economical
alternative to other methods. An additional advantage of this feature
is that the enzyme is easily manipulated. It has been suggested that
there are fewer interferences with immobilized enzymes (11); thus,

complex semples are relatively easy to analyze.
Methods of Enzyme Immobilization

The methods for enzyme immobilization fall into four categories:
adsorption, cross-linking, entrapment, and covalent binding. The
initial discovery by Nelson and Griffin of enzyme activity retention
upon immobilization involved the adsorption of invertase on charcoal
(23). This type of immobilization occurs any time an enzyme is adsorbed

on some type of insoluble support. The chemical conditions required for



this process are very mild. However, as easily as the enzyme adsorbs to
a surface it also desorbs. This is a significant problem if the
immobilized enzyme is to be used in a system where it is exposed to a
continuous flow of solution.

Entrapment provides a sturdier environment than adsorption. A
common method of entrapment involves creation of a polymer in the
presence of the enzyme. The enzyme becomes enclosed in a lattice.
Polyacrylamide is often used to immobilize enzymes in this way. Gels of
this type are commonly used in enzyme electrode applications. An
alternative type of entrapment is accomplished by encapsulation of the
enzyme in a semipermeable polymeric membrane. This usually involves a
tedious and time consuming immobilization procedure.

A somewhat more harsh chemical method is cross—-linking. The
enzyme is covalently bonded with a bi- or mltifunctit;nal reagent to
create an intermolecular cross linkage. Glutaraldehyde is commonly used
as a linking agent.

Of the four methods of immobilization covalent binding of the
enzyme to a water—insoluble support provides the sturdiest environment.
This is the most commonly used method of immobilization. Some type of
chemically modified glass provides an ideal inert support. The methods
of enzyme attachment to the glass are as varied as the number of

applications.
Analytical Applications of Immobilized Enzymes

For a complete review of the many ways in which immobilized

enzymes have been used in analytical chemistry the reader is referred to



the book by Guilbault (11). There are two main areas of application.
Immobilized enzymes have been coupled with amperometric or
potentiometric electrodes in a number of ways. The enzyme may be bound
directly to the surface of the sensor, but is more commonly attached in
the form of a membrane. These probes have gained great popularity in
biological and clinical applications.

Immobilized enzyme reactors (IMERs) constitute the other major
area of application. Many types of such reactors have been developed.
They take the form of packed beds, open tubes, and single strings of
beads. Packed bed reactors typically contain the enzyme immobilized on
very small particles (37-74 ym) which are packed into a column. They
have been used in batch as well as continuous flow methods. The great
advantage of these reactors is the large surface area over which the
enzyme is spread. However, when used with flowing streams, these
reactors may develop channels and high dispersion may result.

Open tubular reactors contain the enzyme immobilized on the inner
surface of the tube (usually about 1 mm i.d.). These are commonly used
in air-segmented continuous flow analysis. The small surface area
available per length of tubing results in very low enzyme activity.
There have been various attempts to increase the surface area of the
inner wall of the tube. Onuska et al (24) demonstrated the use of
ammonium hydrogen difluoride to grow whiskers on the inside of glass
tubes. A recent report indicated that controlled pore glass particles
had been embedded on the walls of plastic tubing (25).

The single bead string reactor (SBSR) is used in flow injection

analysis applications. Such reactors are made by immobilizing the



enzyme on porous or nonporous beads. These are packed into a tube which
has an i.d. that is 1.3-1.7 times the diameter of the bead. The
dispersion in such reactors is low while the enzyme activity is high.
More will be presented about this type of reactor in the following

section.
Introduction to Continuous Flow Analysis

Continuous flow analysis is the technique by which a sample
undergoes treatment as it is carried by a flowing stream through a
manifold made of interconnected tubing. It can be divided into two
major areas: air—segmented and non-segmented continuous flow analysis.
Skeggs is accredited with the development of the former technique (26),
which is most often referred to simply as continuous flow analysis
(CFA). 1In this, air segments are introduced into the an;lytical stream
at regular intervals so that the stream is divided into a train of
identical segments. The ssmple is introduced onto the manifold by
aspiration for a defined period of time. In each segment complete
mixing takes place so that the signal obtained at the output has a
rectangular shape similar to what would be expected in the ideal case of
a plug-shaped sample. This technique has been used extensively in
clinical analysis applications; the best known commercial CFA instrument

is the Technicon Autoanalyzer.
Principles of Flow Injection Analysis

The other branch of continuous flow analysis was developed by two

separate groups, but has since emerged as a singular technique known as



flow injection analysis (FIA). The approach of Stewart, Beecher, and
Hare (27) was a conceptual outgrowth of liquid chromatography, whereas
that of Ruzicka and Hansen (28) was founded as an alternmative to CFA.
In any case, the driving force for the development of this technique was
the ability to manipulate and reproduce dispersion of the sample. This
technique involves the injection of a sample into a nonsegmented carrier
stream. Since the conditions are usually such that laminar flow is
predominant, the development of a parabolic velocity profile is
responsible for the dispersion of the sample along the axis of the tube.
This dispersion, although much greater than that found in CFA, can be
controlled by appropriate choices of tubing length and inner diameter,
flow rate, sample size, and other components such as valves and
flowcells which determine the overall volume of the reactor in the FIA
system.

Ruzicka and Hansen have proposed an empirical method by which
dispersion can be measured (19). The sample has an initial
concentration of C° as it enters the carrier stream. As the plug
travels through the manifold, axial and radial mixing take place. This
results in a predominantly Gaussian—shaped signal profile. The maximm
concentration sensed by the detector, C®*ax, jis only a fraction of C°.
The formula for the dispersion is:

ce He const’

X
Cmax H const’’

o
1]
"

The height of the peak obtained with the undiluted sample is H°. After
the sample has traversed the manifold a lower peak height, H, will be

obtained due to dispersion. If the two constants are equal, as in the



case of photometric detection for a system that adheres to Beer’s law,
the peak heights of the signals can be used to determine the dispersion
of the FIA system. This empirical valu'e is classified as limited
(D = 1-3), wmedium (D = 3-10), or large (D > 10). The amount of
dispersion that can be tolerated in an FIA system depends on the
application for which it is intended. For mere transportation of a
sample, limited dispersion is ideal. On the other hand, when a chemical
reaction requiring reagent addition must take place, medium or large

dispersion is desirable.
Types of FIA Manifolds

One way of msanipulating dispersion is by selection of the
appropriate type of manifold. A comparison between various types of FIA
manifolds was carried out by Ruzicka and Hansen (29). Straight open
tubes yield relatively large amounts of dispersion. Coiled tubes show
less dispersion due to the presence of secondary flow. This type of
flow is a result of the centrifugal forces which affect thé flow
perpendicular to the axis of the tube. The same phenomenon is observed
in 3-D coiled tubes (tubes with regularly spaced knots tied in them). A
relatively small amount of dispersion has been found in the use of
packed tubes. This is due to the fact that the parabolic profile is
broken up as the sample passes through the packed material. The high
pressure drop associated with tubes that have been packed with very
small diemeter particles makes them difficult to use with the

peristaltic pumps normally present in an FIA system.



10

The single bead string reactor (30) has gained acceptance as a
viable alternative to open tubes and those packed with small particles.
The SBSR consists of a tube packed with beads that have a diameter 60%
to 80% of the tube inner diameter. This type of reactor has the
advantage of decreased dispersion due to the break up of the velocity
profile. The pressure drop is small. Therefore the SBSR can be used to
provide longer residence times without an increase in dispersion. An
example of typical signal profiles obtained with an SBSR and an open
tube of the same length and volume is shown in Figure 1. (Each length
of open tubing had the same internal diameter). Although the arrival
time of the peak at the detector did increase with reactor length, the
point of injection is not given for the sake of simplicity. For use
with immobilized enzymes an added advantage of the SBSR is the

additional surface area available compared to that of an open tube.

Measurement Tools in FIA

Following the development of an FIA system with the appropriate
amount of dispersion, the analyst must choose a measurement tool from a
variety of peak characteristics. The complete signal is usually
recorded either on a chart recorder or by a computer data acquisition
system. The most commonly used measurement is that of peak height. In
this case the FIA system may be simplified by the use of a peak
detector. In some cases the height at some other place on the peak than
the maximum is used (e.g., in gradient techniques). The full width of
the peak at half the maximum height (FWHM) can be used as a measure of

sample dispersion. Peak area may also be used as an analytical
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measuremsent tool. This measure is most easily obtained by a
commercially available integrator or by computer processing of the
acquired signal. The time at which the peak maximum occurs has been

found to be useful in kinetic measurements (31).
Use of Immobilized Enzymes in FIA

Hicks and Updike used a nonsegmented flowing stream with an
immobilized enzyme column prior to the development of the technique
called, "flow injection analysis". Glucose oxidase was immobilized in a
polyacrylamide gel and packed into a miniature chromatographic column.
Colorimetric (32) and electrochemical (33, 34) detection methods were
employed.

Cremonisi was the first to inject a sample into a nonsegmented
stream which flowed through an immobilized enzyme reactor. (35). Glucose
oxidase was peptide-bonded to CNBr—activated cellulose and packed into a
small HPIC-type column. Since then FIA has become increasingly popular
for use with immobilized enzymes. The references listed in Table 1 are
Just a few of the more recent examples. The works listed are mainly in
the area of sugars’ analysis since that is the thrust of the work
presented here. For a general overview of the use of immobilized

enzymes in FIA the reader may consult References 45 through 47.
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CHAPTER 3

THE GLUCOSE OXIDASE SBSR

As was reported previously (Chapter .2) there is a minimal amount
of dispersion associated with an SBSR made of nonporous glass beads;
this allows longer residence times which are desirable in enzyme
applications. Glucose oxidase was chosen as a model enzyme since it is
inexpensive, highly active, and easily obtained. The development of the
procedure used to immobilize this enzyme on nonporous glass beads is
described. The dimensions of the SBSR assembled with these beads are
given in Figure 2. In order to use an immobilized enzyme single bead
string reactor effectively one must first know its characteristics. In
some cases it is desirable to know the amount of enzyme actually
immobilized. A method for such a determination is presented. Since it
is desirable to work with a reactor that retains its activity for a long
period of time, the useful lifetime of the immobilized glucose oxidase
SBSR is discussed. One problem with many enzyme preparations j.s that
they sometimes contain small amounts of impurities which can be
immobilized along with the enzyme. These impurities sometimes affect
the apparent activity of the enzyme. The presence of catalase in
glucose oxidase preparations can be problematic in this respect.
Results of the investigation of catalase activity in the reactor are

presented. The specificity of the reactor is also examined.
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FIGURE 2 Single bead string reactor.
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Immobilization Procedure for Glucose Oxidase

Covalent attachment of enzymes to an inert matrix provides a
sturdy environment and yet allows the enzyme to be readily accessible
for reaction in continous flow reactors. Glass provides an ideal inert
support because of its low reactivity toward most compounds and
mechanical stability. Nonporous glass beads provide added surface area
without increased dispersion. For these reasons, covalent bonding of
glucose oxidase to nonporous glass beads was the method of choice for
the reactor to be incorporated into a flow injection system. Glucose
oxidase is commonly attached to glass by glutaraldehyde linkage. The
specific conditions for this type of immobilization as enumerated by
Thompson (43) were used initially. There are four steps in the
procedure: cleaning, whisker formation, silanization, and enzyme
attachment. The aim of this work was to minimize the amount of time
required to perform the immobilization and to establish a procedure that
gave reproducible results.

The conditions for a given step were varied while those for the
other three steps were held constant. In each case all four steps were
carried out on a 0.5 g sample of nonporous glass beads. After the
immobilization of the glucose oxidase the beads were put into Teflon
tubing (10 cm in length) and incorporated into the FIA system described
in Chapter 4. A calibration curve was obtained with glucose standards
in the 0 to 800 ppm range. The slope of the calibration curve was taken

as a measure of the activity of the enzyme on the beads.
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Cleaning Procedure

In order to immobilize an enzyme efficiently it is necessary to
eliminate any contaminants from the surface of the glass before the
procedure is begun. There are a variety of ways by which glass surfaces
can be cleaned. The most common chemical methods are by chromic acid,
hydrochloric or nitric acids, or alcoholic potassium hydroxide. Chromic
acid cleaning is a very harsh treatment that ensures the oxidation of
any carbonaceous material. Other acids are used to leach any heavy
metals from the surface of the glass. As shown in Table 2 the initial
procedure specified treatment of the glass beads with both chromic and
hydrochloric acids. It is known that in order for an acid treatment to
be effective it must be carried out at elevated temperatures (48).

The use of warm concentrated acids can be hazardous and is
therefore not a highly desirable method of treatment. Also, when the
beads were cleaned with chromic acid they darkened during the whisker
formation process. These two factors suggested that an alternative
cleaning process would be advantageous. Since the glass beads are not
extremely dirty it is not mandatory that chromic acid be used. As an
alternative cleaning solution, alcoholic KOH was chosen. The beads
obtained by cleaning with only the alcoholic KOH did not darken and were
found to have a level of activity similar to those treated with chromic
and hydrochloric acids. This would suggest that the beads do not have
an excess of heavy metals at the surface; these would require leaching

by HCl.
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Cleaning

Rinse

Dry
Whisker
Formation

Dry

Heat

Silanize

Decant

Heat
Glutaral-
dehyde
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Initial immobilization procedure.

TABLE 2

Reagent Time
Chromic Acid 15 min.
6 M HC1 10 min.
Distilled H20
Acetone
N2
5% (w/v) 1 hr.
NHe«F HF/MeOH
N2

3 hr.
2% (v/v) 30 min.
3-aminopropyl-
triethoxysilane/
acetone

24 hr.
1% solution in 30 min.
pH 8.0 buffer
5 mg/ml glucose 24 hr.

oxidase in

pH 6.85 buffer

Temperature (°C)
23
L]

"

”

23

450
23

23
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Whisker Formatiom

The best conditions for whisker formation were found by Onuska
(24) and were not altered. This step involves soaking the beads in
methanol saturated with ammonium hydrogen difluoride for an hour,
decanting the solution and drying the beads, followed by heating them in
a sealed glass tube at 450°C for three hours. The effectiveness of the
treatment with ammonium hydrogen difluoride was investigated. Three
experiments were conducted. The first involved treating the beads in
the specified manner. In the second the heating of the beads in a
closed tube was eliminated. The third experiment involved no treatment
with ammonium hydrogen difluoride.

It was expected that the beads from the first experiment would
have the highest activity. Since the second experiment was carried out
at room temperature it was expected at ﬁet that only a limited amount
of etching would take place; this was expected to result in only a small
increase in surface area and thus a small increase in enzyme activity
over that obtained from the beads in the third experiment. The activity
of the beads was found to vary as expected. The beads from the second
experiment exhibited only 58% of the activity of those from the first;
the beads from the third experiment had an activity that was only 49X of
that associated with those from the first. This indicates that indeed
the surface area is greatly increased by this treatment. It should be
noted, however, that the enhancement is not due to the formation of real
whiskers. Mottola has shown that the surface looks more like a series

of "volcanic crater erosions" (45). The same author points out that
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there is not a great advantage to be gained by roughening the surface of

the tube and immobilizing the enzyme on its surface as well.

Silanization

The silanization of the beads proved to be the most problematic
part of the immobilization procedure. It was found that heating the
beads with the 3-aminopropyltriethoxysilane in acetone caused the
coverage to be quite non-uniform. It was suspected that the rapid
evaporation of the solution was the reason for this. Therefore, it was
thought that an aqueous solution might give better results. The
silanization procedure specified by Mosbach (8) was tried. The
resulting beads had low activity.

A "trial and error" approach was used to arrive at a silanization
procedure which gave reproducible results. The concentration of the
solution, the temperature, and reaction time were varied. It was found
that a 1% (v/v) solution gave sufficient coverage without leaving an
excessive residue on the bottom of the beaker. By allowing the solution
to evaporate from the beads at room temperature in the fume hood more
uniform silane coverage was obtained. The temperature and reaction time
were decreased in order to prevent darkening of the beads (a sign of
silane decomposition). The time required for this part of the procedure
was significantly reduced from 24 hours to 15 hours.

Since the solution used to silanize the beads was made with
acetone it was assumed that washing the beads with acetone after the
treatment would be sufficient. However, the beads stuck to the bottom

of the beaker. One solution to this problem would be to use Teflon



21

beakers instead of glass. However, the more economical solution proved
to be the dropwise addition of distilled water (DW) to the acetone until
the beads were loosened. If too much water is added the beads float.
Thus, it can be concluded that this part of the procedure seems to be

much more of an "art" than a "science".
Glutaraldehyde Attachment

The glutaraldehyde was attached to the silane group as specified
in Table 2. A 1% (v/v) solution of glutaraldehyde in pH 8.0 phosphate
buffer was allowed to react with the silanized beads. This step was not
modified. However, it was observed that the beads become salmon colored
when this part of the procedure is successful. It was noted that the
time required for the color change to take place was in the range of

0.5-2 hours.
Enzyme Attachment and SBSR Comstruction

The covalent binding of the enzyme was carried out under the same
conditions as in the initial procedure (Table 2). A 5 mg ml-! solution
of glucose oxidase (E.C.1.1.3.4, Sigma Type II from Aspergillus niger,
specific activity approximately 17,800 U g! at 35°C) in phosphate
buffer was allowed to react with the glutaraldehyde treated beads for
24 hr. It is desirable to immobilize the enzyme in its most active
state. The use of a 0.05 M phosphate buffer, pH 6.85, facilitates this.
After this step was complete, a single bead string reactor was made by
placing a suitable portion of the beads in a length of Teflon tubing.

This task was most easily accomplished by crimping one end of the tubing
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and inserting it into the end of a syringe. The tube was then filled by
applying suction. The beads remaining were transferred to a glass vial.
In any case the beads were stored in 0.05 M phosphate buffer at 4°C.

The final immobilization procedure is summarized in Figure 3.
Alternate Method of Immobilization

While periodically retesting the SBSRs, a rapid decrease in
activity was observed during the first few days of use. This was
attributed to enzyme being adsorbed on the surface. One remedy for the
situation is to flush the SBSR with copious amounts of buffer prior to
use. An alternative is to prevent adsorption from occurring in the
first place. Therefore, the possibility of immobilizing glucose oxidase
by continuously circulating the enzyme solution was investigated. The
immobilization procedure was carried out in the usual manner up to the
point of the glutaraldehyde attachment. The beads were then put into a
suitable length of Teflon tubing which was connected to a pump tube. A
small two—channel peristaltic pump (Ismatec) circulated the enzyme
solution at the rate of 0.8 ml min-!. The resulting beads exhibited
very low activity compared to that of beads obtained by the usual
method. The trade-off of providing the beads with a continuous stream
of "fresh" solution versus the time needed for attachment at the surface
proved to be in favor of the latter. Perhaps a very low flow rate
(e.g., 0.05 ml min-!) would provide a suitable environment for the

immobilization.
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Determination of Amount Immobilized

The are two viewpoints concerning the amount of enzyme
immobilized. The first is the literal interpretation--what quantity of
enzyme is on each bead. The second is more pragmatic in nature—what
equivalent amount of enzyme must be used in solution in order to do the
same analysis. There are a number of ways to arrive at an answer for
the first case. One might choose to do a nitrogen analysis. This would
not guarantee an exact result unless the aminosilane content were
previously known (or determined). An alternative would be quantitation
of the protein present. However, the small amounts of other enzymes
present as impurities would result in a positive error. In either case,
the enzyme is destroyed in the process. Professor Mottola’s group at
Oklahoma State University has been working on a nondestructive solution
to this problem, but has only published‘ a method for the determination
of aldehyde groups on glass surfaces (49). It therefore seemed
appropriate to pursue another method of enzyme determination.

The method chosen was that of an assay by difference. A glucose
oxidase solution was prepared, half of which was used for the covalent
binding step in the immobilization procedure and the other half as a
control. After the enzyme was attached to the beads the reacted GO
solution was poured into a volumetric flask. The washings were combined
with this and the mixture was diluted to the mark with distilled water.
The final solution was used as the carrier solution in the FIA apparatus
with a plain SBSR in place of a GO SBSR. Dilutions of the control
solution were used in a similar manner to construct a calibration curve.

For each GO solution a 400 ppm glucose standard was injected and the
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absorbance measured. The absorbance of the reacted solution was located
on the calibration curve. After correcting for the dilution factors,
the amount of glucose oxidase immobilized per gram of beads was
determined to be 7.3 mg (approximately 1.4 yg mm-2).

From a more practical standpoint (the second viewpoint mentioned),
the activity of the GO on a 10-cm SBSR was found to be equivalent to a
solution containing 0.5 mg of enzyme per ml. Combining the results from
the two determinations, it would take less than two hours under
continous operation (a flow rate of 0.5 ml min-!) to use the entire
amount of glucose oxidase needed for the immobilization. These results
were based on the initial activity of the GO SBSR. In order to make a
more realistic comparison one must take into account the drop in
activity that occurs.

A typical scenario of the loss in activity is shown in Figure 4.
It can be seen that after about 150 days the activity of the stored
beads would match that of the beads which had been used for periodic
testing. The activity in this particular SBSR (one of the first
assembled for this research) dropped to approximately 56% of the
original. The GO SBSR used in the determination of the amount of enzyme
immobilized was found to retain 66% of its original activity after one
year (the immobilization method was improved). Thus, it can be
concluded that the glucose oxidase immobilized by the modified method
presented in Figure 3 has a very long useful lifetime. This evidence

substantiates the cost advantage of enzyme immobilization.
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Catalase Activity

In all immobilizations there is a risk of immobilizing impurities
which will interfere with the reaction of interest. Catalase is a major
problem in the case of glucose oxidase since it destroys the peroxide
formed. In order to get some idea of the extent of the catalase
activity in the GO SBSR, an experiment was carried out in which three
10-cm reactors were tested individually and then connected together to
make reactors 20 and 30-cm long. The expected absorbance was obtained
by adding the appropriate absorbances for the two- or three-unit
reactors used. As can be seen in Figure 5 there is a significant
difference between the expected values and those actually obtained. 1In
an effort to eliminate some of this effect the color-forming reagent
stream was placed before the glucose oxidase SBSR. A wider range of
linearity was found, but there was still a significant deviation from

the expected results.
Specificity of Immobilized Glucose Oxidase

Since the ultimate intended use for the GO SBSR is in the analysis
of real samples it was necessary to ensure that the reactor is specific
for glucose compared to other sugars. Nine nutritionally-significant
sugars were tested by preparing 3.3 mM standards of each and using them
in the place of g-D-glucose. The responses were then taken as a
percentage of that obtained for f-D-glucose. The results are compared
in Table 3 to those found in the literature (50). The experimental
values designated by a "-" indicate that the value obtained could not be

differentiated from the baseline. All values except that obtained for
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TABLE 3 Glucose oxidase activity toward other sugars.

Response Ratio

Sugar SBSR Literature
f£-D-glucose 1.00 1.00
«-D-glucose 0.89 0.0064
galactose - 0.0014
fructose - na
mannose 0.011 0.0098
2-deoxyglucose 0.18 0.25
maltose 0.015 0.0019
xylose 0.0062 0.0098
glucosamine - <0.0005
sucrose - na

"-" denotes no distinguishable response
"na" means not available
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a-D-glucose are as good as or better than those indicated in the
literature. The unusually high value for «D-glucose was a result of
phosphate catalysis of the mutarotation of this species. A more
detailed discussion of this is undertaken in Chapter 5.

In summary, an immobilization procedure for glucose oxidase has
been improved and characteristics of single bead string reactors made
from nonporous glass beads containing the enzyme have been established.
In the next chapter soie practical considerations concerning the use of

this reactor are discussed.



CHAPTER 4

OPTIMIZATION OF THE FIA SYSTEM

The glucose oxidase/Trinder reaction (51) is one of the most
commonly used methods for the colorimetric determination of glucose.
The reaction scheme originally proposed involves the reaction of glucose
and molecular oxygen in the presence of glucose oxidase (GO) to produce
hydrogen peroxide. The H202 then reacts with 4-aminoantipyrine (AAP)
(also known as 4-aminophenazone) and phenol in the presence of
peroxidase (PO) to produce a colored dye with an absorbance maximum at
505 nm. Trinder later found that when the phenol was replaced by
3,5-dichloro-2-hydroxyphenyl sulfonic acid (DCPS) the reaction was four
times more sensitive and the absorbance maximum shifted to 510 nm (52).
In this work the latter Trinder reaction was coupled with the GO
reaction as shown in Figure 6.

Other workers have immobilized glucose oxidase and used it in flow
injection analysis systems in conjunction with the Trinder reaction (45,
53, 54). However, this work is the first to be published (55) regarding
the optimization of such systems.

In this chapter the computer contrglled FIA system incorporating
the GO SBSR with the Trinder reaction is described. The salient
features of the instrumentation are enumerated. Three different

approaches toward improving system performance are discussed.

31
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Instrumentation

A diagram of the apparatus is shown in Figure 7. The temperature
of the solutions and the GO SBSR was controlled by a thermostatted
circulating water bath. The temperature of the reagents was controlled
by placing each solution in a jacketted beaker or flask. A jacket was
made for the GO SBSR. This consisted of a piece of glass tubing (that
fit snugly around the 10-cm length of Teflon tubing) fused into the open
ends of a small condenser.

The sample was injected via a pneumatically actuated 6-port sample
injection valve with a 30-ul sample loop (Rheodyne) into the carrier
stream which was pumped by a 12-channel peristaltic pump (Ismatec).
Flow rated pump tubing (Technicon) was used for delivery of the reagents
to the manifold. The sample first passed through the GO SBSR. It was
then joined at a tee by a solution containing PO, AAP, and DCPS. The
sample/reagent mixture then passed through an SBSR made with unmodified
glass beads (also referred to as a "plain" SBSR) in order to promote
mixing without added dispersion. After reaction the sample/reagent
mixture entered a miniaturized flow—-through filter colorimeter which was
designed by Patton et al (56) and assembled in our laboratory. Data
acquisition, sample injection, and pump speed were controlled by a

microcomputer as discussed below.

Choice of Fixed Parameters

Initially there were a number of parameters that, for convenience,
were fixed. These were: SBSR lengths, sample size, flow ratio of the

carrier (buffer) and reagent streams. As mentioned previously
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(Chapter 3) the effect of the catalase, as the GO SBSR is made longer,
invokes the "law of diminishing returns". Therefore, a 10-cm length was
chosen since its activity gave acceptable absorbance values. This also
minimized the back pressure which results when a packed reactor is used
in a flowing stream. A 40-cm SBSR consisting of unmodified glass beads
was used as the reaction manifold for the Trinder part of the reaction.
This length was necessary to allow sufficient time for reaction between
reagent addition and detection.

The placement of the PO reagent solution was also of interest.
Theoretically, it would be better to add this solution prior to the
glucose reaction so that any effect of catalase would be minimized. The
hydrogen peroxide would be immediately consumed by the color-forming
reaction and have less chance of coming into contact with catalase as
the reacting plug travels through the manifold. A comparison of the
calibration curves obtained with the reagent addition before and after
the GO SBSR revealed that there was no significant increase in slope or
linearity for a 10-cm length. The 20 and 30-cm lengths did exhibit a
significant increase in linearity. Thus the choice of a 10-cm length
was confirmed as the best one. The reagent solution could be added
after the glucose reaction without loss in sensitivity and without
risking contamination of the immobilized glucose oxidase.

A sample volume of 30 pyl was chosen to match the internal volume
of the glucose oxidase single bead string reactor. In order to
investigate the relationship of absorbance to sample size a 6-port
sample injection valve was connected in such a way that the sample size

was regulated by the amount of time the valve spent in the "inject"
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position. The injection time multiplied by the flow rate of the sample
stream was used to determine the sample volume. The sample injection
time was varied from 1 8 to 25 s in 1 s increments with a flow rate of
0.44 m]l min-!. The peak heights obtained are plotted in Figure 8 versus
sample volume. It is interesting to note that the relationship between
absorbance and peak height is linear from 7 ul to 81 ul. The greatest
sensitivity is attainable in this region and, thus, makes the 30-ul
sample volume desirable. Beyond that region the response increases by
successively smaller amounts and finally approaches the maximum amount
of glucose that can be converted-—approximately 74 ug (185 uyl of a
400 ppm standard). In previous experiments related to this project
(43), double peaks were obtained with volumes greater than 65 pl for a
20-cm GO SBSR through which the reagent stream was passed concurrently
with the sample. This resulted in an optimum sample volume of 45 ul.
No incidence of double peaks was observed for this system which
indicates that complete mixing occurs in the manifold.

The ratio of the flow rate of the carrier stream to that of the
reagent stream was adjusted by appropriate choices of pump tubing. A
range of ratios from 4:1 to 20:1 was investigated. The overall flow
rate was kept at 0.5 ml min-1. The resulting peaks are shown in
Figure 9. There was no sampling time advantage to be gained since the
baseline widths of all peaks are similar. The peaks obtained with the
two highest flow ratios showed some distortion. Therefore, a 10:1 ratio
was selected. This also helped minimize both the consumption of PO and

dilution of the sample.
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Temperature Calibration

Since it was necessary to control. the temperature of the FIA
manifold, a method had to be devised to monitor the temperature. The
temperature of the solution flowing through the GO SBSR was not the same
as that of the water bath. A high precision 30-kf thermistor was placed
in a thin piece of protective Teflon tubing which was subsequently
inserted into a glass tee (see Figure 10). The junction was sealed with
Teflon tape to minimize the dead volume and prevent leakage. This
temperature probe was calibrated by immersing it in a water bath at the
same level as a thermometer. The temperature of the bath was increased
in 2° or 3° increments and the resistance recorded after a stable value
was reached. The calibration curve is shown in Figure 11. The
relationship of resistance to temperature was fitted for 10° segments to
the Steinhart-Hart equation (T-! = A + BX(ln R) + C¥(ln R)3, taken from
Reference 57). The resulting coefficients are presented in Table 4.
The probe was then connected to the terminal end of the GO SBSR. Once
again the temperature of the bath was increased in small increments and
the resistance measured. After converting the resistance to
temperature, the following linear relationship between the temperature
at the end of the reactor and that of the water bath was found:
T=0.505 x Ts + 11.1, where T is the temperature at the GO SBSR and Ts

is that of the water bath.
Microcomputer Interface to FIA System

Originally an in-house designed (58) Intel 8088-based

microcomputer (also known as the "Bruce Bus") controlled the pump speed,
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TABLE 4 Coefficients of the Steinhart-Hart equation for different
flow rates.

Equation: T ! = A + B (InR) + C (1ln R)3

T = temperature R = resistance
Temperature Range ( °C) A B (o]
21-30 0.133 -0.0595 0.00279
31-40 0.0536 -0.0226 0.00159°
41-50 0.0358 -0.0145 0.00137

51-60 0.0100 0.00112 0.000527
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injection, and data acquisition. The software was written in FORTH
(Forth, Inc., Hermosa Beach, CA). Most of the "words" used in this work
were strings of "core words" which had been written or modified by Paul
Kraus. The final word, "PEAKS", combined injection timing, data
acquisition of 100 points over a specified period of time, automatic
storage of the data on a floppy, and repetition of the process for a
specified number of times. More extensive information on the
configuration of the microcomputer can be found in Reference 59.

In the 1latter phase of the project computer control was
relinquished to an IBM PC compatible microcomputer (Bentley-model T).
The machine was also Intel 8088-based. It was equipped with two floppy
drives, 512 Kb of memory, a color graphics board (IBM), and an RTI-815
interface board (Analog Devices). All routines were written with
QuickBASIC (Microsoft). The timing routines were written in assembly
and made use of the AM3513A counter/timer that was part of the interface
board. Control of the pneumatic actuator on the injection valve was
accomplished by connection to a digital output port on the interface
board. The data acquisition routines utilized direct memory access
(DMA). Plotting routines were developed for three different graphics
modes—-EGA, CGA, and HERCULES (the HERCULES drivers were provided by
Mark Victor, a graduate assistant in the Chemistry department). The
initial DMA and plotting routines written by Pete Wentzell, a graduate
assistant in the Chemistry department, were modified for this work.

The main program "FIADATA" is a menu-driven program. A number of
features were built into the program to make it flexible enough that

almost any flow injection analysis experiment could be carried out on
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the equipment presently available in the laboratory. One important
aspect in this regard is that either the sample output (% 10 V) or the
"log-ratio" output (¥ 1 V) from the colori:neter can be monitored. The
gain selection option on the interface board is controlled by the
software. The general characteristics of the program are: user—
selected experimental parameters, a flow reversals experiment option,
data acquisition from one or two channels at a rate selected by the
user, immediate data storage on a floppy, screen plots of the data, and
printouts of the file containing the data. This program was modified to
allow variation of the injection time; "FIAINJ" was the result.

The need also arose for the capability to plot (on the screen) or
print data from files previously stored on a floppy. "FIAPLOT"
incorporates a routine that will read the data regardless of its format.
The only stipulation is that the comments be prefaced with ";" and
confined to the beginning lines of the file. By calculating the number
of data points and the number of lines of data, the number of columns of
data is empirically determined. The user selects which columns of data
are to be used for the plot—one x and one or two y values. There is
also an option in the program that allows the user to print the data
file. Eventually, the three programs may be merged into one large
generic program that will do everything but turn the computer on for
you.

An interface box was constructed in order to facilitate easy
connection to the interface board. The mounts for 50-pin and 34-pin
connectors were soldered to the back side of a solderless breadboard.

The breadboard was then mounted into an aluminum box along with 6 BNC
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and 6 banana plug connectors. The appropriate size ribbon cables were
used to attach the box to the interface board. This arrangement
provides a versatile way of linking the computer to the analytical

system.

Data Acquisition

In either case each experiment involved injection followed by
monitoring the output voltage of the detector. Each data point shown in
the figures represents the average of the values obtained from 3-5
sequential injections. The baseline voltage was maintained at 5.0 V.
The detector voltage was converted to a digital signal by the
microcomputer’s 12-bit analog to digital converter (ADC). For the in-
house built microcomputer the ADC counts were stored in a file on a
floppy disk. The files were later transferred to a DEC LSI 11/23
minicomputer, and the ADC values converted to absorbance units after
first calculating transmittance values. The software for the PC
compatible computer was written such that the absorbance was calculated
immediately following the data acquisition period and stored on the
floppy. In both cases the resultant data file contained time,
absorbance pairs. Further data manipulation was usually carried out on

the LSI 11/23.

Improvement of System Performance

The complete FIA system, when first assembled, was functional but
it was felt that better sensitivity and sample throughput could be

achieved. As mentioned earlier three approaches were used. The first
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two gpproaches were focused mainly toward improving the semsitivity. In
essence the goal was to achieve the largest peak absorbance possible. A
third approach incorporated the achievement of higher sample throughput
as well. In the first and third cases an optimum set of operating
conditions was sought for six experimental variables; these were the
flow rate, temperature, pH, and the concentrations of PO, AAP,and DCPS.

All solutions were prepared using distilled water (DW) and
filtered as necessary. A peroxidase solution was prepared by dissolving
20.0 mg of Horseradish peroxidase (E.C.1.11.1.7, Sigma Type 1I, specific
activity approximately 200 U mg-! at 20°C) in 2.000 ml DW immediately
before use to avoid decomposition. The reagent solution consisted of
the desired volumes of PO solution, 10 sM 4-aminoantipyrine (Sigma), and
10 M 3,5-dichloro-2-hydroxyphenyl sulfonic acid (Sigma) mixed together
and then diluted with buffer to 10.00 ml in a volumetric flask. The
reagent solution was prepared immediately before use.

Glucose (Sigma) standards were made by diluting with buffer the
appropriate quantities of a 2 g (eD-glucose) 1-! stock solution that
contained 0.5 g 1-! benzoic acid as a preservative (the stock solution
was stored at 4°C). This stock solution was prepared at least 24 hours
in advance so that mutarotation equilibrium was reached. Unless
otherwise noted, a 400 ppm (2.2 =mM) standard was used. The
concentrations of PO, AAP, and DCPS were 0.8 mg ml-!, 1 mM, and 1 =M,
respectively, unless otherwise stated.

Phosphate buffer (0.05 M), pH 6.85, was used in the univariate and
delay flow experiments. Universal buffer (60) was used in the simplex

experiments. Alternative buffers tested in the univariate experiments
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were Tris and Borax. The recipes for all but the Universal buffer can
be found in the Chemical Rubber Co. Handbook. All experiments were
carried out at room temperature (22°C) except, of course, those in which

the temperature was varied.
Univariate Experiments

The most common method of optimizing analytical systems is the
univariate approach. In this, one parameter is varied while all others
are held constant. The six variables mentioned previously were studied
by this method.

The flow rate was the first parameter investigated. As can be
seen in Figure 12 there is a marked decrease as the flow rate is
increased. The flow rate (FR) is related to the pump speed (PS) by the
following equation: FR = 0.0141%PS + 0.00167. A rate of 0.5 ml min-!
was chosen for subsequent experiments. This gave an absorbance that was
large enough to give very reproducible results yet small enough that
values obtained with more concentrated samples would not be beyond the
range of detection. This also allowed an acceptable sampling rate of one
per minute.

The effect of the concentrations of the two color-forming reagents
was explored. In the initial study the DCPS concentration was fixed at
1 =M while the concentration of the AAP was varied from 0.1 mM to 2.0
mM. The AAP/DCPS ratio that gave the best results was 1:2. This was
found to be the case for pH values between 6.0 and 8.6 as evidenced in
Figure 13. From the reaction stoichiometry one would assume that the

ratio ought to be 1:1. This caused suspicion as to whether or not the
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dye was really formed by the binding of one AAP molecule to one DCPS
molecule.

The possibility was entertained that the initial compound formed
might be 1:1 with later addition of another DCPS. Inspection of the
proposed dye compound structure would suggest that this is not highly
likely since the addition of another DCPS would be sterically hindered.
To rule out this possibility the diode array detection system developed
by Mark Victor (61) was connected in place of the colorimeter. Spectra
were acquired every second as the reacted sample plug passed through the
flow cell. It was assumed that a change in the structure of the complex
(formation of more double bonds) would cause a shift in the absorbance
maximum. The ends of the plug, where the greatest amount of reaction
occurs, seemed the most likely place for this effect to present itself.
However, as shown in Figure 14, there was no detectable shift in the
absorbance maximum over the entire plug.

Next, a continuous variations experiment seemed in order. The
combined concentration of the two reagents was kept at 2.0 mM. Ratios
of 2:1 through 1:6 (AAP:DCPS) were investigated. The highest absorbance
was obtained for the 1:4 ratio. This ratio is very different from the
one obtained earlier, but the AAP concentration is similar (i.e., 0.4 sM
compared to 0.5 mM). Since the aninoantyipyrine is considered the two—
electron donor for the peroxidase (62), its concentration should be the
critical factor. This is corroborated in these studies. The results
also imply that for a reagent solution 0.4 mM in AAP the DCPS

concentration must be at least 1.0 mM. From these experiments it is
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also apparent that there would be no great advantage in increasing the
total concentration of the reagents.

The peroxidase concentration was varied from 0.05 mg ml-! to
1.0 mg ml-1. An 800 ppm standard was used so that the results would
reflect the maximum amount of PO necessary for the range of standards
normally used for calibration. A plateau region emerged as the
concentration approached 0.8 mg ml-! (see Figure 15). At this point a
small variation in the PO concentration would not drastically affect the
absorbance obtained. Since such small amounts of peroxidase are used on
a daily basis it is desirable to operate in that region.

The investigation of the effect of pH was twofold. First, the
type of buffer had to be determined. The four types of buffer listed
above were each made to be pH 8.00, since that is in the working range
of each. The experiment was conducted in the usual ‘ fashion. The
phosphate and Universal buffers gave equal absorbar~= values while the
Tris and Borax buffers proved to be less than i. Because the
Universal buffer has such a wide working range (pH 5.00-10.00) it was
used for the second part of the study. The pH was varied from 5.00 to
10.00 in 0.50 increments. The results shown in Figure 16 indicate a pH
optimum at 7.50. For the purpose of comparing this optimum to that
obtained with other buffers, another set of experiments was carried out
in which phosphate and Borax buffers were used to cover the range of
pH 6 to pH 10. The maximum response was obtained at pH 7 (see
Figure 17). It can be concluded from this study that the glucose
oxidase/Trinder reaction is quite sensitive not only to the pH of the

buffer but to the type of buffer used as well. The optimum values
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obtained here are slightly higher than the pH optimum for glucose
oxidase in solution (63). This will be discussed below.

The final variable examined was the temperature of the GO SBSR.
It should be noted here that the temperature of the color-forming
reaction was varied over the same range as that used for the glucose
oxidase reaction and no significant improvement was attained. This
demonstrates that the reaction is fast compared to the time required for
the reacted sample to traverse the manifold. Since it is well known
that enzymes are prone to denaturation above 37°C the operational
temperature range was from room temperature (21°-22°C) to a few degrees
beyond this upper limit. The bath temperature was adjusted and the
components were allowed to come to thermal equilibrium before the sample
was injected. The response obtained increased with temperature as
illustrated by the plot in Figure 18. Between 31°C and 38°C a plateau
region exists, where the response is at its maximum value. Beyond 38°C
the response decreases rather rapidly because of enzyme denaturation.

A complete set of univariate experiments would have involved going
back to each variable systematically in order to determine a true set of
optimum conditions. If such an approach were used to evaluate the
optimum to within 20% in each of seven dimensions (an additional
variable is created when the pH of the carrier stream is separated from
that of the reagent stream), for this FIA system a total of 175
experiments would have been required. Since a great amount of time was
expended in this small set of experiments, an alternative to this method

was sought.
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Delay Flow Experiments

This second approach focused solely on increasing the absorbance
obtained with a 400 ppm standard. Based on the results of the
univariate experiments a standard set of conditions was defined:
0.5 ml min-!, 22°C, pH 6.85, 1 mM AAP, 1 mM DCPS, and 0.8 mg ml-! PO.
By integrating the FIA peak it was found that the total absorbance
obtained corresponded to conversion of 7.3% of the total amount of
glucose in the sample. It was therefore suspected that significant
increases could be attained by stopping the flow after the entire sample
plug occupied the GO SBSR. It was thought that a delay time would allow
as much reaction to occur as possible before the flow was resumed.

A preliminary study was used to determine the time at which the
pump was to be stopped. The sample was injected and the pump was
stopped at various times, while the delay time was kept constant at
10 s. Then the pump was restarted. The greatest response was obtained
when the pump was stopped after 10 s.

The stop time was then set at 10 s and the delay time varied.
Data acquisition times were adjusted to ensure complete recording of the
signal. Figure 19 shows that the maximum response can be obtained when
the flow is delayed for 10 s. The decrease in absorbance for longer
delay times is probably due to the destruction of hydrogen peroxide; as
the sample is in the reactor for a longer period of time there is a
greater probability that the peroxide will come into contact with
catalase and, thus, be reduced. This method only served to increase the

sensitivity of the system and actually decreased the possibility of

B TR TN il
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greater sample throughput. Therefore, an alternate method of

optimization was sought.
Simplex Optimization

The underlying assumption in a set of univariate experiments is
that there is no interaction between variables. If there is indeed some
interaction a false set of optimm conditions may be found.
Alternatively, a pattern search could have been used to determine the
response surface for the seven variables investigated here. Under these
conditions 78,125 experiments would have been required. A better
alternative than these methods has been shown to be a simplex
optimization (64), which allows simultaneous variation of all
parameters.

The simplex method is widely applied and accepted in analytical
chemistry (65). A simple two dimensional surface, as pictured in
Figure 20, can be used to illustrate the principles employed. The x and
y axes represent the two parameters to be varied and each coﬁcentric
circle represents combinations of those two which give the same
response. This surface can be thought of as a topographical map; as the
circles get smaller the response increases in magnitude. The simplex is
generated initially by choosing a set of experimental conditions which
are known to be suboptimal. After the response from that experiment is
obtained another set of conditions is specified. This process is
repeated until the geometric shape made of n+l vertices is obtained,
where n is the number of parameters. In the two—parameter case, three

experiments are required and the simplex takes the shape of a triangle.
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The response at each vertex is ranked based on its magnitude—the
largest is taken as best, the next largest as next best, etc. In the
triangular case, the point that gives the worst response (point 1 in the
figure) is reflected an equal distance through the line between the
other two points (points 2 & 3). A new set of conditions is specified,
the response obtained, and the responses are again ranked. In this
example, the response surface is shown so that the movement of the
simplex can be understood. Normally, the response surface is unknown
and becomes defined by the movement of the simplex. As the optimum set
of conditions is reached the simplex may begin to oscillate. Such
behavior can be thwarted by reflecting the next best point rather than
the worst.

The history of the simplex methodology (adapted from Reference 66)
is summarized in Figure 21. Since the pioneering work of Morgan and
Deming (67), many modifications have been suggested which attempt to
improve upon the speed and reliability of the method. These have been
reviewed elsewhere (68). For this work, the method chosen was the
Composite Modified Simplex (69). This method has additional features
such as expansion when the optimum is far away and smaller movements
when the optimum is near. The composite modified simplex program
(OPTIMA-—written in BASICA) was provided by Betteridge and Wade (70).
Simplex optimization was previously attempted on the original Trinder
reaction in a static system (71), however, no optimum was found.

It has been shown that a judicious choice of a response function
can expedite the optimization process (72). Such a response function

allows a number of FIA parameters to be optimized simultaneously, and

.



1068

1968

1069

1971

1972

1973

1974

1978

1079

1080

1984

63

8M
SPENOLEY, MEXT & HIMSWORTH
(REFLECTION, NEXT TO WORST
REJECTION, Ko l.ut.!)

NELOER & MEAD

(EXPANSION, CONTRACTION, NO NEXT
TO WORST REJECTION OR Ke) RULE,
MASSIVE CONTRACTION)

MASSIVE CONTRACTON

(REPLACE
WITH TRANSLATION)

s HIMMEL BLAY
(TREATMENT OF
BOUNDARIES)

KING, DEMING & MORCAN
(REINTRODUCE NEXT T0
WORST REJECTION)

{TREATMENT OF BOUNDARIES
COMBINED SIMPLEX WITH
PATTERN SEARCH)

== YARSRO & DEMING
(LARGE INITIAL SIMPLEX)

UMEDA & ICHIXAWA
(WEIGHTED CENTROID)

anDEMING & MORGAN
(REINTRODUCE Kot RULE)

—
M83

!
ROUTH, SWARTZ & DENTON

GORMAN & MINMAN
(MULTIPOLYMEDRA
METHOOS)

80X

(COMPLEX METHOD)
(TREATMENT OF
BSOUNDARIES)

(CHANGE SIZE OF REOULAR
SIMPLEX, USE wiTH
FACTORIAL OESIGNS)

P
(SUPER-MOOIFIED SIMPLEX,
SOUNDARY FIT, POLINORMAL FIT)

ABERG & GUSTAVSSON
ICOMPARE € WITN R)

FIGURE 21

RYAN, BARR & TOOD
(CONTROLLED WEIGHTED
CENTROID METHOO)
(ORTHOGONAL JUMP

WEIGHTED CENTROIO METHOD)
BETTERIDOE & WADE

(COMPOSITE MOOWMED
SIMPLEX METHOD)

VAN DER WIEL
(ESTIMATED R)
(CAUSSIAN PIT)
(WEIGHTED CENTROIO)

VAN DER WIEL

L

SABATE & TOMAS
(ITERATIVE EXPANSION:

History of simplex optimization.



64

takes the form of a mathematical equation that combines two or more
sy:.tel parameters (peak height, cost, throughput, etc.) in an
appropriately weighted fashion.

The response function chosen was based on three considerations.
First, the activity of the enzymes involved changes over long periods of
time; second, the achievement of a sampling rate of at least 60 hr-?!
was desired; finally, the sampling rate factor should contribute no more

than 30% to the overall response. The function chosen was:

80 s Aexp
Time Corrected Absorbance Ratio = X
60 s + tp Abase
where Aexp = Absorbance at peak maximum for a set of experimental

conditions, Avase = Absorbance at peak maximum for the baseline set of
conditions, and tp = time (sec) after injection at which the peak
maximum occured.

The initial simplex was obtained by entering the information
listed in Table 5 into the composite modified simplex program. The
simplex program was run on an IBM PC compatible microcomputer (PC
Designs) while data were acquired with the Bruce Bus microcomputer.
From the univariate experiments that were done prior to this
optimization, acceptable ranges for each of the parameters were
identified. The settings listed under "Reverse" are those which gave
low absorbance values and those under "Forward" gave high absorbance
values.

Some other considerations played a role in this decision making
process as well. The minimum pump setting (flow rate) indicates that a

minimum sampling rate of 24 per hour was required. The bath temperature
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TABLE 5 Range and precision of variables for simplex optimization.
Experimental Foward Reverse
Variable Boundary Boundary Precision
Pump Setting 99 20 1
Bath Temperature (°C) 21.0 51.4 0.2
(POD] (mg ml-1) 0.05 1.0 0.02
[AAP] (mM) 0.1 2.5 0.01
[(DCPS] (mM) 0.1 2.5 0.01
pH Carrier, Sample 10.00 5.00 0.02
pH Reagent 10.00 5.00 0.02



66

was bounded at the low end by room temperature and at the high end by
37°C—the maximum temperature shown to be advisable for use with this
enzyme. The high end of the PO concentration was set at 0.8 mg ml-!
since it was desirable to limit the cost of the experiments and this
concentration was in the plateau region described previously. The upper
limit for the AAP and DCPS concentrations was such that if both were
used in their highest concentrations the reagent solution composition
would be no more than 25% (v/v) in each. The pH of the carrier and
sample was made independent of that of the reagent since it was unknown
whether the two reactions would have different optimal pH values. The
range for each was selected on the basis that the working range of the
Universal buffer is between pH 5.00 and pH 10.00.

The initial (baseline) conditions listed in Table 6 were known to
be suboptimal, but exhibited acceptable reproducibility (1% RSD). It
was found that a 400 ppm glucose standard, when used with a new GO SBSR,
gave a maximum absorbance value that was in the middle of the detectable
range and was, therefore, suitable for use in the optimization.

Since there were seven variables, eight experiments were needed to
form the initial simplex. These were performed and the results entered.
The first point of the simplex was the response obtained from the
baseline experiment with the initial conditions. Thereafter, each time
the simplex program specified a set of experimental conditions, this
experiment was performed and the time-corrected absorbance ratio was
calculated and entered. 1In reality two experiments were done in order
to obtain the response for one set of conditions: one at the specified

conditions and the other at the baseline conditions.
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The simplex rapidly improved the response at first. This was
followed by a more gradual increase and then a plateau region as
diplayed in Figure 22. This same pattern has been observed and
explained elsewhere (73). After twenty-seven experiments, the data
suggested that a "false maximum" had been found in experiment nine. To
check this, that particular experiment was repeated and was found to be
in error. The simplex was restarted with the original values for the
first eight experiments and the new value for the ninth. After the
thirtieth experiment with the new simplex it was intuitively felt that
the rate of improvement might be enhanced by use of a simplex that was
larger in the dimensions of temperature and PO concentration. Further
optimization was carried out using the current simplex points, but
replacing two of those experiments with two experin?nts at higher
temperatures and/or POD concentrations.

The optimization process was terminated when an optimum set of
conditions was deemed to have been reached. Since the composite
modified simplex method is a search procedure in which contraction
around a maximum will take place, it is likely that there will exist
several sets of conditions in the final data set that are near a true
surface maximum. By taking the average of the values for each of the
parameters for the experimental conditions that gave the six largest
time corrected absorbance ratios (i.e., those yielding a response that
was 75% or more of the largest value found), a rough measure of the
width of the optimum in each dimension was possible. These results are

given in Table 6.
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The values for the response function obtained for each of the
seventy experiments are plotted against each of the seven variables
individually. The diagrams in Figure 21'3 show the results. These
diagrems should not be viewed as univariate experiments, l;ecause they
represent experiments in which all variables are changed. For this
reason, they are often called "scatter diagrams"”. From the conditions
giving best responses and the trends in the scatter diagrams several
observations can be made.

The pH of the carrier and sample showed a maximum around pH 7
(Figure 23a). This result agreed quite well with previous univariate
experiments. The discrepancy between the optimum for the immobilized
species and that for the soluble species may have been due to the
difference between the pH of the bulk solution and that seen by the
enzyme. Since the flow ratio of the carrier to the reagent stream was
10:1, it is suspected that the carrier pH would predominate and could
therefore be reasonably compared to the one pH used in the univariate
experiments. The optimum reagent solution pH (Figure 23b) w§s also
found to be higher than that considered optimum for PO in solution (74),
however, it is known that that the optimm is dependent upon the
particular substrate and type of buffer used (75). The dilution factor
may also have played a role in this. Some of the mystery concerning the
real value of the pH in the manifold could be cleared in the future by
inserting a micro—electrode at various points in the stream.

By inspection of the plot for the variation of flow rate
(Figure 23c), a maximum response is obtained at 0.56 ml min-!. This

trend is not like the steadily decreasing response found in the
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univariate experiments. The nature of the response function accounts
for t;his since a time factor was included.

The behavior of the response as a function of temperature
(Figure 23d) did not differ markedly from what was expected and was very
similar to the univariate results; there was a steady rise followed by a
plateau region. A rise in temperature would be expected to increase the
rate of the reaction. Modelling studies have suggested that it may also
decrease the dispersion (73) thus giving higher peak heights (this issue
is addressed in Chapter 6). There was no evidence of major interaction
between temperature and other variables in the system.

In this case also the effect of changing the concentrations of the
DCPS (Figure 23e) and AAP (Figure 23f) was significant. The results
showed that the optimum ratio of the two was approximately 3:1. Once
again the optimum AAP concentration was found to be between 0.4 mM and
0.5 mM and the DCPS concentration was slightly greater than 1.0 mM. The
PO concentration was also found to enhance the response (Figure 23g) in
a manner similar to that found in the univariate case, and exhibited a
typical Michaelis-Menten shaped curve.

The performance of the system (as measured by the magnitude of the
response function) was improved by a factor of 22.5 (over the initial
conditions). A calibration curve obtained at the optimum conditions was
linear from 0.1 to 3.3 mM glucose and usable from 0.1 to 5.5 mM glucose
with the reagent concentrations specified. A comparison of the
calibration curve obtained with the simplex optimum conditions is
compared to that obtained with the univariate optimum conditions in

Figure 24. The slope for the simplex case is higher, but the linear
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range for the univariate case is larger. It becomes a trade—off between
the capacity to determine the concentration with high precision and the
alternative capacity to analyze semples that have a wide range of
concentrations. For the analysis of food samples the latter choice is
appropriate. The former choice would be appropriate for clinical

determinations where a narrow range of glucose concentrations is found.



CHAPTER 5

EXTENSIONS OF THE GLUCOSE OXIDASE FIA SYSTEM

After having gained a considerable a;ount of knowledge concerning
the optimum conditions under which immobilized glucose oxidase could be
used most efficiently, several possibilities for the extension of that
knowledge were explored. Originally, it was hoped that the system could
be miniaturized to allow greater versatility in field applications. 1In
an effort toward that end, a microconduit was designed and tested. A
second area of interest was the interference of ascorbic acid in the
glucose oxidase/Trinder reaction. The problem was found to be
nontrivial. Finally, the feasibility of using the glucose oxidase
reactor for the analysis of samples containing sugar mixtures was
investigated. An interesting offshoot of that venture resulted in the
use of the reactor for monitoring the mutarotation of D-glucose in
phosphate solutions. A return to the main event resulted in the
assembly of a parallel system for the simultaneous determination of
glucose and galactose. Each of these extensions is discussed in detail

in the paragraphs that follow.
Design and Testing of the Microconduit Glucose Oxidase SBSR

In 1984, when this work was begun, the premier article on the
construction and use of microconduits in flow injection analysis had
Jjust been published (29). Since determinations with enzymes are used
routinely in various fields, it was felt that such a miniature system

would be of great utility. A microconduit was created in the original
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work by engraving a "snake like" channel onto a small block of PVC (70 x
45 x 10 mm) which was then covered with a transparent plate and sealed
in place with a pressure sensitive polymeric glue. In the work by
Ruzicka and Hansen the microchannel was a semicircular cross-section
with a typical area of 0.8 mm2. Flow cells were constructed within the
block so as to make a self-contained unit that only had to be attached
to the detector via a fiber optic at one end and to the pump at the
other. More recently, there was a report of the construction of a
versatile injection valve within the block (76).

A sketch of the microconduit designed for this work is shown in
Figure 25. The shape of the channel was designed such that two
identical plates could be used. The cross—-section of the channel on
each PVC plate was semicircular. By inverting and rotating one plate on
top of the other a circular cross-section (with an area of 0.8 mm?) was
obtained. Thus the channel created was similar to that found in a 1-mm
i.d. tube. The creation of a channel with such a small radius (0.5 mm)
is not easily accomplished with ordinary tools. In this case a very
smooth, uniform channel was obtained by use of a Computer Numeric
Controlled milling machine (manufactured by Charnoa). The machine was
programmed and operated by the workers at Mattson Tool & Die, Inc.
(Belmont, MI). The length of the channel is approximately 10 cm.

Two stainless steel plates were also machined and used to sandwich
the two PVC plates together. By tightening the screws at each corner
enough pressure could be applied to effectively seal the reactor; this
eliminated the need for any type of glue. Each metal plate had the

center cut out to facilitate connection of the ends of the channel to
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FIGURE 25 Side (a) and top (b) views of a
microconduit SBSR.
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external tubing. Holes were drilled perpendicular to the channel at
each of its ends to accomodate short lengths of Teflon tubing which were
used for the connection. Provided that the external surfaces are also
very smooth and flat another set of plates could be stacked atop the
first set without the need for any connecting tubing between the two
sets. By increasing the length of the screws used to connect the two
outer metal plates numerous reactors could be stacked together.

The microchannel reactor was packed with nonporous glass beads
containing immobilized glucose oxidase. This novel single bead string
reactor was used in place of the usual 10-cm GO SBSR and a calibration
curve obtained. The operating conditions were the standard set adopted
earlier (Chapter 4). The curve was linear to 800 ppm glucose and had a
slope similar to that found for a 10—-cm SBSR made from 1Ehe same beads.
These results make the future very bright for immobilized enzyme
microconduits.

Although the size of the channel employed here is not really
considered to be at the "micro" level by this author, it is identical to
channel sizes in other microconduits (29). The use of a 0.5 mm i.d.
cross section would fit the description more appropriately. Such

miniaturization has not yet come to fruition.
Ascorbic Acid Interference Study

Ascorbic acid is known to interfere with the peroxidase catalyzed
reaction. The nature of the interference is that the ascorbate acts as
an alternate oxygen acceptor for the peroxide attached to the

enzyme (77). In the case of the Trinder reaction, the sulfonate group
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normally performs this function as it is eliminated from the DCPS. The
premature abstraction of oxygen from the hydrogen peroxide may force the
3,5-dichloro-2-hydroxyphenyl sulfonic acid to obtain oxygen by another
pathway or not at all. A recent report by Thompson (78) provides
evidence that the former is the case. Other workers have also reported
negative errors in the Trinder reaction due to ascorbate (71). It was
therefore assumed that an investigation of the effect of ascorbate would
be routine. That proved not to be the case.

In studies of the effect of ascorbate, the same PO reagent
concentrations were used as in the delay flow experiments. A stock
solution of ascorbic acid (Sigma) was prepared fresh daily by
transferring 176.1 mg to a 1 liter volumetric flask and diluting to the
mark with distilled water. Ascorbate standards were prepared by
appropriate dilution of the stock solution. When not in use this stock
solution was stored in the dark since it is light sensitive. Glucose
standards were made from the stock solution described previously
(Chapter 4). Six glucose standards in the range of 0 mM to 5.5 sM were
used. A complete set of experiments was carried out using five sets of
standards which were spiked with 0, 20, 40, 60, and 80 yM ascorbic acid,
respectively. All standards were prepared with 0.05 M phosphate buffer.

In thé first round of experiments an increase in peak height was
concurrent with an increase in ascorbate concentration. The slope of
the calibration curve decreased slightly while the intercept increased.
The second round of experiments gave decreasing peak heights with
increasing ascorbate concentration and the calibration curves became

nonlinear. The only difference between the two rounds was that Bri j-35
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(a wetting agent) was added to the buffer that was used in the second
round. A third round of experiments was carried out with buffer that
did not contain Brij-35. Once again the 'intercept of ‘the calibration
curve increased in direct proportion to the concentration of ascorbate
present. The slopes, intercepts, and correlation coefficients for the
first and third experiments are given in Table 7 . These data suggest
that the addition of the wetting agent has an adverse affect on the
Trinder reaction. Brij-35 is a 30% aqueous solution of
polyoxyethylene(23)lauryl sulfate. It appears that this inert
surfactant has some effect on the reaction.

In order to investigate the effect of the further, a standard
containing 2.2 mM glucose and 50 yM ascorbate was prepared. Injections
from the solution were made at five minute intervals. The initial
absorbance was lower than that obtained with a non-spiked glucose
standard. However, the absorbance of the spiked standard gradually
increased in each subsequent injection. Since the standard was shaken
vigorously in order to obtain complete mixing the ascorbic acid iay have
depleted some of the oxygen in the solution, and limited the amount
available for the glucose oxidase reaction. Since the container was
left open to the air, some of the oxygen in the solution may have been
gradually replenished.

The increase in the y-intercept merits some discussion. This
trend suggests that a chromophore of some type is formed when only
ascorbic acid is present. It may be that the ascorbate binds directly
to the peroxidase, thus creating a complex that absorbs at 510 nm. The

other possibility is that the ascorbate in some way facilitates the
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TABLE 7 Effect of ascorbic acid in experiments
without Brij-35.

EBxpt. [Ascorbate] slope corr,
‘No_.. (M) x10¢ x103 intercept coef .
1 0 4.31 0.78 0.99997
20 4.26 6.1 0.99999
40 4.25 13.0 0.99999
60 4.08 27.8 0.9998
3 0 6.11 -5.7 0.9991
20 6.08 8.4 0.998
40 6.19 23.1 0.9996
60 6.24 40.2 0.9996

80 6.15 57.2 0.9995
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coupljng of the AAP to DCPS. By using the diode array detection system
one could look at the spectrum of the flowing stream just prior to and
while the ssmple plug containing ascorbic acid passes through the flow
cell. A decrease at any of the wavelengths associated with PO
absorbance combined with an increase at 510 mm in the absence of
peroxide would confirm the formation of an ascorbate-PO complex. A
second set of spectra could be taken with a reagent stream consisting of
only AAP and DCPS to ascertain whether or not there is any direct
interaction between the ascorbate and the two color-forming reagents.
The effect of ascorbic acid on the Trinder reaction has proved to
be a nontrivial matter. Since this FIA system could be used ultimately
to determine the sugar content in food this interference is important.
Further investigation should yield concrete solutions to the problems
identified in this work. Because this was a substantial deviation from
the main goals of this project it was decided to leave this

investigation for the future.
Kipetic Study of D-Glucose Mutarotation

The major use of immobilized enzyme systems has been for the
determination of specific substrates in various types of samples (1ll).
Chibata (7) gives an excellent review of other ways in which immobilized
enzymes can be used (e.g. structural analysis of biopolymers and the
elucidation of enzyme mechanisms). A novel way of implementing the
immobilized enzyme reactor is by using it to follow the kinetics of a
batch reaction which produces a substrate for which the enzyme is

specific.
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Previously described kinetic studies by FIA are predominantly
those of reactions that occur in the manifold. In one method the flow
is stopped and the absorbance of a species monitored as it reacts within
the flow cell (19). In another, the sample plug circulates continuously
in a loop that contains the detector (79). Painton and Mottola recently
showed that the rate constant for a reaction in a single sample plug can
be determined by comparison of the signal profile with those from
numerical simulations (80). FIA has only recently been used to study
the kinetics of relatively slow batch reactions (81-83). This is
accomplished by injecting a sample from the solution in the batch
reactor onto the FIA manifold at prescribed time intervals. The
previously discussed FIA system containing a GO SBSR was employed. to
study the mutarotation of D-glucose.

This reaction is well-characterized (84, 85) and therefore can be
easily used as a model since the kinetic parameters are well known. The
reaction (see Figure 26) proceeds by a first order reversible process
until equilibrium is reached. The integrated form of the rate equation

for this process is:

(B = fea)
-ln ————————— = (k1 + k2)t
(fo ~ feq)
where f, f+, and fe.q are the concentrations of the g anomer initially,
at time t, and at equilibrium, respectively. The term, ki + k2, is
known as the mutarotation coefficient. It is more common to use the

optical rotation of the solution in place of the concentration of the @

anomer (86). However, since glucose oxidase is specific for the §
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anomer of D-glucose the absorbance from the product of the Trinder
reaction can be used.

A set of experiments was designéd in which the apparatus
(described in Chapter 4) was used to follow the mutarotation kinetics of
D-glucose in the presence of various concentrations of phosphate. The
mutarotation process was also followed for D-glucose in the presence of
D-galactose. Since D-galactose also mutarotates, the conventional
method for this type of study (polarimetry) would be more complex than
the method described here.

A 0.2 M phosphate buffer stock solution was prepared by adding
13.609 g of KH2POs (Mallinckrodt) and 14.196 g of NazHPO4 (Fisher
Scientific Co.) to a 1 liter flask and diluting to the mark with DW.
Additional buffer solutions were made by dilution of the stock solution.
In each case the pH was adjusted to 6.84 by addition of 0.2 M NaOH (made
with pellets from E.M. Science).

The reagent solution for the Trinder reaction was prepared in a
volumetric flask immediately before use. It was composed of 0.8 ‘ng ml-1
PO, 1 sM AAP and 1 nM DCPS, diluted to the mark with 0.05 M phosphate
buffer.

Glucose solutions were prepared at the time of use by measuring
15.0 mg of the appropriate anomer into a 25.0 ml volumetric flask and
diluting to the mark with the appropriate solution. For the experiments
in which galactose was also in solution, 15.0 mg of D-galactose was
added to the 15.0 mg of glucose before transfer to the volumetric flask.

The overall flow rate was increased to 1 ml min-!. Four different

phosphate concentrations were used: 0.00, 0.05, 0.10, and 0.20 M. Only
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the 0.05 M phosphate buffer was used in the case where galactose was
added. The mutarotation process was followed in both the forward and
reverse directions, starting with the pure a« and £ forms, respectively.
For each anomer in each concentration of phosphate, the following
experiment was repeated 2-4 times. The anomer was transferred to the
volumetric flask and the clock was started. The sample was diluted as
described above and allowed to dissolve completely. The tube leading to
the sample injection valve was inserted into the flask and the pump
started. After 90 s the solution had had sufficient time to occupy the
sample loop and the first injection was made. Subsequent injections
were 60 s apart. Each injection was followed by monitoring the output
voltage from the detector.

Mutarotation coefficients were obtained by means of a simplex
fitting routine which was based on the method of Nelder and Mead (87)
and written by Pete Wentzell. It was necessary to provide the program
with an equation describing the relationship of the x and y values to
the constants that result from the fit. The following model was used to

find the best values of the three parameters—(fo-feq, kitkz, and feq):

Faic = feq+(fo—feq)¥EXP(-t*(k1+kz2))
This is simply a different version of the previous equation in which all
of the £ values represent peak absorbance rather than concentration of
the £ anomer. The calculated B value, falc, was obtained during the
fit. All points were weighted equally. Initial values of the three
parameters were supplied by the user. In the case of the « anomer, f&
was assumed to be zero. For the g anomer, £ could not be measured

directly, and therefore the peak absorbance vs. time data were
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extra_polated back to t = 0. Initial feq values were calculated from the
average of the last two peak absorbance values, except in the case of
the water solution. It is known from polarimetric measurements (86)
that at room temperature 64X of the D-glucose is in the £ form at
equilibrium and thus fq for the water solution was estimated by
appropriate multiplication of the f value. Initial estimates of ki+kz
were obtained by calculating the initial slope of the curve for each set
of data points.

The initial simplex consisted of four vertices and was calculated
from initial estimates and an appropriately chosen step size for each of
the three parameters. At each vertex the following procedure was
performed. For each value of t in the data set a value of fkaic was
computed. The squares of the differences between this value and the
experimentally obtained value (£) were summed for all values of t using
the function: R=32 (f-faic)2. The magnitude of this sum of the
squares of the residuals, R, was a measure of how closely the current
estimates for the three parameters matched the experimental behavior.
The simplex moved through successive iterations as it tried to minimize
R (i.e., to obtain the closest match possible). Convergence was assumed
when the sum of the squares of the residuals did not decrease after

further iterations.
Determination of Mutarotation Coefficients

Convergence of the simplex was usually obtained in less than 100
iterations and was not more than 140 in any instance. Complete

separation of f and feq values in the equation used for the fitting
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procedure was investigated. This did not decrease the number of
iterations necessary nor did it improve the final R value obtained. The
experimental points (shown in Figure 27) are connected by the
corresponding fitted curves. The fitted curves show good agreement with
the experimental data. The standard error of the estimate was less than
10X and the between run deviation was at most 5X. The mutarotation
coefficients obtained with « and £ anomers in various phosphate
concentrations are listed in Table 8.

The generally accepted value for the mutarotation coefficient of
D-glucose in water at 20°C is 0.015 min-! (50, 88). The value of
0.018 min-! at 21°C obtained here is in good agreement with the
literature value. The small deviation can be accounted for by the

slight temperature difference and the standard error of the measurement.
Effect of Phosphate Concentration

It is well known that phosphate ion catalyzes the mutarotation of
D-glucose (84). Preliminary experiments indicated that the phosphate
concentration had no affect on the GO/Trinder reaction for an
equilibrium mixture of « and g-D-glucose. Therefore, the increase in
exponential character of the curves (Figure 27) is attributed to the
catalytic effect of the phosphate ion on the batch reaction alone. The
results, shown in Table 8, indicate the mutarotation coefficient to be
linear with phosphate concentration. This same trend was observed in
the polarimetric studies of Murschhauser (89). The slopes, intercepts,
and correlation coefficients are given in Table 8. The mutarotation

coefficient obtained when the D-glucose 1is initially in the «
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Effect of phosphate concentration on rate
of D-glucose mutarotation. Lines
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TABLE 8

Phosphate Buffer
Concentration (M)

90

Mutarotation coefficients for D-glucose at 21°C.

Coefficient x 103(s-!)

only « initially

only # initially

0.00 0.3 0.3
0.05 1.9 1.5
0.10 3.3 2.6
0.20 6.9 5.0
slope (M~1s-1) 0.033 0.024
intercept (s-1) 0.00016 0.00027
correlation coeff. 0.998 0.999
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conformation is larger than that for the g conformation by approximately
30%x. The values for the y-intercepts in the equations relating
phosphate concentration to the mutarotation coefficient indicate that
the coefficient in water ought to be 0.009-0.018 min-!, which compares

favorably with literature values.

Rffect of Galactose

Since the apparatus employed here could be used to investigate the
mutarotation of D-glucose in the presence of other sugars and
mutarotase, it was desirable to demonstrate the selectivity of the GO
reactor. The main interference envisioned was that of galactose since
its mutarotation is catalyzed at a rate similar to that for glucose.
The mutarotation coefficients for D-glucose in the presence of an equal
amount of galactose were found to be 1.9 x 103 s~! and 1.7 x 10-3 s~
for the « and £ forms, respectively. These values agree with those
obtained for the solutions containing glucose alone, and thus
demonstrate the selectivity of the glucose oxidase reactor. This
further substantiates the claims of specificity made in Chapter 3.

Since the enzyme is specific for a single sugar, this method
facilitates the study of the mutarotation process for that sugar in a
matrix of other optically active species (e.g., a mixture of sugars
several of which mutarotate). The mutarotation of some sugars is
complex since, when in solution, furanose as well as pyranose structures
are present (84). It may be possible to investigate separately the slow
reactions of the pyranose form of other sugars with an apparatus similar

to that described here.
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Parallel Determination of Sugars

Galactose oxidase was chosen as a complementary enzyme to glucose
oxidase. The interest in the determination of galactose arises from
both the nutritional aspect as well as the clinical standpoint. It is
considered one of the six nutritionally-significant sugars (90). The
reaction of galactose with galactose oxidase also produces hydrogen
peroxide. From the clinical standpoint the condition of galactosemia
sometimes found in infants causes elevated levels of galactose in the
urine. The conventional method of diagnosis is based on a negative
glucose test and a positive test for reducing substances, followed by
identification of the reducing substances (91). This procedure could be
greatly simplified by determining the galactose level directly. Since
galactose oxidase is more expensive than glucose oxidase, immobilization

of the enzyme was thought to be cost effective.
The Galactose Oxidase SBSR

The procedure used to immobilize glucose oxidase was also used for
galactose oxidase. The critical parameters of pH and enzyme
concentration were pondered. Assay procedures employing galactose
oxidase specify a pH between 6 and 7 (92, 93). This would suggest that
the enzyme is most active in that pH range. Therefore, since it is
desirable to immobilize the enzyme in its most active state the same
phosphate buffer was used. The concentration of the enzyme solution was
determined by calculating the amount of enzyme necessary to give an
equivalent number of Units of activity as that obtained for glucose

‘oxidase. The appropriate portion of galactose oxidase (E.C.1.1.3.9,
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Sigma Type V from Dactylium dendroides, specific activity approximately
70 U mg~! at 25°C) was diluted with 5 ml of phosphate buffer. This
solution was used in the place of the glucose oxidase solution in the
immobilization procedure. Other workers have immobilized galactose
oxidase on porous glass (94, 95), but this is the first time nonporous
glass beads have been used.

The nonporous glass beads containing the enzyme were put into a
50-cm piece of Teflon tubing since it was suspected that the activity
would be less than that available from the GO SBSR. A galactose stock
solution was prepared by transferring 200 mg to a 100 ml volumetric
flask and dilutin to the mark with DW. Galactose standards were
prepared from the stock by appropriate dilution with phosphate buffer.
Although the actual absorbance values obtained were much less than those

for GO, the calibration curve was linear from 0.13 to 3.3; mM galactose.
Immobilized Galactose Oxidase Specificity

The galactose (GA) SBSR was tested for specificity against the
other five nutritionally-important sugars: maltose, lactose, glucose,
sucrose, and fructose. Standard solutions (3.3 mM) of each sugar were
prepared by transferring the appropriate amount of powder to a
volumetric flask and diluting to the mark with phosphate buffer. The
results are given in Table 9 as a percentage of the response obtained
with galactose. An interesting phenomenon occured with the sucrose and
maltose samples: negative peaks were produced. This was probably not a
result of a reaction, but rather a change in refractive index which

caused an apparent decrease in absorbance. Significant absorbances were
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TABLE 9 Galactose oxidase activity toward other sugars.
Sugar Ratio
galactose 1.00
glucose 0.12
fructose -
sucrose =
lactose 0.28
maltose -

"-" indicates no detectable response
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obtained with glucose and lactose. This may be the result of a slight
glucose oxidase impurity in the enzyme preparation. The relatively high
response to lactose was expected. Other workers have used GA reactors
for the determination of lactose in the absence of galactose in
substances such as milk (94, 95). Lundback (95) devised a procedure by
which the enzyme is further purified prior to the immobilization
procedure. This could be implemented in the future to obtain greater
activity per gram of beads.

Galactose oxidase requires more care than glucose oxidase. It is
recommended that the immobilized version be stored in a copper
sulfate/EDTA/Tris buffer solution in order to maintain the activity of
the enzyme (95). The copper(III) in the enzyme changes to copper(I) as
it catalyzes the reaction. Via a side reaction it sometimes reaches an
inactive state (copper(II)) which can be restored by use of
hexacyanoferrate. For future experiments these procedures should become
routine. Consideration must also be given to inactivation of the enzyme

by high galactose concentrations.
Design of the Parallel FIA System

The FIA system was modified to accomodate the two immobilized
enzyme SBSRs. The sample size was increased to approximately 70 uyl and
a tee placed immediately after the injection valve. The GO SBSR was
connected to one arm of the tee and the GA SBSR to the other. In order
to accomplish even splitting of the stream, a 40-cm plain SBSR was added
between the tee and the GO SBSR. This compensated for the pressure drop

associated with the 50-cm GA SBSR. Pump tubing and speed were adjusted
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so that the overall flow rate was maintained at 0.5 ml min-! and a flow
ratio of 10:1 preserved. The manifolds were identical following each
immobilized enzyme reactor-—-the same as that used for one reactor. The
parallel system is shown in Figure 28.

Alizarin red (0.00025 M) was injected into a stream of 0.05 M
phosphate buffer to determine the actual percentage of sample going to
each side. Plain SBSRs of the same dimensions replaced the respective
enzyme SBSRs. Each peak obtained was integrated and the area taken as
representative of the total amount of sample reaching that reactor. The

GA SBSR was recipient of 50.6X of the injected sample.
Analysis of Real Samples

Two sets of calibration standards were prepared from stock
solutions of glucose and galactose. One set contained glucose and the
other set contained galactose. The range of standards was 0.0 to
5.5 M. The calibration curve for glucose was linear from 0.1 mM to
5.5 sM. The linear range for galactose was from 0.1 mM to 3.3 mM. The
glucose oxidase did exhibit a small, but perceptible response to the
galactose standards. As mentioned earlier, there was also a small
response to glucose by the galactose oxidase. As a preliminary check on
the system’s ability to perform accurate determinations of glucose and
galactose simultaneously, a mixture containing known amounts of the two
sugars was prepared. The amounts determined were found to be within 10%
of known values.

A few real samples were analyzed with this system. The peaks

obtained are shown in Figure 29. Pepsi was found to have 4.92% glucose
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and no galactose. This result agrees well with the value (4.95%)
determined by a different method (42) and the nominal value reported in
that same work (4.3%). Sunglo fruit punch was found to contain 3.48%
glucose and no galactose. Reconstituted serum samples (SeraChem by
Fisher) were also tested. The first peak was obtained from a 1:5
dilution of the serum with DW. The glucose concentration was found to
be 77 mg dl-!, compared to 78 * 10 mg dl-! given in the manufacturer’s
data sheet. The initial negative peak obtained from the glucose oxidase
reactor was probably due the difference in viscosity between the carrier
and the sample. This effect has been observed by other workers (96).

To correct for the baseline interference in the GO reactor the
serum sample was deproteinized. To 1.0 ml of serum in a centrifuge tube
was added consecutively 1.5 ml Ba(OH)2 solution (20 g 1-!) and 1.4 ml
ZnSO¢ solution (20 g 1-1). After the solution was thoroughly mixed, it
was centrifuged for three minutes. The supernatant was used directly
for the determination and found to contain 74 mg dl-! glucose. In
addition to the good agreement with the published value, the FIA profile
was much improved. The presence of protein did not affect the
determination (i.e., the two values were equivalent within the
experimental precision of this system——an RSD of 5% for three replicate
determinations); this substantiates an earlier report (71). The
activities of the reactors were not adversely affected by reaction with
a sample containing protein—the slopes of the calibration curves
remained constant.

The large response of the galactose oxidase reactor to the serum

sample was beyond the range of the calibration curve. The data sheet
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did not list any substances which might have caused such a high
response. Each successive injection yielded an increased response.
This indicates that some type of activation was taking place and
provides solid evidence that further precautions need to be taken when
working with this enzyme.

From these results it can be concluded that parallel determination
of sugars is quite feasible. A major improvement in the system
performance could be attained with a sample selector. This would allow

the individual optimization of each channel.



CHAPTER 6

THE EFFECT OF TEMPERATURE ON DISPERSION

Considerable attention has been given to the study of dispersion
in flow injection analysis (19, 73, 97-101). Flow injection brought to
analytical chemistry a concept that was entirely new, that of
"manipulated dispersion” (102). Prior to this, complete mixing of
sample and reagent solutions was considered a prerequisite for
performing a chemical analysis. In most cases it is desirable to
control dispersion rather than minimize it, since some amount of
dispersion is usually required to facilitate a chemical reaction, dilute
the sample, or produce a gradient. Sample throughput may be dispersion-
limited for systems that merely transport a sample, and in these minimum
dispersion is advantageous.

In an attempt to quantify dispersion a numerical technique was
used to solve the diffusion-convection equation (97). Elsewhere, Reijn
et al indicated the additive dispersive effects of the processes of
injection, transport, and detection (98). Other workers have studied
the various aspects of system design and experimental parameters which
affect these. Ruzicka and Hansen recognized the importance of
dispersion when they included sample volume, tube length, flow rate, and
the presence of a mixing chamber into seven rules for developing FIA
systems (19). Vanderslice et al (99) indicated that the diffusion
coefficient and tube radius play a role in dispersion. A further
dispersive effect during the transport process has been attributed to

chemical reaction (19, 31, 73, 103). Painton and Mottola (104) also

101
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point out that the usefulness of the "practical dispersion number" can
be invalidated or obscured when chemical reactions take place. The
natﬁre of the reaction manifold used (straight tubes, coiled tubes,
single bead string reactors, etc.) has been shown to be a key factor
(105). Dispersion introduced during detection was recently partially
attributed to the flow cell configuration (106). A recent article by
Stone and Tyson (107) provides a model for the dispersion process that
takes into account the flow rate, tube length, tube inner diameter, and
method of injection. The complex interactions of all these factors in
the ever widening range of flow injection analyses are still not well
characterized. It is obvious that deeper theoretical and practical
studies of the processes that cause a sample plug to become dispersed as
it travels through a flow injection analyzer are necessary (102).

In all of the discussion concerning various sources of dispersion
there has been 1little mention of the effect of temperature. A
hypothesis can be made regarding the relation ship of dispersion and
temperature from the equation derived by Ruzicka and Hansen that
describes the relationship of dispersion, D, to various experimental

parameters. It is as follows:

Vr LQ\X%
D = ¥ r2
Sv 12 Da

where Vr is reactor volume, Sv is sample volume, L is tube length, Q is

flow rate, and r is tube radius. The molecular diffusion coefficient,
Dan, is proportional to temperature. This implies that dispersion is

inversely proportional to temperature.



103

~ No experimental studies have been published until now (108) that
substantiate this hypothesis, although the case for such is strong in
light of the circumstantial evidence available. For example, (i) in FIA
viscometric studies temperature control was necessary to obtain the
required reproducibility of peak height measurements (103); (ii)
simulation studies indicated that an increase in temperature (and the
resultant decrease in viscosity) would promote radial mixing, decrease
longitudinal dispersion and increase peak height (73, 106); (iii) peak
shapes changed as the temperature of one flow injection system was
increased (109). The reaction kinetics which take place in flow
injection analyzers are often favored by higher temperatures. For slow
reactions this can be used to achieve greater sensitivity or decreased
time per analysis, since the "optimum" experimental conditions will
change.

An investigation was launched in an effort to validate the
aforementioned hypothesis. Four types of reactions were studied in
order to ascertain the effect of temperature on the on the FIA peak
profile. The first type involved the injection of a dye into a non-
reactive carrier stream. The results from this are compared to those
obtained for a fast t;eaction, that of p-nitrophenol with sodium
hydroxide. The complexation reaction of nickel and PAR
(4-(2-pyridylazo)resorcinol) was used for the investigation of a
moderate speed reaction. The same apparatus configuration was used for
all three reactions and is therefore described first. And last, but
certainly not least, the effect of temperature on the glucose

oxidase/Trinder reaction was used as a model of a slow reaction.
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The Apparatus for Cases 1 through 3

The FIA system for this set of experiments was assembled from the
basic components described earlier (Chapter 4) and is shown in
Figure 30. The manifold in this case was very simple. The sample was
injected into a carrier stream which flowed through 1 m of coiled 0.8 mm
i.d. microline tubing (2.0 cm coil diameter) to the detector.

The sample container, reagent container, and manifold coil were
immersed in a water bath. This consisted of a large pyrex
recrystallization dish filled with water and placed on a hotplate which
had an adjustable heating control. A thermometer was immersed in the
water at the level of the coil and containers.

Accurate compensation for the slight heat loss that occurred as
the solutions travelled from the thermostatted vessels to the detector
flow cell was attained by measuring the temperature of the stream as it
entered the flow cell. The precision 30-kQ thermistor was used as
described earlier (Chapter 4) to obtain temperature calibration curves
at various flow rates. Distilled water was pumped through the system
for this process. Table 10 shows the slope, intercept and correlation
coefficient for the linear relationships between bath temperature (Tv)
and manifold temperature (Ta) at each flow rate.

Data acquisition was accomplished with the Bruce Bus
microcomputer. A data set was obtained from five replicate injections
for each 5° increment of temperature. The files for each of the
replicates were then transferred to the DEC LSI 11/23 minicomputer where
the counts were converted to absorbance units and plots of each peak

were obtained with the aid of a two pen plotter. A baseline correction
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TABLE 10 Temperature correction equations for various
flow rates.

Flow Rate
(ml min-1)

0.56
1.20
1.88
1.00

Equation:

0.947
0.952
0.860
0.650

Tn

.17
.02

.46

axTp + b

Correlation
Coefficient

0.9999
0.9999
0.9997
0.9999
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for each plot was obtained by measuring the height of each peak by hand.
For convenience, the FWHM (full width at half the maximum height) was
also measured by hand. A program written in FORTRAN was used to obtain
the area of each peak by integration with Simpson’s rule. In each case

the average of the five replicates was taken as the "true" value.

Case 1: No Reaction

A solution of alizarin red (0.00048 M) was prepared on the day of
use by adding 33.1 mg of the powder to a 200 ml volumetric flask and
diluting to the mark with 0.05 M phosphate buffer. The solution was
stirred until dissolution was complete.

The dispersion characteristics of the single line manifold were
investigated for a temperature range of 20-70°C at flow rates of 0.56,
1.20, and 1.88 ml min-!. Before injection, the sample solution, carrier
solution, and reaction manifold were allowed to come to temperature
equilibrium with the water bath. A 30-yl sample of alizarin red
solution (0.00048 M) was injected into a stream of phosphate buffer
(0.05 M) which flowed through the coiled manifold. The absorbance of
the stream was monitored at 510 nm.

In an additional set of experiments, the peak height for the
undiluted dye, Hmax, was measured. The same procedure was used as
above, except that the sample ’injection’ was a continuous stream of the
dye, rather than a finite plug.

The effect of temperature on dispersion for the system without
reaction is shown in Figure 31. The dispersion values were calculated

by dividing Hsax by H. For each of the flow rates studied, the same
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trend was seen; increased temperature resulted in decreased dispersion.
Since no change in the total amount of dye present was expected, it was
initially concluded that the change in dispersion was due to
temperature. Over the temperature range of 26°C to 70°C, for the flow
rates of 0.56, 1.2 and 1.88 ml min-!, the dispersion, D, decreased by
24.5, 21.1 and 21.1%X respectively.

To ensure that no change in total absorbance occurred as the dye
travelled through the manifold, the effect of temperature on peak area
was investigated. The horizontal lines obtained (Figure 32a) indicated
that, indeed, the peak areas did not change with temperature. The
"areas" shown for the three different flow rates indicate that the
integration of peak height was originally carried out over time, not
volume. When these areas were multiplied by the appropriate flow rates
they became equal within the limits of experimental error.

Figure 32c shows that the peak height increased with increased
temperature and decreased flow rates. The experimental flow rate
dependence has been reported elsewhere (109) and is in accordance with
trends predicted by theory (19, 73, 106).

Figure 32e shows that the peaks became narrower as the temperature
increased. Also, the steepness of the initial slope decreased as the
flow rate increased. This was thought to be due to action of the flow
rate and temperature upon the dispersion process. Theoretical
predictions and interpretations given elsewhere (73, 106) indicate that
decreased longitudinal dispersion may be directly attributed to an

increase in radial mixing.
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Case 2: Fast Reaction

A p-nitrophenol stock solution (0.91 M) was prepared by adding
0.6958 g p—nitrophenol to a 500 ml volumetric flask and diluting to the
mark with DW. The solution was stirred until dissolution was complete
and then transferred to an amber bottle and stored at 4°C. On the day
of use a 0.0002M solution of p-nitrophenol was made by appropriate
dilution of stock solution with DW. A sodium hydroxide stock solution
(0.2 M) was prepared by diluting 12 ml of 50 X (w/v) aqueous sodium
hydroxide to 1 liter with DW. The other desired sodium hydroxide
solutions were made by subsequent dilutions of the stock solution with
DW. The sodium hydroxide solutions were then standafdized by titration
against anhydrous potassium hydrogen phthalate with phenolphthalein as
the indicator (110).

Since the interaction of p—nitropﬁenol with NaOH is a simple acid-
base reaction, it was assumed to be fast. Prior to the FIA experiments
a stopped-flow experiment was carried out to confirm this. A
p-nitrophenol solution (0.0008 M) was instantaeously mixed with NaOH
solution (0.01 M). The data acquisition rate was set at 1 ms-! (the
fastest available on the custom built apparatus (111, 112)). A nonzero
absorbance in the range expected for the completed reaction was observed
immediately—no change was observed for a period of 100 ms. This showed
that the reaction rate is very rapid compared to the time that would be
required for the sample to travel through the FIA manifold.

The experimental parameters employed in this set of experiments
were the same as those for Case 1. A 30-ul sample of p-nitrophenol

solution (0.0002 M) was injected into a stream of sodium hydroxide
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(0.01 M) which flowed through the coiled manifold. The absorbance of
the stream was monitored at 420 mm.

The slight positive slope below 50°C for the areas of the
p—nitrophenol curves (Figure 32b) indicated that the peak areas (and
hence, total absorbance of product) were increased by temperature. It
was thought that this effect might be due to a shift in the chemical
equilibrium, rather than a reaction rate or mixing phenomenon.
Therefore, static experiments were carried out to see if product
absorbance increased with temperature, irrespective of any sample
dispersion effect. Since the sample would see a range of hydroxide
concentrations in the flow injection system, a range of hydroxide
concentrations was used in these confirmatory experiments. Three
premixed solutions containing 0.0002 M p-nitrophenol and, respectively,
0.005 M, 0.01 M, and 0.05 M sodium hydroxide were used. These solutions
were passed sequentially through the FIA apparatus without injection.
The absorbance was monitored at 420 nm relative to DW over the same
temperature range as above, except that 15°C temperature increments were
used. No change in absorbance with temperature was observed. Thus, the
change in peak area observed could not have been due to a shift in
equilibrium and another avenue of investigation was pursued.

The reaction of p-nitrophenol with sodium hydroxide is very fast
compared to the time the sample takes to traverse the manifold
(milliseconds compared to seconds). Thus, the most likely cause of the
observed effect was one of temperature on the sample dispersion, i.e.,
in this flow injection system, at temperatures below 50°C, insufficient

mixing occurred to facilitate complete reaction. This was corroborated
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by cglculation of the number of tanks, N, for this system. Here N was
approximately 5 for all three flow rates. This low value indicated
incomplete mixing. An additional set of experiments was carried out
with a 3.0 m coil in place of the 1.0 m coil. It was found that under
these conditions the peak area did not increase with temperature. Thus,
incomplete mixing was confirmed as the cause of the artifact in the
original data set.

The effect of temperature on peak height for the reaction
(Figure 32d) was similar to that observed in the system without
reaction. An exception was noted for the 1.20 ml min-! flow rate; the
peak height was lower than expected for temperatures below 40°C. This
deviation could not be attributed to experimental error, and does not
lend itself to an easy explanation. The trends for the values of the
FWHM (Figure 32f) were the same as those in Case 1.

A typical set of peaks obtained at different temperatures for this
fast reaction is displayed in Figure 33. It is of interest to note that
there is an increasing amount of noise in the baseline as the
temperature increases. This could have a significant effect on the
limit of detection at high temperatures. The nature of this artifact

would make an interesting topic for future investigation.
Case 3: Moderate Reaction

A nickel(II) stock solution (10-2 M) was prepared by measuring
0.2908 g Ni(NO3)z 6H20 into a 100 ml volumetric flask and diluting to
the mark with DW. A stock solution of PAR was prepared by transferring

25.5 mg to a 100 ml volumetric flask followed by dilution to the mark
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with DW. The nickel and PAR reagent solutions were made on the day of
use and were 2 x 10-5 M and 10-¢ M, respectively. Since the complex is
1:2 a 1 to 5 reagent concentration ratio was deemed sufficient. Since
the complexation reaction is pH-sensitive, a 0.05 M phosphate buffer was
used to make the solutions used for the experiment. The pH of this
buffer (6.85) is well within the pH range over which complexation takes
place, and chosen to be less than pH 8 so that no precipitation would
occur.

As in the case for the fast reaction, a stopped-flow experiment
was carried out to determine the length of time required for the
reaction to reach completion. The reagent solutions were prepared as
indicated above. A data acquisition rate of one point per 800 ms was
used to obtain the reaction curve shown in Figure 34. The nonzero
absorbance present at the initiation of the run was due to the
background absorbance of PAR at 510 mm. The progress of the reaction
approaches a plateau region after 80 s. This information was utilized
in the choice of coil length used in the study.

The apparatus as described earlier was modified slightly for the
nickel/PAR experiments. The jacketed reagent vessels connected to the
thermostatted water bath (previously used in the enzyme studies)
replaced the make-shift water bath on the hotplate. The reaction coil
was immersed in a 250-ml jacketed flask (also connected to the water
bath) filled with water. As before, compensation was made for the loss
in heat by calibration with the precision thermistor. The flow rate of
the carrier stream (PAR reagent solution) was 1 ml min-1!. Nickel

reagent solution (30 ul) was injected into the carrier stream, passed
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through the reaction coil to the detector where the absorbance was
monitored at 510 mm. Two different lengths of reaction coils were used.
A 1.0-m coil was selected based on the fact that it would provide a
reaction time (30 s) which was much less than that required for the
reaction to reach completion. A 3.0-m coil was chosen to provide a
reaction time (90 s) longer than that required for the complete
reaction.

The effect of temperature on the peak area for the two different
coil lengths is depicted in Figure 35a. The trend for the shorter coil
is as expected; as the temperature is increased there is a rapid
increase in total absorbance created by an increased amount of reaction.
The data points obtained with the longer coil do not exhibit the ideal
straight-line behavior seen in the previous case studies, but the trend
is similar. The scatter of the points was probably a result of
integrating a noisier than normal signal.

Inspection of the effect of temperature on peak height
(Figure 35b) reveals an increase for both reaction times. The increase
with temperature is much more marked for the shorter reaction time.
This is reasonable since the dispersion of the sample plug undergoing a
shorter reaction time is affected both physically and chemically. 1In
the longer coil the effect of chemical reaction on plug dispersion
becomes a constant and the physical process predominates.

The random walk theory for FIA shows that an increase in
temperature increases the physical process of radial diffusion and
therefore enhances mixing. On a short time scale more complete reaction

is predicted (73, 106). The nickel/PAR experiments lend credence to
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these predictions. The chemical enhancement observed here may be due to
better mixing or an actual increase in the reaction rate, or to a
combination of these effects.

The theory also predicts that a temperature-induced reaction rate
enhancement will affect slower reactions more noticeably. The last case
presented was undertaken in an effort to substantiate this. An enzyme
system provides a classic example for temperature-induced rate effects
since a very small change in temperature can bring about a large change
in reaction rate. The rapid increase in product absorbance with

increased temperature noted earlier (Chapter 4) illustrates this effect.
Case 4: Slow Reaction

The FIA system for the glucose oxidase/Trinder reaction was used
as described earlier (Chapter 4). The operating cond.itiona were the
standard set specified by the univariate experiments. Peroxide
standards were prepared by appropriate dilution of 30% hydrogen
peroxide. The stock solution was titrated with standardized thiosulfate
on the day of use (110). Two calibration curves—one for peroxide, the
other for glucose—were prepared in order to determine the peroxide
concentration that would give an absorbance equivalent to that obtain
with a 300 ppm glucose standard.

Data were taken at four different temperatures between 20°C and
40°C. Two glucose standards and their equivalent peroxide standards
were used. The peak heights obtained at each temperature are plotted
versus temperature in Figure 36b. The values obtained for the peroxide

standards at room temperature are a bit higher than those for the
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glucose standards due to a slight mismatch of concentrations. This
results in a crossover at the second temperature. A relatively small
increase in absorbance takes place when pei‘oxide is used compared to the
large increase for the glucose standards. The effect of temperature on
the peroxide part of the reaction is due to the physical factor and
possibly the reaction as well. By integration of the peaks, the cause
of the increase in peak height can be ascertained.

If it is the case that only the physical factor predominates, then
one would expect to see a horizontal line as in Cases 2 and 3. If the
chemical reaction is also responsible, an increase in peak area would be
expected. The plot of peak area versus temperature (Figure 36a)
suggests that the latter is the case, but only to a very small extent.
This was expected since earlier results indicated that the peroxidase
reaction is not drastically affected by changes in temperature. The
temperature effect on the peak area for the glucose standards is much
more severe. This is corroborated by the knowledge that the glucose
oxidase reaction is slower than the peroxidase reaction. |

The percent increase in response for each glucose standard over
that obtained for the respective peroxide standard was calculated. The
values can be found in Table 1ll. The percentage increase is linearly
related to the temperature. This relationship could be used to
"correct" for temperature the response obtained from the enzyme FIA
system. In a "field" situation this would be a very useful technique
since the temperature may vary by a few degrees over a short period of
time. As illustrated here, that small temperature variation could

result in a rather large measurement error.
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TABLE 11 Temperature effect on glucose oxidase/
Trinder reaction.

Glucose X incr. in peak area
Standard Temperature due to Reaction
1.65 aM 27.0°C 35

32.1 54

37.0 72
3.3 oM 27.0 28

32.1 43

37.0 61
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In summary, this experimental study shows that sample dispersion
in flow injection analyzers decreases with increasing temperature and
substantiates the theoretical predictions of Betteridge et al (73, 106).
This effect is especially important when high precision results are
required as, for example, in viscometry. Since the magnitude of the
effect can readily be quantified, the experimentalist is in a better
position to decide whether rigorous temperature control is necessary for
a particular flow injection analysis application.

For well-characterized reactions it may be possible to "correct" a
system for temperature changes as demonstrated in Case 4. Improved
repeatability without temperature control could be obtained.
Temperature sensitive devices could be incorporated into FIA manifolds
routinely. Results which are independent of temperature could then be
obtained by applying an appropriate multiplier to the peak height
obtained, or by carrying out some transform on the peak shape. Such an
approach could be of considerable utility for process control since a
wider range of temperature conditions is more prevalent there than in
the laboratory. One specific case in which this might be a useful
technique is in food process control where an automated immobilized

enzyme FIA system is used on-line.



CHAPTER 7

DEVELOPMENT OF A FLOW REVERSALS/MERGING ZONES FIA SYSTEM

It has been shown by Wade et al (113) that the effective length of
the FIA manifold can be extended by reversing the flow direction of the
stream after its first pass through the detector. Several reversals
allow multidetection to be accomplished by this technique with only one
detector. The FIA profile is different after each reversal. The peak
shape becomes more Gaussian and the width at the base increases as the
sample plug is allowed more time to disperse. In the case where a
reaction occurs between the injected sample and the carrier stream, an
increased amount of product (for moderate or slow reactions) would be
detected after each reversal. The situation would become more
complicated if the product were degraded in a period of time that
corresponded to the timescale of the reversals. This is a rather simple
example in which a single concentration gradient is present.

In order to exploit the use of flow reversals fully, a more
complex case was considered. A complexation reaction which is sensitive
to pH was selected. By overlapping a concentration gradient with a pH
gradient, and then allowing the extent of overlap to increase with time,
a two dimensional chemical surface is generated. It was thought that
with a flow reversal experiment this surface could be mapped using the
information obtained from a single injection. Computer simulation

studies (114) indicated that this is a real possibility.
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The FIA Flow Reversals System

The goal of this project was to assemble a semi-automated flow
injection analysis system which could be used to obtain this two
dimensional information for the complexation of metals with PAR. This
task was performed under the supervision of Adrian Wade, a postdoctoral
research associate in the Chemistry department. The FIA apparatus was
put together as shown in Figure 37. The same pump, light source, and
detector were used as in the studies presented in the previous chapters.
The two sample injection valves, V1 and V2, were manually operated six-
port sample injection valves with 70—yl sample loops (Rheodyne). The
computer—controlled pneumatic actuator was attached to a third six-port
valve, V3. The connections on this were rearranged so that the flow
could be reversed by changing the position of the valve from "fill" to
"inject” and vice versa. The sample passed through a detector into a
5-m holding coil. A slider valve (Alltech), V4, was used during the
reversal to bring a second 5-m holding coil into line. The coils were
0.8 mm i.d. Microline tubing. Most of the connections were made with
HPLC type threaded fittings joined with 0.8 mm i.d. Teflon tubing.

To ensure precise simultaneous injection of the two sample plugs,
Sl and S2, the pump was stopped, the valves switched to the "inject"
position, and the pump restarted. The two plugs were then merged at a
tee to create the overlap. This technique is commonly known as "merging
zones" (19). Asymmetric overlap was obtained by insertion of a short
piece of tubing, Cl, into one arm of the tee as shown in the figure.
The two merged gradients were then joined with the reagent stream, R, at

another tee. The flow of the stream was reversed by changing the
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position of V3. The holding coil was simultaneously brought into line
by manually switching the position of V4; this prevented loss of the
sample plug to waste upon the first reversal.

Computer control of the flow reversal was of paramount importance.
The time at which each reversal takes place must be known and totally
reproducible. This is because dye samples are used to determine the
shape of the sample plug each time it passes through the detector. For
a select chemical system it was presumed that there would be only
specific regions within the plug where product would be detected. The
absorbance would result from the convoluted effect of the concentration
and pH gradients. To ensure that the same plug shape was produced for
each set of reversals on each injection, computer control was necessary.
This facilitated accurate mapping of the surface.

The 8088-based microcomputer (Bentley—Model T) was programmed as
mentioned previously (Chapter 4). The BASIC program, FIADATA, was
supplemented with a few extra lines of code in order to perform the
reversals. The reversal times were included in a DATA statement. On
each occasion that a set of A/D conversions was averaged, the current
time was calculated. This time was compared with the reversal time; if
it was equal to or greater than the reversal time, V3 was switched.
Data acquisition was the same as described earlier. A sampling rate of

2 Hz was used.

Calibration with Dye

A solution of Alizarin Red (0.00048 M or 0.00025 M) in 0.05 M

phosphate buffer was prepared. Three experiments were performed. In

e em—— NG
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all cases the reagent stream, R, and the two carrier streams, CAl and
CA2, were 0.05 M phosphate buffer, and the overall flow rate was 1.0 =l
min-!. The dye was first injected as S1 into CAl, then as S2 into CA2,
and then simultaneously into both carrier streams (i.e., S1 and S2 were
merged). In each case the absorbance of the stream flowing through the
detector was monitored continuously. This set of experiments was done
for both configurations of the system, i.e., both with and without the
delay coil in place. This technique was adopted because it was
previously shown that this type of characterization can be used to
predict the shape of a pH gradient in an FIA system (115). The flow was
reversed every 80 s in these experiments.

To investigate the location of experimental points on the two
dimensional surface referred to earlier, S2 absorbance is plotted
against S1 absorbance. The curves shown in Figure 38 were obtained for
the system without the delay coil. The peak maximum for S2 (Figure 38b)
occurs slightly later than that for S1 (Figure 38a). This indicated
that the overlap was not complete (i.e., there was some asymmetry
present). Figure 38c illustrates the small amount of ‘ peak broadening
that occurs as a result of the asymmetry when the two samples are
injected simultaneously. If the overlap of the two plugs is complete
and the plugs are identical, a straight line of 45° slope is expected
when S2 absorbance is plotted versus S1 absorbance. However, due to
slight differences in sample volume and dispersion characteristics of
the plugs (a result of inhomogeneity in the apparatus) the straight
line becomes an ellipse as shown in Figure 39. This is because the

absorbance of S1 initially rises faster than that of S2, then the S2

- e
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absorbance decreases slower than that of S1. If the sample volumes were
different, but the dispersion characteristics identical, a single curved
line would be expected.

By comparison of the FIA profiles shown in Figure 40 the effect of
the delay coil can be seen. The sample plug, S2, arrives at the
detector noticeably later than S1. This design allows S1 to experience
the chemical environment of CAl completely before a gradient is imposed
by merging with S2 in CA2. For this set of experiments two detectors
were used in series; the first detector was separated from the second by
50 cm of Microline tubing. By the time the two plugs reach the second
detector it is evident that more dispersion has taken place.

A number of interesting observations can be made about the S2
versus S1 plot in Figure 41. The asymmetric nature of the outermost
ellipse is due to the asymmetric nature of the peaks. The distribution
of the sample becomes more Gaussian after each reversal. This is
illustrated by the increased symmetry of the ellipse. With each
reversal * the ellipse contracts since the sample undergoes more
longitudinal dispersion and is better mixed with the carrier, which
makes the gradient less steep. As can be seen from the diagram, as this
lobe contracts a greater density of points defines the 1lobe. By
changing the data acquisition frequency, one could adjust the number of
points so that enough are taken to define the shape and yet not so many
that the information becomes redundant. Otherwise, a surface fitting
routine with continuously adjustable weighting factors may be required

in order to generate a good fit over the entire surface.
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It is also apparent that without the second detector there would
be a large gap in information between that obtained in the initial pass
through the detector and that after the first reversal. This
illustrates how the use of a second detector can greatly contribute to
the characterization of the dispersion behavior as the samples pass
through longer lengths of tubing. The simulation showed that by use of
as many as eight detectors, excellent surface coverage would be expected
(114).

In Figures 39 and 41 the diagonal lines represent the contours of
the surface. These were generated for the two sets of data with a
fitting routine (based on the Kalman Filter) which was written by Pete
Wentzell (116). The results from the injection of S1 and 82
individually were used as the base response. The results from the
injection of S1 and S2 simultaneously were matched to th.i.s model. Since
dye was used it would be expected that the match would be exact and thus
generate diagonal straight lines. The diagonal nearest the origin
represents the lowest iso-response area. The subsequent diagonals
represent areas of increasing response which reflect increasing total
dye concentration. By matching the results obtained from a chemical
reaction within the two plugs to the non-reactive model of the two dye
plugs, one would expect to obtain curved contours which would describe

the two dimensional chemical surface.
Extension to a Chemical System

The complexation of various metals with PAR was chosen as the

reaction to be implemented in this apparatus. The extent of
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complexation for each metal is governed by pH. Metals such as copper
and/or vanadium would be interesting examples. Copper forms two
complexes with PAR, one begins to form at pH 2 while the other is formed
sbove pH 9. Vanadium forms a complex between pH 6 and pH 8 but not
above pH 9. Injection of metal, S1l, into a stream of citric acid (low
pH) and PAR followed by merging with S2, a plug of hydroxide (high pH),
should provide the ideal environment to map the reaction surface for the
two complexes.

Another consideration for the experiment with reaction is that PAR
also absorbs at the same wavelength (480 nm) as either of the two
complexes. Therefore it will be necessary to use the proper dilution of
the reagent stream in the reference channel of the colorimeter. When
PAR is mixed with hydroxide its absorbance increases. Therefore, a
baseline experiment will be necessary. The baseline experiment with
hydroxide must be subtracted from the other results. A number of static
experiments should also be done in order to correlate complex absorbance
and pH.

The apparatus constructed here is rather makeshift but has shown
in the dye experiments that it should be possible to obtain meaningful
results for the chemical system of interest. The technique of flow
reversals, in general, could be very useful in other areas as well. It
is a unique alternative to closed loop recycling (117) or multiple
detectors (118, 119). For the immobilized enzyme work presented in the
bulk of this work this methodology could be used to optimize reactor
lengths in an automated system and may also be useful in determination

of kinetic parameters.



CHAPTER 8
WHERE DO WE GO FROM HERE?

There are number of unfinished projects which have surfaced as a
result of this research. The development of an on-line correction
method for ascorbic acid interference with the Trinder reaction would be
useful. Such a method could be implemented with other types of
reactors. This would be especially useful in clinical applications
since ascorbic acid is the only remaining interferent in serum after
deproteinization.

Increased interest in the past few years concerning
miniaturization of FIA systems indicates that there is a future for the
extension of immobilized enzymes to microconduits. Studies with smaller
tubing would provide the necessary information concerning lengths and
inner diameters of channels that could be used with the pumps currently
available. Immobilization of the enzyme on smaller particles should not
be a problem since many workers have used controlled pore glass for many
years.

A longer term project involves the construction of a parallel
sugars analyzer. Glucose is one of six nutritionally-important sugars
(aldohexoses) (90). There are enzyme reactions for each of the sugars
which generate hydrogen peroxide and could therefore be coupled to the
Trinder reaction. Enzyme reactors to determine glucose, galactose,
maltose, sucrose, fructose, and lactose could each be incorporated into
one channel of a six channel system. A possible configuration for this

system is shown in Figure 42. The sample would be injected into one of
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the six channels by a selector. A simpler detection system could be
used for each channel. The circuit designed by Betteridge et al (120)
could be used effectively. This system could be miniaturized by
constructing individual microconduits. A further enhancement would be
provided by the use of an optrode that is sensitive to hydrogen
peroxide. This could incorporate immobilized peroxidase. The results
obtained with glucose and galactose indicate that development of a
parallel analyzer employing SBSRs is feasible.

There a few more general FIA studies that could result from the
insights gained here. As was noticed in the temperature study, the
noise in the baseline increases with temperature. This merits further
investigation since it could affect the reproducibility of results
obtained by FIA. The source of this "ripple" needs to be identified.

The flow reversals work is far from complete. The data obtained
from experiments with dye on any merging zones system could be used to
determine the nature of the overlap. The S2 versus S1 plots are much
more revealing than a simple look at the FIA profile. The speciation of
metals using the apparatus discussed in Chapter 7 needs to be undertaken
as well.

This research has opened new avenues for exploration. It is hoped
that the practical issues addressed in this work will aid others in the
pursuit of greater achievements in the use of immobilized enzymes and

flow injection analysis.

SY
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