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ABSTRACT

The baslic principles of enzyme immobilization, methods
of Immobllization and ettects of this techrnology on the
enzyme are discussed. The applications and advances ot this
-t;chnology tn the clinical chemistry laboratory, pParticular-
ly over the past ten years, for the analytes gldc;se and
urea is reviewed.

E Experimental data for the development of an analyticat
method to aésay for ftunctional group density on a nylon-
support matrix uéed Iin enzyme lmmobiljzation are reported.
Near quantitative recoyaries, from the hydrolysls.of the
imidate salt of nylon formed irom alkylatlgn Fffh triethyl-
oxontum tetrafluoroborate, could be achleved In 0.1t N
glycine burfer;'pﬂ 9.0. This study shows that wusing alcohol
oxidase and peroxidase and the chromogen system of 4-amino-
antipyrene and sodium 2-hydroxy-3, 5“dichlorobenezenesulfo-
nate, an assay could be developed for measuring ethanotl

liberated from the 1intentional hydrolysis of the imidate

salt of the nylomn.

~4
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CHAPTER 1

INTRODUCTION

A. SUPPORTED ENZYHéS

The use of enzymes .ln analytical chemistry has made
great advances over the past several years. However, the ~
relatively high cost and limited stability ot eniy-eslh;s
slowed efforts to fully exploit these bYocatalysts. The
development of techniques which allowed enzymes to be
3upporfed on, or lmmoblllized to ; polymerlic matrix, such
that they could be wutilized repeatedly wlthout loss of

catalytic jctlvlty, has circumvented many of these problems.

/ D
1. Definition of Immobilization '

A "supported” or "lmmobillzed" enzyme has‘been detfined
by Trevan (1) as an enzyme molecule imprisoned in a dtstinct
phase that allows exchange with, Jht is separated trbn the
bulk phase in which ‘substraté, eftector or inhibitor mole-
cules are dispersed and ~zonitored. According to Kllbanov
(2), immobillzation ls‘ the conversion of enzymes from a
water soluble, mobile state to a water 1nso£lee immobile
state. Goldstein (3) has defined immobilized enzymes as
those physically confined or locallzed in a certain defined
reglon .or space with reient;on of their catalytic activi-

oL
ties, which can be used repeatedly and contlnuously.

Since a supported or immobilized enzyme 13 one whose
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lobillty‘fs restricted within a limited region ot space, the
term covers ‘any enzyme that is constralined through micro-
encapsulation, gel entrapment, adsorption ‘and covalent

binding as well as any combination and modiflicatlon of

thesre . . ' '
{ o
2;_ Xwrits and Drawbacks of the Technique ’

. _ — ' .
/ The lmmobllizationi of an _enzyme ngJZIts in several
advantages. As alluded]| to earllg&, the lmmobllized enzyme
ofters the analytlcél laboritory the)advantages of reusabi-
11ty and stabllity. Once _immobllized, an enzyme is ‘often
stable tor weeks or months (4), thereby enabling use of some
enzymes that 1in soluble {form wete considered too unstable
for practical use. In addition, by ilmmobilizing, spontaneous
assoclation between proteins which can result in autolysis

and aggregation can usually be prevented.' _
| Since an immobilized enzyme may be separated from the "
solution phase, the final product may be free §t enzyme, The
enzyme can _then be collected after  catalysis is completed
and reused to achleve many more' analyses than could be
pertormed with the same amount of enzyme in solution, Thils
technology caé give rise to analytlcil procedures that_are‘
much simpler and more rellable than classical methods and
readily lend themselves to use in aﬂio-ated analysis (5).

The -immobilized enzyme can be incorporated into a cylindri-

ani flow-through device, to be used in a continuous enzyme

P
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reactor (IMER), In which a contlnuous flow of substrate

enters at one end and a contlnuous flow of products emerges
at the other end (6).

. Immobilization, llke any method that may attecf proteln
structure, 13 not free of c;rtaln drawbacks. As with any
chemical modification, immobilization may change the confor-
mation of an enzyme compared to that in solutlon. Since the
enzyme when ilmmobilized, ls.very often bound éhenlcally to a
support, the énzyne derivative 1Is {n ftact, a different
chemical species from the native protein and may have qulite
difterent catalytic properties. There may be a number of
changes in pH optimum, temperature of heat denaturation and
substrate specl?le}ty (7). In addition, non-specific inter-
actions, nanely{ hydrophobic, electrostatic, and hydrogen-
bonding, between the enzyme and support may occuf. The
support can also present 1itself as ﬁ barrier to free dif-
tuslgn of molecules ‘to and from the enzyme, generating

concentration gradients ot substrate and product that do not

exist In a soluble homogeneous solution.

3. Effects of Immobilization on the Enzyme

The fundamental characteristics of an enzyme catalyzed
reaction are usually changed 1in some manner by laloblliéa-
tion. The natur§ of the change ls dependent on the inherent
properties of the enzyme, and additional characteristics

lmposed by the support material on the enzyme, substrate or

t
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Qroduct, as well as the method o¢f Iimmobllization. Most
Investigations have focused on the evaluation of the kinetic
parameters, particularly Km, the eftect on pH activity

proflles and on the stabiltity ot bound enzymes.

(a) Stability

Several types of stabllity ({.g., ability to resist
alteration), can be consldered: resistance to inactlivatlion
by heat, disruption by chemicals, digestion by proteases,
inactivation by change ~in- pH, loss of actlvity durlng
storagé or loss of aétlvlty due to process operations.

Generally, 1t 1s found that Immobilizatlon (particular-
ly covalent lnloblllzaélon), improves an enzyme's resistance
to heat, chemical disruption and pH changes (8). This 15,
likely achieved by providing extra rigidity “to tg; tol)%d
proteln chain and therefzre grea@br reslstance to untoldfng.

fn the analytlcél sense, storage and operatlional
stability 1s ot tore-ost'lnfarest. The operational stablillity
which is a tunction of the enzyme, the carrier-durabllity,
pH and 1inhibitor conceniratlons in the reagent stream and
the analyte solutions, is often lncrease&. In the majority

of cases, storage stability which will Pfrovide the lnves-

tlgan; some idea of the qhelt—llte of the reagent, 13 also

ex ed to increase.

The stability of a preparation can also be' atffected by

the electrostatic charges on the support Itself. This -ay\\‘

e
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result in partitioning of substrates, products or inhibitors

towards or away from the matrix surface, thus concentrating

or depleting these speclies In the immediate viclnity ot the

s

enzyme (9).

(b) Activity

Immobilization almost invariably changes the catalytic
activity of an enzyme. This effect has - been investigated
mainly by comparing the_ actjyity of bound enzyme with that
of natlve enzyme in solution. In view of the wide variety of
enzymes and procedures enployed, genera%}zatlons a;e dif-
ticult. According to most studles, ‘the fiaxlnun reaction
velocity (Vmax) obtained with a supported enzyme is usually
lower than that obtained wr;h the correspondlﬁg‘soluble
enzyme (6). The Michaellis constant (Km), which retlects the
affinity that tﬁe enzyme has for its substrate, is usually
changed, indicating that.the active slte|ot the enzyme may
be altered, thereby atftecting binding ot substrat?{ The
constants obtained, therefore, are apparent values.

Immobilized ‘epzyles generally show lower speciflic
activity than thq native enzyme (10). : The decrease In
activity 13 often attributed to conforlatlonal changes 1in
the ngylé structure or to. steric hindrances in the im-
medlate viclnity. Covalentlllnoblllzatlon ts most likely to

alter ‘the protein contormation.

The reactlion rate 1s also reduced by diffusional
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limitatlons; as the substrate is consumed, more substrate
must diffuse lhto the enzyme phase from the bulk solution.
@hls is normally a problem for all torms of Immobilized
enzymes, but especially for enpapsulated'enzyues (8). This
effect can be minimized by using low enzyme concentratlons,

high flow rates, and, when  applicable, small diameter

tubing. ' ) ’

f

B. SCOPE OF THE STUDY

This critique 1s divided into five chapters. CHAFTER 1
provides an introduction to the subject ot enzyme immoblliz-
ation, while CHAPTER "I1 will discuss the major types of -
immobilization nethod;¥ particularly those Iinvolving cova-
lent moditication. CHAPTER 1II will review the applications
of supported enzyme technology 1in Citnical Chemistry. The
literature pa;iicularly over the -past 10 to %B yéars 7111 be
exan;ned.,Enphasls will be placed on the immobllization
methods used for the determination of the analytes glucose
and urea and a summary will be provided for anaiytes.

Although it may be perceived that techniques such as
enzyme-linked immunosorbent a§sdy (ELIS?), which involves
the enzyme's llnoblltzaylon during thé- course of analysis
may be a candidate for this s(hdy, techniques involving
antibodies are beyond the scope of this discusslon. Instead,

the critique will begin with a discussion of immobilized

enzyme electrodes, and continue with the applications of

-
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Iimmobtlized enzymes in reactor form. -~

The penultimate chapter will serve to further charac-
terize covalent methods of immobilization. This chapter,
will deal with some experiments designed to determine the
functional group density on nylon tubing lntenéed for enzyme
coupling, atter' activation with the alkylating agent trl—‘
ethyloxonium tetrafluoroborate (TEOTFB) . ‘Experlnental
details will be given and the chapter wlll close with
results of -the lnvesfl&ntlon and a discusslion of the sig-
nificance of these results. Lastly, CHAPTER V, will sum-
marlze and provide conclusions ot.the results of the egperl-

mental section, as well as consider their relevance to the

principles discussed in the body ot the critique.



CHAPTER 11
METHODS OF IMMOBILIZATION

This chapter will provide a synopsis of the chemical

aspects of enzyme lmmobilization, as well as describe the
methodé most commonly used tor the fixation of enzywes onto
solld supports.

In contrast to the isolation and purlification of an
enzyme, for which often Just one optimal ‘method Applies,.tha
same cannot be sald for the 1n;;blltzation technique and the
support phosén tor a‘partlcular enzyme. This ls because the
use!ulnegs of an 1nnoblllzed‘en;$na preparation will depend
‘on 1ts particular area otlappllcatlon, whether in an lh-\
dustrial procéss, in medicine, as a bilological model system

or a3 an analytical reagent.

The majority of the methods “available for the im-
mobllizatlon of enzymes can be grouped Iinto 4 main classes:
A. Adsorpt{?n on lnert supports or lon-exchange
resins. |
B. Entrapment, by occlusion within cross-linked ge}s or
by encapsulation within a microcapsule. |
C. Cross-linking by bi- or multi-functional reagents,
often followed by adsorption or entrap!ent:
D. Covalent binding to poly-eric supports, preterably
-vla functional groups nonessential for the biologi-

cal activity of the protein.

8



9 |
The strategy employed when immobilizing an enzysme,
lnvbives not only the means of immobilizatlion but also a
cholce of an appropriate support. Addltlo;al functlonal
groups may have to be Introduced ;; achieve the desired
physicochemical properties on the polymer and the carrier
must not only be stable, but should also possess a suitable

geometrical shape and appropriate dimensions (11).

A. ADSORPTIONI

Adsorption of an enzyme onto a support material is the
simplest and most economical method for lmmobllizing an '
enzyme on a support. Baslcally, it is the adhesion of an
enzyme to a support material that has not bé%n specitically
functionalized for covalent attachment (12): Adsorption of

an enzyme can be achieved by simply mixing an aqueous

solution of enzyme with thé support material for a perio& of . .

time, atfar yhlch the excess enzyme is washed away from the
immobilized enzyme,

Depending on the nature of the surface, the.bindiﬁg
forces between the enzyme and the suppoft may be the result
of lonfc interactions, physical -adsorption, hydrophobic.
.interactlon or hydrogen bonding (1). The characteristics ot
these forces are such th;t changes In the pH, temperature,
tonic strength, concentration otﬁenzyia and adsorbent and
the pfesance of an organic solvent may have a significant

- eftect on the efficiency of the lmmobilization.
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Numerous surface-active materials hav? been used in the
preparation of enzyme-adsorption complexes. Some of the most
popular beling lon-exchange resins, activated charcoal,
silica gel, clays, alumina, and controlled-porosity glasses
and ceramics In a vartety of physical shapes, lhg.,.sheets.
tibérs, beads, etc. A suitable adso;bent should have high
afftinity and capgclty tor the enzyme and should not adsorb
the reaction product or enzyme inhibitors.

A major drawback of this technique when based mainly on
electrostatic -attraction to charged supports, lies in the
tendency of such conjugates to dlssociate upon Increasing
the ionic strength or varying the pH or the temperature of
the medium. Some of these disadvantages can be ovarcon& by
increasing the charge on the protein by chemical modifica-
tlon‘(13). Moreover, because the binding 1is non-covalent, a
certaln amount of enzyme leakage can occur from the immobi-
l12zed enzyme preparation. In addition, nonspécltic adsorp-
tion has been shown in a number of cases to glve rise to
partlal or tota} inactivation (8). Adsorption techniques are
thus ot limited ;ellablllty when irreversible ifmmobilization
of an enzyme ls desired.

B. ENTRAPMENT AND ENCAPSULATION
Immobilization by entrapment Is based on the occluslt‘ﬁ

of enzyme within a constraining structure tight enough to

prevent protein from diffusing into the surrounding medium,
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while still allowing penetratiton of the substrats(s) and
departure of the product(s) (10). '
Entrap!ent of an enzyme may be achlieved by mixing an
enzyne'wlth a polymer material and then cross-linking the
polymer to form a lattice structure that traps the enzyme.
Alternatively, the enzyme can be mixed with chemical mono-
mers that are then polymerized to torm a crossz-linked
polymeric network, trapping the enzyme Iin the interstitijal
spaces of the lattice (i1). The latter method 135 more widely
used. The porosity of the gel lattice or seml ~permeable
membrane is controlleq.tp ensure that the structure is tight
enough to prevent leakage of enzyme and at the same time
allow free movement of substrate and product. The obvious
advantage 1s their generality, since the enzyme molecule
itselt does not participate dlrect}y in the formation of the
water-insoluble constraining structure. This method is
limited by'the £act that it is suithable mainly for enzymes
that utilize substrates of molecular weights low enough to
pass through the matrix., In addliion, ditfusional resls-
tances t; the penetration of substrate usually lead to
perturbed kinetics manitested as low specitic activities tor
the jimmobllized enzyme (14). Furthermore, the amount of
enzyme that can be entrapped is limited by the solubility ot
' the enzyme 1in the entrapplnk reaction. The most popular
matrices for gel entrapment include polya?ryla-ide, silicone

rubber, polyvinyl alcohol, starch and silica gel (9).
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A method of entrapment by a bead-polymerization proce-

12

dure similar to the preparation ot cross-linked polyacryl-
amlde has beeﬁ described (15). In this procedure, an aqueous
solution containing eﬂzyle and acrylic monomers is dispersed
in a hydrophobic phase and polymerized, resulting in well
defined spherlical beads. The beads éontaln entrapped active
enzyme and éhow good' mechanical stability and high tlow
rates in column processes,

Guilbault and Das (16) have_ prepared lmmobllized
cholinesterase and urease on slchohe rubber but have
reported that the relatively low yield of active enzyme was
obtained due to the rigorous polymerization condltlons. In
addition, the hydrophobic nature of the polymer may likely
restrlét the permeability of the water-soluble suﬁstrate.

The advantages of gel entrapment include the experi-

mental simplicity, and the variety of forms In which the

‘'gels can be used. The disadvantages include the control of

'nulerous experimental factors, the poasible inactivation ot
¥

4 . ’
the enzyme by the radicals necessary for polymer formatlon,
v

" and the restrictton of the size of the substrate and pro-

ducts to relatifaly small species.

A related technique, 1.e., encapsulation, can be
achieved by enveloping enzyme molecules within vartous torl;—
of semi-permeable ’-elbranei. Large protelins or énzynes

capnot pass out of or into the capsule, but small substrates

and products can pass freely across the sell-pér-oable
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-eibraqe. Materials such as nylon, tellulose nitrate and

13

bioleogical cells have been used to construct micro-capsules

varylng from 10 um to 1000 um in dlameter (8).

C. CROSS-LINKING - o N’

Supported enzyme derivatives have been prqpared by
cross-linking by methods wusing only the enzyme or those
wh]ch use the enzyme and a c;rrier protein such as albumin
(1). The common cross-linking reagents are éhown In Figure
1. Immoblilization of enzymes, solely-by cross-linkling into
large aggregates,)has found 1limited application because of
the difficulties’encountered in contgolllng'the intramolecu-
lar cross-linking while obtaining a h}gh degree of inter-'
molecular cross-linking (9). In  addition, the bifunctional
reagent may prigérantlally attack the active .site of the
enzyme, t hus rendering it inactive. The single advantage ot
the method 13 that a single reagent can be uged to prepare
numerous enzyme derivatives., 0f the wmany cross-llnklng
reagent§ that have been™ used only glutaraldehyde has found
extensive use (1). Glutaraldehyde, l;:a bitunctional al-
dehy&e used to react with polymers contalning primary amino
groups, resulting 1in the tornatioh of an aldehyde function
for proteln binding. |

Anothef approach has been in the preparation ot "hy-

brid®™ immobilized enzyme systems, where coupling occurs

atter adsorption onto a water Insoluble matrix or as a

2
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F1GURE 1
MULTIFUNCTIONAL REAGENTS FOR CRUSS-LINKING PROTEINS

L_ezgt;i_ 2

Shown in Figure 1 are multlfuncti&nal réagents used tor
cross-linking proteins. Homogeneous Irunctlonnl group rea-
gents Include (A) glutaraldehyde; (B) 4,4'-dithiocyanato-
biphenyl-2,2-disulfonic 'acld; (Ci 4,4'-difluouro-3,3'di-
nitre-biphenyl; (D) hexamethylenediisocyanate; (E) b}s-
diazobenzene-2,2'-disuitonic acid; (F¥) 1,67dlr1uorq—§:4—
dinitrobenzene; an&\\(G)'succlnyldlsnllcylate. Heterdgeneous
functional groups reagents include: (H) 'toluene-2-lso-
cyanat0-4-lsothlocyanafe: (1) malelmidobenzoyi-N-hydrozy-
succinimide ester; (J) 3-methoxydiphenylmethyl-4-4'd1-
‘lsocyanate; and (K) N-succinyiimidyl-6(4'-azido-2'-nltro-

phenylamino) propionate.

Taken wlthorf\permlsslon from Carr and Bowers (9).
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derivatization step for a preformed, insoluble polymer (9).
In this method, one of the -nolecule'sr funct tonal groups
torms a covalent Ilink with the support; the other tdnctlonal
grouﬂ or groups can tpeq be usaq to bind a protetn. This

JiL\\Jappllcatlon has been seen 1In the constructﬁon of glucose

reactors (CHAPTER 111).'

D. COVALENT ATTACHIENT TECHNIQUES

Covalent attachment techniques are the methods most
commonly enployéd for the immobilizatlon of enzymes. Thiu
method normally 1nvol;es the reaction of an aqueous solution
of enzyme with an actlvated,.runctlonalized water-insoluble
JSupport to torm a covalent bond between the surface of the
matrix and a functional .group on the enzyme. Normally, the
actlvatﬂon reaction 1is deslgned to make the tunctfonal
groups on the support strongly electrophilic. This method
although often tedious, provides an immoblile :hzy-a that tis
,firmly bound to Its polymeric support. A range of polymers
and chemical coupling procedures which are used are dis-

cussed beiow.

oy

[ *

1. Support Conslderatlons‘.

1 A large range of support -ateria;s are avallable tor
covaient-binding. Factors which Influence the selectlion of a
particular -at;lx depend on the cap?clty of the carrier to

bind protein, the surtace charge and hydrophlliclty, the

e
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ease of aétlvatlon and the Interaction of the support with
the analyte or sample matrix (8). The mechanical and chemi- -
;__gg}_{;gglllty of the support are also important particularly
in appiications using packed-hed reactors. Supports rich in

n hydrophobic groups (e.g. aromatic residues) generally give
Arlse to preparations of low protein content and 1low enzyme
activity and often exhibit low stability, whllg supports
rich In hbydrophilic groups bind on the average.;arger

amounts of protein and retain a higher proportion of tts

activity and are more stable (9).

(a)'Polysaccharldes _

The polysaccharigfs,tiff:fse and cellulose and thetir
dertvatives, are -COIQEYCl&llé available matrices that are
widely applicable for the covalent coupling of enzymes.
émese supports, which are often used in bead form, are
porous and possess various degrees of cross-linking which
glve rise to good blndlné capacity (8). The sugar residues
in these polymers contain -hydroxyl groups which are ideal
functional groups for participation 1in covakent bonds. The
hydroxyl groups algo form hydrogen bonds with water to.
creatg a’' hydrophilic environment in the matrix. However,
polysaccharide supports are susceptl?le to microbial/fungal
disintegration, and organic solvents can ;ﬁuse sh;lnkage of
the gels (14). In addltion; the highly porous structurq ot

Sephadex, agarose, and oth%;/ieakly cross-linked polymers 1is

-’
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(‘_.’-f
easily deformed under conditions of tlow. Flow rates of

greater t%hn ew tenths of a mL/min/cm™ cause compaction ot

tbe bed int glpermeable plug and cessation of tlow (9).

} 1S
(b) Vlnyi Polymers
¥inyl polymers, such as those based %P polystyrene ha;e

been used more {n imﬁunoassays as beads or tubes. The reason
.for this 1Is that- ihéy nonporous matrix does not have the
\{\iequlslte surface area needed to produce an itmmobilized
enzyme catalyst with adequate catalytic activity per volume
{(17). The inhefant hydrophobiclty of polystyrene and related
églyneks containing high concentrations of aromatic groups
«gbuld be minimized to some extent by thelr "dtlutlon" with a
hydz:phlllc comp%nent. Polyaghxlamlde, on the other hand, 1is
a h&drqphillc matrix and has been used in the immobilization
of enzymes by entrapment. In addition, this matrix is porous
and the pore sigze can be controlied by altering the amount
of crog;-ltnklng agent used ln the gel bolyuerlzatlon

~.

reaction.
(c) Polyamides

The polyamides }f.e., nylons, have become quite widely
used, particularly among those wusing |mmoblilized-enzyne
. a
tubes with continuous-flow analyzers. These supports gener-

ally require a much different mode of activatlon and possess

different mechanical characteristics, compared to the
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polysaccharides. Nylons, wh}cﬁ. re commercially available in
a hunber of forms, e.g., membrapes, powders, tubes, holloi—
tqgers are mechanically stfo gi&nd non-biodegradable.

o The nylons of sKorter JZ{hylene gﬁalns e.g. nylon-6 and
nylon-6,86 ére relatively hydrophillc anﬁ thus suitable for
enzyme tmmobilization/. Nylon sufters r;om ehemlcal Inertness
of the polyamtde backbone- leaving only .thc terminal car-
:boxyls and am!nes as possible reactive functional groups. To
increase the binding capacity of nylon, controlled cleavage
of the amide bond to Increase the number of amines .and
carboxyl groups has been enﬁloyed'(12). However, this wmay
compromise the mechanical strength of the support. Alterna-
tively, reactive centers may be introduced via O- and N-
alkyl?tlon of the backbone peptide bonds (see Alkylation,

later in this Chapter).

(d) Inorganic Supports
. Inorganic supporis ¢.L. common glass, silica and 'alu-
mina, normally sold in bead form are strong, and durable and
resistant to microbial alslnéegratlon or solvent distortion.
Inorganic supports can be prepared in most pore dlaléters
{30 - 20003) and particle slzes. (18). Such highly porous

structures are nearly ideal ftor packed-bed reactor appllca?

tions.

In the analysts ot lasma or whole hiood, glass 1is

catalysis _of the coagulation
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5 Y
regctions by glass surfaces. Moreover, strong interactions
between proteins and silica causes denaturation of the
enzyme. Controlled-pore glass and controlled pore s'tlica are
expensive and best sutted for gel permeation chromatography
(i?). In addition, many Inorganlc —natrb§ materials are
heterogeneous and contain nnﬁy metal lons and have a physi-
cglly .and chemicaily 1ill-defined surface and are less
hydrophl;lc than the polysaccharide materials..

4
2. Protein Considerations ]

P'I‘he type ot.tunctlonif/ group on the prolein through
which the covélent bond with the support is to be formed
‘should obviously be non-essential for catalyt;c activity;
moreover, biuding vreactions should be carrled out under
relatively mild cgndltlons and 'preterentially in aqueouéy
media. Sach reactions should ekhlblt, under ideal condi-
tlons; relﬁtlvely high speciticity toward one type ot
tunctional group oh the proteln and llnlnal‘slde reactlons
with other functional groups or with the agqueous medium.

The protein functional groups that can be utilized in
principle tor- the covalent binding of enzymes to polymeric
supports include: |

(1) amino groups, the e-amino groups of lysine and the

-NHs groups of the N-termini;
. {2) carboxyl groups, (¢- and ¥-carboxyl groups of

aspartic and glutamic aclid and terminal &-'s;
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(3) phenol rings of tyrostne;

(4) sulphydryl groups of cystetne;

(6) hydroxyl groups of serine, threonine and tyrosine;

(6) imidazole groups of histidine;

(7) indole groups of tryptophan.
In practice, most of the common covalent'coupllng reactions
involve amino groups, carboxyis or the aromatic rings ot
tyrosine and histidine. 1n addition, 1nnoblllzat;on of
glycoenzymes has also been achieved throuéh the covalent

attachment of the carbohydrate molety of the‘enzyne to the

support, which will be discussed later ln'thls Chapter.

g. Support Agtivation

.(a) Cyanogen Bromide Activation

The most prevalent method for activation of polysacc-
harides for protein immobilization 1s the use of cyanogen
bromide (19). Enzymes with free amino groups can be attached
covailently to the activatea polymer at high pH (10-12.5)
resulting in the formation ot ,three different types of
structures (18): N-substituted carbamates, N-substituted
imidocarbonates and N-substitufed lsoureas _(Figure 2), the
latter being the major reaction product.

The  activating agent and 1its by-products are highly
toxic (17), and this method is characterized by .a small and
constant.leakige of bound. ligand, due to the electrophilic

nature of the isourea bond formed. Moreover, vigorous
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FIGURE 2

CYANUGEN ACTIVATION PROLUCTS

Legend
Shown in Figure 2 is a scheme ftor the coup&ing of
prbtelns via cyanogen bromlde activation of polysaccﬁarldes.
The coupling 1is thought to proceed -through an unstable
cyanqii and result In the tormation of three difterent t ypes
of structures. The substituted 1isourea structure 1s most
probably the maJor reactlon product (19).

Figure taken lethout permission from Aien and Ernback

(19).
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activation gives riie to cross-linking of the gel, which,
while it improves the nechanlcal' strength, decreases the
‘pore slze. Despite its wldesﬁread use, cyanogen bromide
activation is not the method of cholice for most dppllcatlons

)

The same product of cyaﬁ%gen bromide activation may be

for the above reasons. -

achleved with cyanogen-bromide analogs, namely,-t-cyano-4-
> /
f )
leethylanlnopyrldlniun_;@tratluoroborate (1), and N-cyano-

trlethylamnoﬁlun (I1) (19,20).

v

: HsC e - H
' T~ Ne—c=n :C’;N*—CEN
He”” —/* HAQT |
BF,~ Qs
(1) (11)

These analogs reduce much of the danger assoclated with
cyanogen bromide while furnishing supports with higher

activation densities (20). . 7

In general, polyﬁ&droxyllc matrices, e.g., agarose,
cgliulose and dextraﬁ are actlivated via changlng the pre-
existing unreactive hydroxyl group into a reactive function,
which may then couplé to protetn nucleophtiles, chleflj via
the lysyl side chain amine.

»

(b) Diazotizatlion

Azo coupling of proteins can be effected py polymers

contalning aryldiazonium functional groups. The electro-

:

bhlllc aryldiazonium ion attacks ialnly activated qronatlc

o

ringé, such as phenotis . (tyroslne)'or lmidazole (histidine)

2
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to form the corresponding azo derivatives. pratein ,
QI
- O
. (1)
protein
’—-O—uu, 'NT‘:.BI_' '_Ou?c'e protein <:> N-:ﬁ
. Cm
O
:n—proleln
Mum

(m)

The speciticity ot azo coupling is rather broad; dlqgotlza—
ting reagents have been shown to attack several other groups
itn proteins (17). : ;

Aryldiazontum groups, because ot their esFentially
hydrophoblc character have adsorptive properttes of the]r
own and way tend to att;;k preferentially hydrophobic,
tyrosine rich reglions 1in a protein;' such slte-alrected
speciticity could bause irreversible! damage if key regions
of the enzyme are affected. Iin the case of hlghl& hydrophi-
lic support matertals, such~a§ polyelectrolyte diazotized
resins, or highly solvated bolysaccharlde and glass surtéces
ﬁlth diazonium side chains, the slte-dlreéted speclflcity of

aryldiazonium groups is mitigated to a large extent.

(c) Alkylation
Alkylation is an activation 'method wlddﬁy csed with
nylon tubing. The earlier methods for the activation of

nylon involved hydrolysis ot the peptide bonds of the matrix

- _
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with acid to llberat? amino and carboxyl groups, or cleavage
of the nylon with N,N-dimethyl-1-3-dlaminopropane to obtaln
free amino and amide groups (21). This leth;d along with
other nylon activatlion schemes 13 shown in Figure 3. The
backbone can then be resealed by using a four-component

mlxture of an amine, a carboxyl group, lsocyanide, and an
' aldeh&de to form a N-substituted amide (22). The amine and
.carboxyl groups formed tfrom the hydrolysls can be recon-
nected by the condensation with acetaldehyde and 1,6-di-
lsocyanohexane. However these _procedures which Involve
hydrolysis ot the nyldn backbone ;ay compromlise the mechani-

cal strength of the tubing.

Activation of nylon by O-alkylation of the secondary

amlne, hy
N

pen accomplished by Incubating the tube with

dimethyl sulphaté at 100=C (23). Tﬁe react ive secondary

lnidate ca e Introduced with triethyloxonium tetra-

tluoroborate at room\ temperature (24). Imidoesters " are
readily attacked by nucleophiles and react selectively with
o~ and €- amino groups of proteins to form amidines. The
1atter method, which is used in the present study, is more
tavorable since the reagents are less caustlic, and the

reaction ls eftected -at room temperature. Afsullary of the .

nylon activation schemes is shown in Figure 3.

(d) Carbodiimide Activation

~

The most general methods for the activation of carboxyl
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FIGURE 3

NYLON ACTIVATION SCHEMES

Legend
The'actlvatlon of nylon support by various schemes is

shown In Flgure 3.
\
Free carboxyl and amine groups llbqrated by hydrolysis

can be activated with carbodiimide or N,N—dlmethy111,3-
diamopropane. Alternatively, these groups can be resealed
;wlth acetaldehye/1,6-diisocyanohexane.

The activation by d—alkylatlon with triethyloxonium
tetraflﬁoroboréte In dichioromethane 1is 1llustrated. The
imidate salt of nylon can be reacted directly wlthbthe
enzyme or may be derivatized with acid hydrazldes to produce
a hydrazide substl?uted support. -

Figure taken without permission from Carr and Bowers

(9).

I
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groups Involve the wuse of water-solubie carbodiimjides and
slmllarpyeagents. Carbodiimides react with carboxyl groups
at\ slightly actdic PH# values (pH 4.75-5) to glve_O—acyl

4|
isourea derivatives.

o
. 1 1
\e.‘“ C-=NH- protem + ATeNH—C=NH—R
? o
C~—Oon 4+ . — (l:'_
» W, \
; Fc-—ﬁ—c

P At o Te L S ]

—NH=R

"These highly reactive intermedlates can rearrange to an ac&l

urea or condense with amines to yteld the corresponding
/) . .

amides.

(e) lmmobilization of Glycoenzymes

Up to 1974, all the chemical techniqles of immobiliza-
tion 1involved only the modification of the amino acid
restdueé of an enzyme, even thdugh the molecule may have

contalned other functional groups that could have been

‘empioyed. Although the exact role ot the carbonydrate molety

In glycoenzymes 13 still not resolved, evidence (25) In most
cases, argues agalinst thelf involvement in catalysis. The
principle lethod_ is outlined 1in Figure 4, and consists of.
activating the'glycoeniyne vlé periodate oxidation tollo;ed
by contactl;g t he Iodltled "aldehydic" enzyme wlth‘ﬁn amino-
cohtalﬂigg water insoluble polymer. This results tn activ

enzyme-polymer conjugates. through'jllne or hydrazone link-
© . .
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FIGURE 4

IMMOBILIZATION OF GLYCOENZYMES

Legend
Oxidation ot the cérbohydrate moiety of glycoenzymes
with perlodate ‘tof yield aldehydic groups is shown. The
enzyme can then be immobillzed through Schift Base tormation
betéeén the oxldized enzyme and an amino substituted sup-
port. Alternatively, stable enzyme derivatives can be formed

by the attachment of ethylenedlamine or glycyl tyrosine to

the carbohydrate chains.

.
v
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ages. In this chemical wmethod, bonding 1s dependent on the
ability to. oxidize carbohydrate residues of the glycoen;ylo
without 1losing actlvity. This method i3 relatively simple
and the main advantage 13 the immobilizatlon ;1; catalytli-

cally noﬁz%ssentlal resldues of the enzyme. Immobilizatlion

of the glycoenzymes glucose oxidase and peroxidase through

their carbohydrate side <chains has been achieved In our

laboratdry (26).

\\\\,_f.

-



CHAPTER I11

kY

APPLICATIONS IN THE CLINICAL CHEHISTR¥ LABORATORY

-

A. INTRODUCTION

Practical applications of immobllized enzyme technology
has been realized In the treatment of industrlallwastes, the
production of food and drugs, in clinleal anﬁlysls and as
therapeutic agents. Industrial applications of immobilized
biocatalysts has been seen 1in the {form of the rgnoval*of
lactose from mllk by immobllized lactase, or in_ tﬁe form of
glucose isomerase reactors for the industrial scale produc-
tlon of high fructose syrups (1). Therapeutic applicatlions

of immobillized enzyme has been -seen in thJ removal of

undesirable products from the blood using an extracorporeal

rjdevlce (27), or in enzyme replacement therapy usually in the

torm of an encapsulated enzyme (28). As indlcated earlier,
lmmobilized enzymes are suitable for incorporation into
Instruments designed for a contlnuous re-use operation. In
partlcdlar, immobilized enzymes have been featured in the
development of several analytical blosensor devices, namely
the enzyme é&lectrode and the enzyme reactor. In addition, a
number of ilmmobllization methods have been described for the
Elucose oxidase or dehydrogenase-and urease enzymes. This ls
probably because of the stability of these enzymes, the
avallability and the clinical application of these anzynés

33
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. 2 3
for the assay of glucose and urea, respectively. Forgthese
reasons, the review will focus primarily on the immobiliza-

tion technology for the qSternlnatlon of these analytes.

B. ENZYME ELECTRODES

Enzyme electrodes are probes capable of generating a

’

electrical pofentlal as a result of a reaction catalyzed by
aﬂ-enzyne that is immobilized on the surface of an aleptro-
chemical sensor (25). The lmmoblilization 13 generally
achieved by physical en%;apnent, chemical cross-linking ;r
by <covalent coupling ot the enzyme onto the electrode
surface, with the latter the most suitable for the prepara-
tion of stable electrodes. The enzyme electrode (Figure 5),.
which may be envisaged as a selt—conéalned analytlical
blosensor, cﬁnsists of an enzyme layer held In close prox-
imity to a transducer (which might be a potentlo-etrlc_or
amperometric indicator electrode), é reference electrode and
a circult tor neQZEF\ng either the -potentlal ditference
between the . 2 electr:?bs or the current which flows pdtwean

them. After 30 seconds to 2 minutes (seldom more than 10
minutes) a steady siate potenttal or current related to the
analyte concentration is rg#ched. The potentiometric sensor
could be any one of 5\ number of lon-selectlve sensors.
Platinum amperometric sensors, which can reduce oxygen or
oxldize peroxtde have been employed for enzyme electrodus.

The analytically useful ranges of-these probes is from 0.1

J.24
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FIGURE 5
"DIAGRAM OF A SIMPLE ENZYME ELECTRODE
. e ; P\_\
~ /

Legend

Diagram of a simple enzyme electrode blosensor device,

combining an electrochemical electrode and an enzyme immob 1 -

lized onto a seml-permeable membrane.

Figure taken without permission trom Bickerstaftrt (&).
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to 10 uM (30).
1. Glucose Electrodes

fA survey of the enzyme-based electrode literature shows
thatla vast laJorlfy of biosensors have been devoted to
glucose monttoring. %he first attempt to construct lnnoblj
11zed enz?-e electrodes ftor blgod glucose deterlfnatlon (31)
was based.on the following reaction:

%D-Glucos; + On.—22, D-glucono-4-lactone + HaOs (1)

D-Glucono-§-lactone + Ha0 ~—> ‘D-gluconic acid  (2)

L

By entrapping glucose oxldasg (GO) in a polyacrylamide gel
and coating a platinum electr;de, oxygen depletion could be
n;asured which 1is directly proportlon;l to the glucose
concentration .(31). Since then, sever;i glucose probes
dealing with oxygen depletion have been reported, however,
tdeaé have limitations in whole blood and plasma due to the
varlabillty of oxygen tension.

The amperometric | monitoring- ot 1liberated hydrogen
peroxide (eqn. 1) has been preferentially lnvestlgated since
peroxide iIs readily oxidized at platinum electrodes. Such an
electrode has been constructed by Lubrano and Guilbault
(32), where glucose oxidase which was immobilized by cross-
linking with bovine serum albumin (BSA) and glutaraldebyde
was used to cover a 'platlnu- glass layer. The cur}ent
produced . Is proportional to the glucose concentration.

Reading times were le;; than 12 s, and the electrode was

stable for over 1 year at room temperature. Glucose oxidase

~u,



38
‘ R
has been tmmobilized by a number of techniques: (1) by
crosgllnking with BSA and glutaraldehyde (32); (i1l) covalent
linkage on nylon mesh (33); or (i1i) covalent attachment on
.to the electrode surface (34,35).

Monitoring ot blood gluobse has also been achieved with
bienzyme electrodes using glucose oxidase-peroxidass (POD),
and a redox -eq1ator ln.the tollowing reactions:

Glucose + 0= — 92 , Spgluconolactone + HaOs (3)
HxOs + 2[Fe(CN)e)*¢~ + 2H*_ZoD, 2[Fe(CN)e]®~ + 2HaO0  (4)
The hexacyanoferrate (III) tormed 1|s reduced at a glqssy
" electrode (38).

Other enzymatic systems have also been tested; ftor
example, glucose has been determined by using glucose
dehydrogenase immobilized at a platinum electrode (37). By
using an alécfron acceptor, J.e., 2,6-dichlorophenol indo-
phenol, glucose can be ass;yed despite a thlrly long elec-

trode response time (37).

2. U}ea Electrodes

*

Blood urea detornlﬁatloﬁ is one ot the.nost frequently
required clinical tests itn diagnosis, because urea conc;n-
trations are lﬁtluonced by not only diet and lalhutrltion,
but also by renal tailure an& 6th§r intecgtive or degane—'
rative causes pt Ainpalred gloiorulgr tiltratlon. Like
glucose, urea, has been the subject ot nu-erpus'lnvestlgi-

tions, malnly with immobiltzed potentiometric gas-selective
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electrodes which monitor the ammonla formation 1in the
reaction:
(NH)=2)2C0O + 2Hg0 + H+ _ureassy HCOa~ + 2NH4‘Fé¥;éNH: (5)
The flyst stable en;yne electrode was based on the

N
combination of urease trapped In polyacrylamide watrix

placed over a catlon—selectlve eiectrode which responded to?

NHa™ (38). Because sodium and potasstum interfered with the

ammonium sensor, attentioq has been directed to the prepara-'

tion of lnterterenpe—fréé direct reading electrodes (39). By

Immoblilizing a thin layer of urease via cross—linking with

BSA and glutarqldehyde, such an electrode has becn developed
- :

by Mascini and Guilbault (39) and was stable for up to one

month.

—

- Vincke et al. (40), also using a NH..gas electrode have
immobilized ﬁrease onto 1urp%11uiose acetate mesbrane ﬁlth
glutaraldehydq or by entrapment Fh a gel (agar). Comparlison
of t?ese electrodes with a spectrophotometric procedure give
good correlation and could be used over th&'ranga of 0.5 pM
- 10 aM for- 200 to 1000 assays. |

Begum'and Mottola.(41) have described an urea enzyae
electrode which Incorporated nylﬁn shavings that had been
alkylated. Finally, urea has been determined in diluted
plasma (42) and serum samples (43) by covering the ttplot a
glass pH electrodes with a thin layer ot tnnobiilzed urease

f "
physically entrapped in a polymer gel.
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3. Other Electrodes

The scope ot appllcatlon of enzyme electrodes is in
prinelp}e 1s very broad: any enzyme which generates hydrogen
peroxide on)consunes»oxygen could be the basis for an enzyme
probe using amperometric detection. For example, detarmina-
tl&n of oxalate (44), galactose (45), salicylate (44), and
cholésterol (46), with their respective oxidases or hydroxy-
lases, have been based on the tollowing reactions:

Oxalic acild + Oy —_=mmlate exidaaw , 2C0a + HaOa (8)

D-Galactose :’o, Saimctesw exidmss,

D-galacto-hexodialdose + HeaO, (7)

Salicylate + NADH + H* + Oa =siicyiate myeresyiase,

o-dihydroxybenzene + NAD* + Hs0 + COa (8)

Cholesterol + O —Shelesterel exidmses, (

4-cholesten-3-one + HaO» (9)

Alternatively, both oxalate and salirylate have been deter-
mined potentiometrically (47) using a carbon dioxide probe.
In addltlon, a uricase electrode has been develoﬁed consls-
ting of a platinum disk in contact with a igyer of glutar-
aldehyde gel in which the uslcase is immobilized (48). The
urate |s determined as follows: -

Urate + 1/20; Mcinmae =+ easmimas,a)laptoin + GO  (10)

Table.l sumlarlzeé“the appllcaflons of enzyme electrodes In
> :

clinical chemistry.
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TABLE |

EXAMPLES OF THE APPLICATIONS OF ENZYME ELECTRODES
{N CLINICAL CHEMISTRY

Analyte * Enzyme Sensor Ref.
Cholesterol Choles{Prol_Sﬁidase Oa 46
Galactose Galactose oxldase Oa S 45
Glucose Glucose oxidase ' -0a . .31

~ HaOa 52-35

Glucose oxidase, Hexacyano-

peroxidase ferrate(llIl) \\ 36

Glucose dehydrogenase Oa 37
Uxalic acid Oxalate oxidase ‘ Oz " a4
Saliéylate Salicylate h&droxylpse Oa _ 44
Urea Urease NH.~ 38—43 /m
Uric aclid Urlcase.patalase co; 48
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C. IMMOBILIZED ENZYME REACTORS (IMER'S)

One format for automatic analyzers in Clinical Chemis- -
try, operates on a coﬁtlnuoua—tlow of samples and reagents
through a system of channgls to mixing chambers and then on
to detecting devices for estimation of the reaction. The
most apprbpriate format of the immobillzed onzyna for such
systems is the enzyme reactor (}IER). In practical terms.
the enzyme reactor would replace the mixing chamber in the
conventional automatic analyzer. A typical system ;s out -
lined in Figure 8. The samples are lntroduced into an air
segment ed llqulé Stream separated by a ﬁash llquip. The
liquid stream carrying the samples passes through the enzyme
rea;tor which acts as a l}xlng coil. The alr-segmented
liquid stream passes through a flow cell and a slgn;l
pr@portlonal to the concentration of the analyte is read.

' Two types of epzyné reabtors h;ve been lnvestlgated for
use in :continuous-tlow analysis - the tgbular enzyme (coil)
reactor and the packed bed (column) reactor. In the packed
bed -reactor, the enzyme is l;-oblllzod for e.g. onto po}oui
beads or ;ithln tibers, and then the i{mmobilized enzyme is

packed into a glass or plastic tube to form a small enzyme

- .. reactor column. In the tubular system, the 'enzyna is at-

tached onto the inner surface of a length of tubing. As will
be shown through many examples, nylon tublnz.ls very asuit-
able and has been incorporated into automated analyzers.

The following section will review the applications of

\



43
FIGURE &
OUTLINE OF A FLOW SYSTEM FOR AUTOMATED ANALYSI[S

o
USING AN 1MMOUBIL1ZED ENZYME REACTOR

Legend -

Shown in Figure 6-1s a schematic lllustration ot a con-
tinuous-flow anatlyzer with segmented tiow. The samples are
introduced tnto an air ségmented liquid stream separated by
a wash liquid. The llquld.stream carrylng the samples'passeé
tbrough the enz&me reactor which acts as a mixing cqll. The
alr-segmented 1i stream passes through a flow cell and a
signal propgntfggfji\to t he conceﬁtration of the anaiyte is
read. ’ |

Figure taken without permlssigﬂ from Bickerstaty (%).
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FIGURE 6

315vm OL

Yy3gyoo3Y

40123130

17130 MmO

" IN3DVaY
JWAZN3I

y3IgWvHI
DNIXIW

LN3WD3S
Hiv

HOLOV3H IWAZNI
Q3ZVNBOWNI

diind

HIdWVS

IdWVS

HIOAHAS3H
IWAZNI 318N10S

QPEOeEe

OO0 0000000

il
000 00

2039000000

T3SN0OYYI
INdNVS




45
IMER's in the clinical chemistry labofatory, once again with

e-phasys on the determination of the analytes glucosq?fnd
urea.
1. Urea Deternlnatloﬁ

The ftirst successtul analytical application of an
immobilized-enzyme prepa;ailon was the determination of urea
in serum and urine Jslng immobil{zed urease and a colorli
moeter (48) <(eqn. (6)). Aithough a good correlation was
reported between the immobilized enzyme feactor aﬁd the
Berthelot method, the primary goal of the paper was the
characterization of the bound urease. As a result, analy-
tical detalls were rather sparse., In addition, the analysis
'tlne using this method was 1 hour per 'sanple. The enzyme
deterninatlon ot-urea by a technique that is more economical
and relatlQely easy was firast demonstrated by Sundaram and
Hornby (650), gtease was imwobilized onto a 2-m length of
nylon-tube suppqrt by linking through glutﬁrnldehyde and the
urea assayed in a continuous flow system. Since then, the
same principle has been -turther developed, with ﬁrease
reactors made by the cross-linking lethﬁd of Sundaram and
Hornby (50) or by direct coupling to nylon .alkylated with
dimethyl sulphate (81). In these procedures, the urease
reactor wa{_lntegrnted in the {flow system ot_ ; Technicon

AutoAnalyzer I and the urea measured by assaying the efflu-

ent for ag,onla by'ihe Berthelot reaction or by the di-
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acetylmonoxima method (eqn. (11)). -

QH: CHa \\’\‘/ff*\\ﬁx
T=N-0H NH-\k - - - =N

~

1 C=0 + H* —— C=0 + 2HaO (it1)
¢=0 NHs™ =N—"
CHax Ha
diacetyl _urea diazine derivative (yellow)

Routine determinations weré done af a rate of 60 samples per
hour and the reactors.were stable tor 4 ;onths and 2000
tests. The reactors made by direct éoupilng to'alkylnted
tube lose about 35% activity atter 2 weeks of continuous use
whereas Fhe reactors made by ureasé cross=-linked to the

N .
partially hydrolyzed tube lose about 22% activity In the

same time. Subsequently, ' urease has_ been immobilized on
vartous lengths of nylon tubting tﬁat have attached diamine
spacer arls“to the alkylated surface to minimize the problem
of enzyme multipoint attacﬁnent -(52,53). The Sf-s are then
activated with bifunctional reagenté prior to enzyme cou-
pling (563). The immobilized urease obtained had a shelf-lite
of 8 months and could be ua?d for at least 10,000 urea
assays. Tubes of such manutacture are commercially available
from Carloe Erba (Italy) in a cartridge housing.

In an attempt to minimize non;gpecl!lc binding of
urease to nylon, new methods of enzyme immobilization have
been developed in which the nylon |s coated with poly-
aminated derivatives of starch and dextran (654,66). These
"derivatives whlch‘act as spacer arns‘wére employed to make a

more hydrophilic support. The arms are once again activated

with glutaraldehyde prior to enzyme coupling. This procadgre
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however, resulted in iower urease activity than observed

with other tube modifications.

2. Glucose Determinatlon

The estimation of glucose in blood serum is one of the
most frequent analyses pertor-ed'ln the clintcal labof;tory.
Two enzymatic methods are commercially available for the
assay of gluéose: the glucose oxidase/peroxidase combinatlion
for the oxidation of a chromogen, and the hexokinase/-

glucose-a-phosphaté dehydrogenase (G6PDH) cowmbination for

the reduction ot NAD*/NADP~.

(a) Glucose Oxidase Reaofbrs _

In 1868, Updike and Hicks (568) reported a system ustng
polyacrylamide gel-entrapped glucose oxidase (GO) anq
lactate dehydro;enaso\ (LD) for the determination 9! glucole
-ﬁnd lactate, respectively. However, the major emphasis ot
the baper was a study of the characterlstlés and preparation
of the immobilized enzyme. Using another entrapment proce-
dure, Caapbell and coworkers (67) showed that glucoée
.oxldaso could be immobiltzed between two dialysis membranes.
The resultant enzyme-membrane sandwich reactor was employed
in the dialyzer unit of a Technicon AutoAnalyzer I at 37=C
and found to perform efticiently in the automated analysis
of glucose. In another study, (58), using a cotiled configu-

ration, immobilized glucose oxlidase wasdqncorporated into a

-
-
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Technicon AuthnalyzerT"_tor the assay ot glucose. By using
a relatively "thick™ enzyme coating, only a 30-cm length ot
nylon was needed and up to 60 samples/hour could be assayed
and up to 25,000 assays per tube. in these tubes,.howﬁver.
the immobllized enzyme is not Sound covaleqtly to the wall,
but is present ln-an Insoluble porous annulus, which adheres
to the tuﬂe wail. Thus the nylon thblng serves as a cylin-
drléal envelope, rather than a bona tide support for the
immobilized enzyme. In addition, this method complicates the
reactor kinetics.

Using a procedure of jnnan and Horéby (69), Joseph ot

al., fGO) covalently immoblltzed glucose'oxldase onto a 100~

cm length of nylon tubing using glutaraldehyde activation

-and once ag’ln showed that the cotfed tube obtained could be

incorporated into the Téchnlcon AutoAnalyzeyT" for analysis -
of seru.-glucogé. chér tnvestligators ﬁ52,53,81) have also
shown the _use of"- l--oblilzed'glgcpse oxldase reactors in
contlnuous-tlo; analyzers in the torm of nylon tubing ot
varléus .lengths. The latter, however, presented a shorter
procedure for llnoblilzatlon on nylon by reducing - the
immobilization time from “4.6 hours to 80 minutes by elimin-
ating certain wash procedures, and reducing tncubation tlimes
on certain modification steps. This resulted in higher
apparent activities ot the enzyme. More recently, a process
using p-benzoquinone {in dioxane has been applied for the

] .
activation of polyacrylamide beads (62). In this study, an

3
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Increase in .fhe stabtlity of immobilized glucose oxidase on
this strongly hydrophilic environment was'observed. Preliml -
nary experiments show that this method may have applications
tof the determination of glucose in biological fluids.

In our laboratory, glucose oxldase has been colmmobt-
lized with horseradish pero}ldase onto nylon tubings treated
with limited amounts of alkylating reagents and long spacer
arms (27), and preliminary work has shown that this proce-—

dure can be used for assaying glucose in serum and urine.

(b) Dehydrogenase Reactgg'

(1) Glucose Dahﬁdrogena!c Reactors

The determination ot ﬁlasna glucose has also been,
achieved wusing a stirrer containing immobilized glucose
dehydrogenase (63). In this procedure, the imido groups on
cyanogen bronldé activated cellulose were moditied by adding
ethylene diamine and glutaraldehyde to provide spacing
groeups. Estimates show that the stlrrerl could be used for
- routine analysis for 2 months or about 500 runs. Sundaram et
al., (64) have reported a néthod for jliob{llzlng_glucose'
dehydrogsnase on the lnsld; surface of nylon.tubes bf cross-
linking {he enzyme to a nylon~polyethylpnelilne copolymer by
use of glutaraldehyde (65). In this. case, a 1= length ot,
colled nylon tub{ng was lncorporaied into a Technicon
AutoAnalyzer™ and retained 80% o( its activity atfter 3?00

analyses. A procedure tor coupling of glucose dehydrogéenase
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to glass tubes has been described by Bisse et al.,, (86).
The tubes which were activated with transition metal salts
such as TICle were formed .to a coil and Incorporated in a
Technlcon system. The stability of this preparation was less

than those of the nylon reactors.

(11) Hexokinase/Glucose-8-Phosphate Dehydrogenase
Reactors

. Glucosé analysts making use of {--oblllzedfhexoklnage-
GSPDH was first suggested by Morris et al., (24) for use In
automated continuous—-flow systems. Colls wére propnreh by
alkylation ot the inner walls of small bore nylon iubea with
trlethy}oxonlul tetratluorobora{e (TEOTFB) and subsequently
reacted with a diamine. The tubes were -then activated with
glutaraldeﬁgde and the gnzy-es co-ifmmobilized. This.ylelded
a relatively "thin" enzyme ;oatlng on the wall; therefore,
tubes as long as 1-m were required {in order to achieve

acceptable assay Eons{tlvlty. Other workers (87), have

_de-bnstrated'that such tubes could be used on the Technicon

SMAC system for the accurate analysis of glucose. In this

case, however, tubes 30-cm long weré sufficient to achleve

. the desired sensitivity.

Jablonski and DeLuca (68) have investlgnted the use of
.4 ! - i
a light generating system for the determination of glucose
and glucose-6-phosphate. In this study, luciferase ‘and

oxidoreductase were colmmobilized on glass rods uslnk the

¥




61
method .of diazotization 'to activate the carrlier and the

analytes determined according to the following scheme.

NAD(P)* + glucose — @srou__ NAD(P)H (12)
NAD(P)H + FMN + H> =xisereducesse, NAD(P)~ + FMNHa (13)

FMNHa + RCHO + (Oa _lucicermas , FNN + RCOOH +.HaO + hv (14)

Tﬁe same method has been applied to obtain other coimmobi-
llzea ;ultlenzynp systems (68,70). Bacterial luciterase and
oxidoreductase were coimmobilized onto alkylamino glass
beads with glﬁcosers-phosphate,'lactate, and la}ata aahydro-
genase to quantify thetr gubstiates. Kricka ;L al., (71)
have d?veloéed very sensitive assays/ for glucose, glucose-86-
phosphate and B-phosphogluconaté using iut}en?ynatlc,systels
coimmobilized wlth-'i bhcterlal system onKbNBr-Sepharose
packed ynto small flow cells"

The Immobilized enzymes of the bacterlal\blolu-lnascent
system are fairly promising primarily for assaying NAD(P)H,
and NAD(P)~ NAD(P)H-deandﬁft enzymes and théf; substrates.
Schoelmerich et al., (72) have developed an assay for bile
aclds using coimmobilized 3- —hydroxy;terotd dehydrogenase
and bncterl#l luciterase. The enzymes which were immobilized
on CNBr-Sepharose, provldadﬁg éonvsn{ent and‘sensltivé agsay
tor th; determination of bile acids in blood serum when
compared to chromatographic and radioimmunological assays.
Similarly, very asensitive assays have been developed for
various hormones (73,74)l using poil-obllized lucltérase,

oxldored;ﬁtase and the substrate's dehydrogenase. Compared

-
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to the arylamine glass bead immobilized enzymes, the Sepha-

rose-immobilized preparations had a much higher activity.

3. Other Reactors <
Analytical néthods fﬁgK the continuous-2low analysis ot
uric acid, which 1s ebsential 1in the dlagndsls of gout,
using- immobilized urlcasa_(urate\oxldase) have bédﬁ examine
by Sundaram et al., (76), Chirillo \et al., (52) and Salleh
et al., (76). Whereas Sundaram (75) and Salleh (76) used
nylon colls of 1-2 m 16 length, Chirlllo (52) obtalned bound
uricase coils with suffiziently high activity so‘ that
adequate :}ﬁsltlvjfy could be achieved with tubes less than

30-cm long. Results of\uric acid analysis by use of immobi-

lized uricase with peroxidase gave good correlation with the

Soluble enzyme system. imilarly, Thomasson et al., (77)

——

have evaluated bound uricase on nylon for the deter;lnationbl
of wuric acid in wurine. Once again, gogod correlation was
observed ~with established methods. More recantl? (78),
uricase has been Iimmobilized on protamine bound to glass
beads packed-ln a column, and uric acid determined spectro-
photq-etrlcally;

In addition, oxalate has been determined using oxalate

oxidase (eqn. (6)) immobilized onto nylon supports (26,78).

!

Similarly, pyruvate and lactate have been dgigi:;ned in

L Y
serum with the use of lactate dehydrogenase (LD) and
alanine aminotransterase (ALT) coimmobilized owapylon tubes

o v
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(80), according to the equations:
Lactate + NAD~ _Lbx pyryvate + NADH (156)
Pyruvate + glutamate ALY,2-oxoglutamate + alanine (16)
Lactqte and pyruvate have also been determined by use of
lactate dehydrogenase immobiltzed tn wmicroparticles ot
polyacrylamide (81). Table 1l summarizes the applications o}

enzyme reactors in clinical chemlstry.
S

D. OTHER APPLICATIONS

Another application of immobilized enzyme technology
has'baen'ln the form of an enzyme thermistor, which 13 a
simplified flow calorimeter designed for routine analysis
and Is based on the use of immobilized enzymes. Using about
a b60-ul. sample 'volume, the heat evolved in the enzymatic
reaction (generally at least 20 kJ/mol), (82) can be uti-
llsz to determine caloriietrically the amount ot substrate
reacted. A limitation with this application l; that all
enthalpy changes of the system are registered without
discriwmination. nn.advantafe however, 1is thqf :a process can
Qe followed irrespective of the physical properties (e.
,turbidity) of the reaction solution. Thfs application is npt
iidely used in clinical chemistry because of the high'cost
- and the need to hhvé thermally  regulated instrumentation.
Nevertheless, enzyueﬁther-lstors have been davelbped for the
assay of glucose (83) and urea (84). For these analytes, the

hexokinase and urease were immobilized on controlled poros-

\
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TABLE 1L

e

EXAMPLES OF THE APPLICATIONS OF IMMOBILIZED ENZYME
REACTORS 1IN CL}NICAL CHEMISTRY

Analyte Enzyme Matrix Ref,
. Y
Bile acids 3-o-Hydroxysteroid
dehydrogenase,
luciferase CNBr-~Sepharose 72
1
Glucose Glucose oxldase Dialysis membr, b7
Glass 83
Nylon 26,62,53
: 58,80, 61
856

PoLyacrylaglde 56,62

Glucose dehydrogenase Cellulose 63
Glass tubes . 66
Nylon 64
Hexokinase,G6(FP)DH Nylon 24,67
7 Hexokinase, G6 (P)DH, Glass rods : 68
— Luciferase,
Oxidoreductase ) Nylon 69-71
Oxalate Oxalate oxidase Nylon 26,79
Pyruvate/ Lactate dehydrogenase, Nylon 80
lactate Amino alanine
: transferase - Polyacrylamide 81
~. ‘
Qfgg Urease Glass - 84
' Nylon 49-56
Urlc acid Uricase Glass beads - 78

Nylon. 52,7677




Serm

65
ity glass by means of glutaraldehyde <c¢ross-linking and the
fwmobtlized enzymes tncorporated into an enthalpimetric flow
analyzer. Both methods appeared to be cllnléally useful
showing good correlation with coﬁi%hly hsed methods.

Other applications fnclude the diagnostic test strip in
which a thin strip of plastic with a small éad;'con;alns the
_l-noblllzed enzyme(s) and colour reagents. &hls was first
developed to test for gluoosg in urine using {-nob;ilzed
glucose oxtdase and peroxldisb (8). Anothér intefesting
appllcntlop has been the development of the anzyie pipette
ﬁor llpotfe) "where enzy-qs'arb immobilized onto nylon tubes
by the methods ot Sundaram et al., (51) was added to the.end
2! an automatic pipette 'tlp. Solutl;ns ot‘thé ‘same volume
are sucked into the lnpette' and allowed to react for 5
minutes, expelled and the produpts determined by conven-
tional lothodsl(SG). Tﬂls application, although suitable for
research laboratories and private physicians clinics, Qannot
replaée the.r;le sa-pllhg aﬁd vast turnover that s needed
in hospital settings. s

\ -
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CHAPTER 1V \\\~z/

PRESENT STUDY

As mentioned 1In CHAPTER 1, lnnobilfzatlon of an enzyme
-often leads to a compromise In the activlty when compared to
l;ts soluble analogue. Multiple bond formation and uneven
dlstrlbhtion of cross-lfnklng groups are two explanations ot

iﬁls phenomenon, therefore, It was suspected fhat the degree
of support derlvatization may also be lnportaﬁt ,go t he
recovery of eFZyne ag}fﬁ*&yy Derivatization of nylon by
alkylation hgs been achleved using saturating concentrations
of TEOTFB, however, this gives rise to a support.whlch is

highly activated and may result Iin multipoint attachment of

the enzy-é to the support. The supported enzyme in this cgaa//i”#—

-

would be expected to be legs 'accesslble‘ to substrate and
cofactor molecules., Strateglies for achlevlng‘lower func-

flonal group density - have focused on the use~ of milder
reaction pondltlons (86), or the use of lllltlhg reagent
concentrations (26). By limiting the concentration of
activating reagent, coupling of an enzyme through a single

poiné ts more likely, with the preferred functional group
density iIn the Trapg; of one per 20001', the approximate (‘
cross-sectlonal area of a protein with ifoke‘s radius of

25A, assuming mono-attachment . This alountﬁ to approximately .

83 nmol/m® ot accessible surface area, approxlnately‘d

ngpl/- of 1.6-mm diameter tubing (see APPENDIX I for calcu-
J .

56
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lations). The present work was!conqerned with the develop-
ment of an analyticai method to characterize functtional
group density on nylon tubing that had been activated wlti?
micromolar concentrations of TEOTFB, to ultimately provide a

. S < ' .
clue to the avéqﬁablllty of reactive centres for subsequent

moditication.

A. APPROACH <

As mentioned in CHAPTER Il, activation of nylon tubing
has beenﬁlaggely achtieved tﬁ?ough reaction of the carbonyl
group of the nylon with the alkyl&tlng_agent triethyloxonium

-tetrailuorosprate (TEOTFB). Activation with TEbTFB, which is
hygr0300plc‘an& subject to hydrolysis, forms an }n{date salt
on the support which can be allowed to react in non-dqueous
conditions with various nucleophiles as ﬁ.gentral Eoute for
enzyme immobilization (see Figure 4, CHAPTER II).

Previous work in this labor;tory has dealt with the
evaluation of the structural features ot long hydrophilic
spacer arms and the subsequent immobilization of peroxidase,
glucose oxidase and oxalate oxidase on nylon through derivi-
“tization with these arms (26). Inl addition, previous work
tocused on the'll-oblllzatlon of hbrqeradlsp pegoxldase'on
polyacryla’tﬂe beads (87), colnnoﬁlllzatlon ‘ot-lenzy-as on
nylon (26), and the analysis ot ‘Qinetlc parameters and
stabillty studies ot‘certaln enzyme conjugates sultable for

lusobilization (88).

4
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The present study began with a "pitting” procedure (88)
using a calcium chloride/methanol *mixture whioch removes
amorphous nylon, thereby increasing the surface area avail-

able tor derlvatf:atlon. The dlkyfatlng reagent TEOTFB, is

.then provided to the nylon support yielding the l.ldafe

salt, the target of the. investigation. It was envisaged that
if the amount of the l-[ﬁate'sait could be quantitated, this
would provide an indicattion of the functional group densifty
on the nylon tubling available tﬁr subséaient'nodltlcatlon.
A model reaction for this procedure is the hydrolysis
of acetimidate esters. Hydrolysls ylelds anipes and esters

in acld solution and amides and alcohols at alkaline pH's,

. both sets of products occurring through a tetrahedral

intermediate (Figure 7) (90,81). As the pH is increased, the
Yield of the ester begins to decrease until the correspon-

ding amide and alcohol are produced in near-quantitative
-

yleld around pH 10 (92).

Production ot the alcohol, 1i.e., ethanol, from the
hydrolysis of the imidate salt tormed by O-alkylation,
should be stolchtone(rlc to the amount ‘of TEOTFB activation
sltes on. the nylon. Therefore, one appgiizhjto the analxsl;
of such tunctional group density would be to analyie tor

ethanol liberated upon intentional hydrolysis of a sample of

the activated nyion tubing. ‘ ' -ﬁ\\>

i One strategy for the determination of ethanol would be

the optimization of a commercial kit using the alcohol
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FIGURE 7

REACTIONS OF [{M(DOESTERS

Legend

Shown are the principle reactlions of Imidoesters with

water, ammonia and primary amines. The starting reagent
assumed to be structure [!Il, The principal products
hydrolysis are (a) the amide (1V) and the alcohol R*0OH
(b) the ester (V) and ammonia. The amidine (1{) Ls formed

the reaction of 11l with a primary amine,.

is
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or

by



- 860

F1GURE 7

@NHZ _ @NHZ
R'-C +ReOH RI-C +R20H
T NHR3
R b
NH N2 -
-C-0R2 R'-C-OR®
' 3
| NH, ] o I NHR .
\NH3 iR3NH2/
ONtp
R' -C-0OR?
i}
-'H!tHZO
[ NHy ]
R!-C- Sor2
OH
) ™~
AN
NHy |
REOH +RI-G NH 5 + R'-C-OR®
0 0
A

N

!




61
‘dehydrogenase/pyridine nucleotide assay. This assay is based
6n oxidation of the qlcohol to the aldehyde and reduction ot
NAD to NADm which is measured at 340 nm.

EtOH + NAD~ __Apw acetaldehyde + NADH s<onm

‘Another strategy would be the use of a coupled enzyme assay

Al

using alcohol oxidase and peroxidase. Action of peroxidase
in conjunction with the <chromogen system 4-aminoantipyrene
(4-AAP) and. sodium 2-hydroxy-3,5-dichlorobenzenesulfonate
(HDCBS) will prodﬁce a red chromogen to be measured at 510
nm (Figure 8), The absorbance at 510 nm i3 then broportlonal

ttb the amount of TEOTFB bound to the nylon.

B. MATERIALS —\\\\\H,_r

Peroxldgse (horseradish) (POD) {dqnor: hydrogen pero-
xide oxldoreductase;‘EC 1.11.1.7] Grade Il was obtained from
goehrlnger Mannheim Canada, Dorvnl,' Quebec. Aréohol oxidase
(yeast) (AO0) I[EC 1.1.3.13] was purchased tron:Provosta

Corporation, Bartlesville, OK. Alcohol dehydrogenase (ADH)

[donor: NAD oxidoreductase; EC 1.1.1.1] was purchased from

Boehringer Mannheim Canada Ltd. The enzyme activities quoted
are those of thplsuppller. Unit def!nltlons_ar; as tollows;
POD, one gnlt is the ;;ount that wlll catalyze the oxidation
of 1 nible of guatacol by hydrogen peroxide per -iﬁ at 25=C
at pH 7.0:'ib, one unit ot-actlvlty catalyzes the tgp‘atgon
of one micromole aldehyde -aﬁﬁfﬁfdrogen peroxide per minute
in an air-saturated solution at pH 7.5, 25°C; ADH, one unit

”»
»
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FIGURE 8

SCHEME FOR THE ASSAY OF ETHANOL

Legend

1& Shown in Figure 8 is the reactlon of ethanol with

alcohol oxidase in the presence of oxygen to form peroxide,

which can be coupled to HRP, 4-AAP, HDCBS to form a quinon-

imine dye (red) detectable at 510 nm. .
) * ' »

) -

S~
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will converf 1.0 pmole of ethanol to acetaldehyde per~1{
at pH 8.8, 25-=C.

Nylon tubing (1 or 1.5 mm bore) was obtained from
Portex Limited, Hythe, Kent, England.

Triethyloxonium tetrafluoroborate was purchased from
Fluka Chemical Corp., Hauppauge NY. Dichloromethane required
for activation of the lsupport was obtained from Fisher
Scientitic (ACS grade), Fair Lawn NJ, and 'sﬂ;plled to us
after drylng over calcium hydride by Dr. D. Stephan and his
research group. |

The analytical grade reagents purchased trom Aldrlc{
Chemical Co., Milwaukee WI, were: 4-aminoantipyrens (AAP);
and sod}u- 2-hydroxy-3,56-dichlorobenzenesultonate (HDCBS}.

- Caicfua chloride, hydrogen peroxide (30% w/v), and
methanol were obtained  ftrom Fisher Sctentific Co..Ethyl—
acetimidate hydrochloride and alcohol dehydrogenase were

purchased from Sigma Chenical Co. St. Louis, Miss.

3
C. REAGE%FS

All aqueous solutlons were prepared E?Thg delonized
dl;tllled'watef. The following bﬁiiers and solutions were
used: )

4~\Glyclne butfer: 0.1 M, pH 8.5-11.56
Phosphaie bqtter: 0.1 M, pH 7.5
\

Borate buffer: 0.1 M, pH 8.0-10.5

Bicarbonate buffer: 0.1 M, pH 8.5-11.0

M |
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Stock Soluflions: ; » \\\\

Stotk hydrogen peroxide: A 10 mM stock solution wa;fﬂ\\“

prepared in distllied water on the day of the assay.
thanol standard §olutlon: A 100 mM stock solution was
prepared from absolute ethanol which had been dried over
\?/ B
calclum hydride. Dilutions were made in distilled water.
Imidate standard solution: Stock solutions were pre-
pared from ethyl acetlimidate hydrochloride in 0.1 M glycine
butfer, pH 8.5. The pH ot the solution was readjusted to pH
9.6 and”ﬁlgg) imidate incubated .in buffer solution .for at

\;
least half-an-hour before use.

Enzyme Solutions:

Peroxidase: This solution was prepared to contain 60
U/ml POD in 0.1 M phosphate bufter, ‘pH 7.5.

Alcohol Oxidase: ,200 —U/mL AO .was prepared in 0.1 M

phosphate butfer, pH 7.5.

Chromogen Stock Solutions:

HDCBS: A solution witk a concentration of 18 nﬁ HDCBS
in 0.1 M phosphate bufter, pH 7.5 was prepared. This solu-
tion is stable for one week when stored in the dark at 4=C.

4-AAP: This solution was prepared to éontaln 4.8 -Il4—
aminoantipyrene in 0.1 M phosphate butfer at pH 7.5. This
solution is stable for several week when stored in the dark

at 4-<C.

~/
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Alkylating Reagent:

A stock solution of trletﬁff::;nlul tetratluoroborate
in dry dichloromethane was prepared lumediately befors use.
This compound 1is ~“extremely hygroscoﬁlcf and care must b;
exercised to énsure that alllglassware and solvengs are dry
to avold dogradation of the material to ethanol aﬁE’;I;:;;:
ether. To this end, all‘reaction,vessels were dried at‘ioo'C
and cooled to room te-perature 1;:a epslccator. lh addition,
dichloromethane was redistitlled over calcium hydride and the‘
nylon tubing dried for at least a day over phosphorus

pentoxide under vacuum. No attempts were made to prepare

exact walghtf___‘_g_tL TEOTFB. An aliquot approximating the
desired. welght was taken, the welght recorded and dilutions
prepared 1In dry solvent as quickly as possible. The con-

centration was checked with alcohol determination.

D. INSTRUMENTATION
All spectrophotometric measurements and recordings were
made on the 8451A Diode Array Spectrophbto-eter with 7470
Plotter from Hewlett Packard, Paio Alto, CA, the Shimadzu
Recording Spectrophotometer UV-240 (from Shimadzu Corpora-
tion, Kyoto, Japan_or tho Beckman 356 UV-visible Spectropho-
tometer available from leckman {nstruments [nc-., Irvine, CA.
. All pipetting was done using Pipetman pipetters from
Mandel Scientific Conpaﬁy Ltd., Rackwood, Ontario,

Verification of pH measurements were completed on a Fisher
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Accumet pH meter, Model 800.

Welghts were measured on a Mettler AE180 electronic

balance.

E. METHODS
1. 0-A1ky1a§lon of Nylon Tubing’

’ Nylon-6 tubing, 1 or @TE mm bofe was perfused with a
mixture containing 18.6% w/w palclun:chlorlde and 18.6% w/w
water In methanol and heated at 60°C for 20 minutes. This

-

process etchp§ the inslide of the nylon tubing, removing
amorphous nyldﬁ and increasing the surface area avatlable
for éoupllng. Because of the solvent used, it was critical
to remove all methanol even though it is a poorer substrate
tor alcohol oxidase than ethanol. To this end, the etched
tubing was perfused with at {past two litres of distilled
water to }enove nethan;i, and the e%uate'assayed until no’
more alcohol was present. The tublné is then dried for two
“Ja‘ﬁays under vacuum in =& deslccat;r over phosphorous pen-s
. toxide. '
‘ | The dried tubing was ftilled with triethyloxonium

' tetrafluoroborate solution tn dichloromethane and incubated

at room temperature for 50 minutes.

2. Dertvatization : Y
At the end of the incubation period, unreacted alkylat-~

ing reagent was removed and assayed for unreacted JEOTFB.
P4 .

— ' ) | \<§
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The tubing was then whshed with dry dlchloroneth#ne. Seg-
ments of the tubing (16-cm long) were cut, and the tubing
tilled with 0.1 M glycine buffer, pH 10.5, for 30 minutes.
The tubes were then drained and the eluate collected and
assayed for ethanol. Ethanol produced from hydrolyéls of the
O—alkylated nylon, was calculated as bound TEOTFB. Unbound
and initial concentratlions of TEOTFB were assayed by hydro-

lysis in an aqueous solution to produce the alcohwul.

3. Ethanol Assay

E{hanol produced by hydrolysis otltha imidate 3alt was
measured ustng a{é;hol oxldase and horseradjish peroxidase
/}lth final assay concentrations of 10 U/mL and 3 U/mL,
respectively, In 0.1 M phosphate buftf®r, -pH %.6. This 1s

/ﬁzbupled to a chromogen system usig§/5§:AP'and HDCBS at final
assay concentrations of 2.4 mM and 9 mM, respectively, and

the absorbance was detecdted at 510 nm.

F. RESULTS AND DISCUSSION
1. Development of an Ethanol Assay e
Initial studies to measure ethaﬁol productlion were
focused on a conierclnl‘\kgt available from Sigma Chemical
7( " Company employing alcohol thydrogenase and nicotinamide
adenine dinucleotide- (NAD*). It was doubttul rom the onset

whether this reaction would be suitable for tlhe purposes ot

an analytical tool to determine functional group density.
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The wmain concern was that the sensitivity ot this assay
might be insufticlent for our purposes slnce the chromogen
has an extinction coefficlent of 6220 M—*cm-* at 340 nm
(93)._In_add1tldn, the equilibrius favours the reverse reac-
tion, and as such a irapplng agent, i.e., semicarbazide,
must be employed to remove the aldehyde and pull theareac—
tion in the forward direction. Preliminary attempts to
optl;}ze thié assay by itncreasing the -semicarbazide concen-
tratioh showed ‘that a 50 mM solution resulted in only 73%
yield.(fgqga 1I1I). Concentrationé of trapping agent tﬂfk
high wete difficult to dissolve. In addition, the hydro-
.chLorlde lowers‘the PH ot the solution which would require
high tonic strength buffers. Since this assay results in
less than quantitative ylelds at the ethanol step, coupling
of this reaction to q.hydrolys]s step was expected to result
in even lower yleld and théretorp, work with this system ras
dlscontlnueq.

Alcohol oxidase lacks many of the problems assoctated
with the dehydrogenase a;say£ (1) the equtlibrium ;s fn the
toriard direction, theretpre, the reaction requires no
trapping agent; (1i1) the pf;duct of the reaction, hydrogen
peroxide, 13 a substrate that can be coupled tq'é more
sensitive system uslhg pekoxldasp ;nd thﬁ.mCHPOIOKBnS 4—AA§
and HDCBs. Usfﬁg t coupled enzfna system, a nAVel and

sPnsitlve assay for the determination ot ethanol was deve-

loped.
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TABLE 111

-

BFFEL UF SEMICARBAZIDE CONCENTRAT{ON=
ON RECUVERY OF ETHANUL

P Sem bazlde mM ' % Yield®
\
\--i...
- 21
0.33 34
3.3 ‘ 62
{ .
100 ' 73
50.0 : 77

*Huns were formulated in an assay volume of 2 mL and
the reactlion mixture contained 0.6 mM NAD, 50 U/mL
ADH and 12.5 nM ethanol, and perrorned in dupli-
cates tn G.1 M glycine buffer, pH 9.0.

*Yields are calculated based on absorbance at 34U nm

and a molar extinction coetficient of 6220.

/;
1

3.
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The ‘first ,step 1In this method development, was the
determination of the optimum algohol oxidase concentrailon_

ﬁor an end-point deterulng fon within fifteen to twenty

yminutes. Figure 9 shows that an alcohol oxidase coqfigfy

-

tratlon ot 10U/mL gave an end polnf within the desired tjym,

with higher concentrations being only slightly faster. 4

-

Ethanol standard curves in the range \or 2 to 20 uMN
(Flgure 10}, developed using this éysten, showed that the.
assay had a molar extinction coetticient of about 20,000 at
510 nm, which 1s a three- to four-fold increase in s5en-
sitivity over the ADH/NAD~ assay. This wmethod was use& in
all subsequent work to determine the.concentratlon ot TEOTFB

soluttons and to quantitate imidates in solution or on a

solid phase.

2. Imidate Hydrolysis ' ,

The'feactlon( of triethyloxonium tetratluoroborate with
the nylon results In the tormation of.an ethyl imidate sailt.
The hydrolysis Igz*thet'lnldate has been shown (80,91) to be
tavoured at high pﬁ's. With thls in mind, a suitable. pH and
butfer for quantitative hydrolysl§, to the alcop:;\\was
sought. A 25 uM solution of ethyl acetimidate, was incubated .
in 10; mM borate, bicarbonate and glycine butters in the pH )
raﬁge from 8-11.5, for gt least an hour to allbw tor total

conversion of the jimidate to the alcohol. Other buftfers, -

such.as Tris and phosphate were also considéred, ,but these ®

{
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FIGURE 9 -
OPTIMUM CONCENTRATION OF ALCOHOL OXIDASE
~ i - Legend
Shown In Figure ,9/13- th'é absorbénce at - 510 nm versus
time (minutes) for alcohol oxldase concentratlions in the
range 1-20 U/mL. ‘fhe reactlion was performed with duplicatess
in 0.1 "M phosphate butfer, pH 7.5, with 2.4 mM 4-AAP, 9 mM
HDCBS, 3 U/mL.HRP and 20 uM ethanol.
N Conce(rattons of alcohol oxtdase are as tollows:

——1 /oL, - =~ ——-4 U/pL,, — — — 10 U/mL,

«—16 U/mL ————20 U/mL !



73

_ FI1GURE 9

8¢ ve

oc

Ammu:,m__rcu sty

gl (A"

‘W, Q1S Iy @2UDgIoSqY -



74
FIGURE 10

ETHANOL STANDARD CURVE

Legend ‘ -

Shown In Figure 10 (s the absorbance at 510 nm versus

ethanol concentration between 2- and 25 uM. The alcohol
oxldase-peroxldase reactlon  was carrled out [n duplicates,

in 0.1 M phosphate butter, pH 7.5 Iin a 1-cm patnlengfh cell,

as described in the METHUDS, p.s§.

.
Readings were taken after 15 minute incubation at room

temperature.

-

Linear regression ahalysls ot 4%his data indicated a
slope of 1.955 x 10-% + 1.248 x 10-%, a y-Intercept of

-0.0094 * 0”0044‘and a correlation coefficlent ot 0.9920.

‘.
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FIGURE 10
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bufters iack the butfering capacity of the above bufttfers 1in
the same pH range.

~ The percentage of recoveries ftor imidate hydrolysi}
(Flgure 11), shows that hydrolysis -is greater in the more
bastc pH's, in agreement with” Pletcher Qt_vﬂl-, (80). The
optimum pH for nydroiysis was 10.0 and 10.5 for borate and
bicarbonate buffers, respectively. Hydrolysis in glycine
butfer, however, appeared to be pH lndependent.and showed a
more e%en trend with a slight optimum at pﬂ 9.0. This might
be explalned by the formation ot ethanol through amidine
formation (Figure 7). In addition, the percent maximum
recove;les of the hydrolxsls of ethyl acetimidate is nearly
quantitative in glycine compared to borate and bicarbonate
puffers. For these reasoqs subsequent hydrolysls was carried
out in 0.1 M glycine buffer, pH 9.0.

An imidate st&ndard curve in the range of 2 to 16 uM In

0.1 B glycine bufter, pH 9.6,.‘(Figure 12), shows a linear
response with quantitative recovery of ethanol.

3. Derivatization of Nylon

This work was aimed at performing the assay;,fqr func-

tional group density on+« a section of tublng‘iepresgn +tve

[ 8
of the entire length. The immobilization of enzymes oqnzylon
tubing, is often performed on 1-m lengths of tubing, Slince
. r

' . ' -y
the hydrolysis of the imidate salt of the nylon results in d

product which 1s unsuitable for further derivattzation and
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FIGURE 11
- PERCENTAGE OF RECOVERIES OF [MIDATE

IN VARIOUS BUFFERS

Legend

Shown in Figure 11 (s the percent recovery of ethyl

imidate tn 0.1 M glycine, borate and blcarbonate buffers

.

over the pH range of 8 to 11.5.
The reaction which' was performed lh duplicates, was
initiated by lncubatidh\otf a 20 uM sample of imidate incu-
3 bated In the buffer -solutions for thirty wminutes. The
percent yecoverles are calculated bn the basis of the
theoretical yleld of imidate hydfolysls to *é%manol as

L

measured in the standard assay using absorbance at 510 nm

.

and a molar extinction coefficient of 21,000.

t
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FIGURE 11
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FIGURE 12

IMIDATE STANDARD CURVE \\

Legend

Shown in Figure 12 is the absorbance at 510 nm versus
imidate concentgatlon between 2 and 16 uM. A stock_solution
of imidate was Incubated in 0.1 M glycine butter, pH 9.5 ftor
thirty minutes, afterwhich an hllqhot was removed and added
to the alcohol assay mixture. The reaction which was per-
formed lnnldupllcates. was carried out in 0.1 M phosphate
butfter, pH 7.5 Iin a 1 cm pathlength cell as dgscrlbed in the
METHODS, p. 67.

Readings were taken atter 15 minute incubation at room -

temperature, -

~

Linear regression analysis of this data lndibafad a

slope of 2.063 x 10-®* + 3.63 x,iO“, a y-lntercept of -

-0.0049 *+ 0.0001 and a correlation coefficient of U?B 95.

-

- . ]
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FIGURE 12
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as such involves the sacrificing of the tubing, it was

desirable to use no more than 20% of the 1-m length. This
]

corresponded to the 10U to 15-cm lengths of tubing use- in
this ;ork; shorter leégth§ ;ere found to be awkward to deal
with. : '

Previous work from fhis laboratory (26), has shown that
using a 200-uM soliutton of.TEOTFB, lL.e., limiting éﬁnpentra—
tions, the amount of. coupled enzyme was comparable to that
achlevedA.ﬁlth saturating concentrations (24). For ‘this

~“reason, the study was tocused on the development of a method

to assay for functional group denslty‘ in  the micromolar

range.

3

1ye’ assay fon 1n1daté formation on nyton tubing was

carrled out by tﬁﬁSt measuring the 1initial concentratton of

' e —
the alkylating agent. Due to.the hygroscopic nature of the

solid, the concentration of thg alkylating agent calculated.

by welght is net necessarily true. 1n addition, serial
) V) :
dilutions In different glassware does possess a limltation

in that hydrolysis of the chéﬁical'hay be. progressively com;,

pounded. Attempts tﬁ "limiting this factor were wmade by
'y »

pergfrnlng a{kxéxperlnents under dry conditions.

Unreacted alkylating agent as well as the tnitial .

.

solution of TEOTKFB, were assayed by hydrolyzing an aliquot-

to produce ethanol in an aqueous solution for 20 minutes,

then removing an aliquot of this solution and adding it to

the assay mixture. The -concentrétlon of TEOTFB, whether
: L

Rl B
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initlal or unbound, represents the maximum concentration of

alkylating agent.

-

The effect of lncu?atlon time of TEOTFB for enzyme
immobilization has been prevlouslﬁ look6q~a§ by Boss (2%).
Her reshlts show that fincreasing the lncubatiyn time beyond
50 minutes resulted In no funtheg -increase, and in rfact a‘
decrease, in the amount ot coupled enzyme, showlhg that no
additional alkylation occurred. Morris et gal., (24) have
observed similar results after a 1U-minute incubation. The
latter authors were, however, employing saturatlngzcon-
centrations ot TEOTFB corresponding to a'1ll _solutjon (24).
This work also looked at the effect of incuba?lon time, but
at the activation step. Table IV shows that using the same
stock solution, Iincubation korA a perlod ot 50 or 100 ﬁin-
utes, showed no increase In bound alkylating agent; in tact,
a decrease was seen, Iln agreement with previous work (26).

The recovery of bound agent at }ha S0-minute incubation

perlod was quantitative; however, that of the'luo-minute

-

incubation period showed a loss of 13%.
Table V shows" the effect ot "fnitlal" concentration of

TEOTFB on alkylation. ‘The sum of the bound plus unbound

alkylating agent. s approximately equal to the Initlal
concentr;tlon of the alkylating agent. The recoveryf;r
ethanol from th imidate hydrolysis, theretofe, ts near
éqanfitatlve; with recoveries greater than 90%.¢Note,.how-

ever, the huée ,discrepancy betweeen nominal and actual

v
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TABLE 1V

EFFECT OF INCUBATION TIME ON IMIDATE HYDROLYSIS

Ethanotl liberated

50 min 100 min
{nitial TEOTFB . o .
-/ uM= . ) 10.04 10.04
(nmmol/m)° ) (10.04) (10.04)
dnbound TEOTFB ‘ . ‘b
ny= - 5.47 - 4.786
(nmol/m)® (5.47) (4.76)
Hydrolysate .
nM= 4.78 _ 3.986
(nmol/m)® : . (4.76) (3.96)
% Recovery 101.60 K6,

L

* e

go

*Concentrations were ,calculated using absorbance at

510 nm and an extinction coefficient of 21,000
M~*cm~*, and the reactlon was pertormed In tripli-
cates on 15-cm lengths of nylon "tubing, as des-
cribed in the METHODS, p. -67. Concentrations
calculated are those of the fluid which filled the
tube, (approximately 150 plL).

®"Numbers in brackets are expressed as nmol of ethanol

liberated ‘per metre length/1.5 mm diameter nylon
tubing. ’ - -
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TABLE V

Eftect .of the "lnitial”

TEOTFB Concentration on Alkylation
! Ethanol Liberated
on100 uMen “"200 uN®"
Inltial TEOTFB
“uMe ‘ , 21.76 26.40
(nmnol/m)° ) (21.76) (26.40)
Unbound TEOTFB . ' = ' R
- uM® , 9.52 . " 12.00
(nmol/m)® P o (9.52)° (12.00)
Hydrolysate - " @ ‘ -
: AN ) A0.21 12.22
(nmol/m)= . ¢10.21) - (12.22)
% Recovery ‘ . 90.10 ) 91.70

»Separate stock solutlons of TEQOTFB were prepared
®Concentrations were calculated using ‘absorbance at
510 nm and an extinction ceeafticlent ot 21,000
M~*cm~*, and the reaction was pertormed in tripli-
cates on 165-cm lengths of nylon tubing, as des-
cribed in .the METHODS, p. "67. <Concentrations

calculated are those of the fluid which tilled the

« -tube, (approximately 150 aL).

-“Numbers in brackets are expressed as nmol of ethano)
liberated per metre length/1.5 mnm dlameter nylon

tubing.
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‘conceﬁtratlons which 1Indicates t&e need for accurate analy-
tical methods tbr characterlization of reagent solutlong. In
addition, comparison of hydrolysates from Tables 1V and V
shows that approximately 2-told hlgfer concentration in
reagents results _ln aprroximately 2-fold higher level of

activation, that is, a dose-response curve.

o¥



CHAPTER V
SUMMARY AND CONCLUSIONS

—— s T

, .
A general overview of the varilous means of immobiliza-

tion and the application of this technology in the clintcal
laborato;y'_has been presented. The success of lmmobilized
enzyngs in routjgg cllﬁlcal use lies 1in their ablbliy to
function tn automated systems. _Fhis has been shown by the

Incorporation of immobilized enzyme reactors into continuocus

Al

flow: systems e.g. Technlicon AutoAnalyzerT“.' Innobtllzed

~ ’ r - .
enzyme technology also has the potential of being incor-

T —

porated iInto instruments such as the BMC Hitachi™ or
Coulter DacosT™™, ﬂavlng discrete analyzers and also in
sygtens with reusable cuvettés. As shown In Table 11, a
number of supported enzymes which have been incorporated
into continuous-flow analyzers, have enzymes immobilized

onto nylon supports. Generally, atter a pitting procedure to

—
—_—

remove amorphous nylon, the support ts alkylated with elther
dimet hyl Sulphate or TEOTVB, after which arms may be attach-

ed and the enzyme coupled.

The majority of work on enzyme immobilization 1in

—————

-

clinical chemistry has focused on improvements tn standard

immobilization methods and comparison of these methods with

1

soluble enzymwe systems. In particular, most of thé work has
N A

dealt with the immobilization of glu&t§§“6§idase/gp(oxlda3e

. - e p——

or hexokinase/GBPDH and urease t07 the assay of glucose and

. .

;//
8¢

-



87
u;ea, re#bectlvelyl Other work has dealt with the studies of
the kinetics and stability of these enzyme pb;paraftons.
Little attenglon however, has focused on methods to quanti-
tate the extent of activation of the support, which might be
important in the expression of enzyme activity. The aim ot
the present study, focdslng on nylon, was to develop a
met hod whlch could provide ap indication of the avalilable
functional group denslity atter the activation step. In the
tmmobilization procedures, the amount of coupled enzyme tis
generally determined at the end of “the procedure., 1f the
amount of couﬁﬂed-enzyne is too low, the marketability of
the preparatlon‘ls low, represeﬁtlng a loss ot fnvested t ime
and money. It the‘degree of support derivatization could be
measured from the onset, a poorly activated or "bad batch"
of nylon could be removed from subsequent derivatizattion
l.e., lmmbbllizatlon of the costly enzyme. This method is
not onIy applicable to nylon, ‘but also to other support %
matrices, particularly those which can be activated through
an imidate salt. A natural extension of this work would be
to couple enzyme(s) to the support and correlate .the support
activation with final enzyme activity. In addltlgn, methods
could be developed to assay for distal functional groups

after the attachment of spacer arms at the activation sites. ®

k/j



APPENDIX 1

CALCULATION OF FUNCTIONAL GROUP DENSITY ON NYLON SURFACES:

1. sSurface area avallable on support = 2qrL

if,

then,

Assuming that

area ten fold

Length, L = 1.0 m

Hadius, r = 0.75 mi@
= 4.7 x 10-3 m*
Surtace area = 4.71 x 1027 A=

-

CaCla etching increases the surface

then, the support surface area

becomes 4.71 x 102* A”.

calculated in

For spacing ot activation sites at 1 per 2000 A=

1, above would be covered by:

4.?1 k ip*= = 2.35 x 10*® motecules
2 x 10 s
;
= 2.35 x 10*°
/ 6.02 x 10%<
~ 4 nmol

This would amount to a surface density of 83 nmol/m®.

88
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