Journal of Automatic Chemistry, Vol. 10, No. 1 (January—March 1988), pp. 15-19

Immobilized enzymes in flow-injection
analysis: present and trends
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An overview of the use of immobilized enzymes in flow-injection
analysis (FIA) is presented. The joint use of FIA and immobilized
enzymes means that analytical procedures are easily automated,
analytical costs are reduced and methods are faster. The future
possibilities for this combination are discussed.

Introduction

There are two reasons for limiting the use of enzymes in
analysis: instability and price; these can be overcome by
placing them onto water-insoluble matrices during the
analytical process (i.e. by immobilization).

The enzyme immobilization technique was first devel-
oped in 1916 [1], all further development was during the
last decade [2 and 3]. Immobilization methods can be
classified according to the strength of the matrix-enzyme
linkage into physical methods (involving no bond) and
chemical methods, where a covalent bond is formed
either between the enzyme and the support, or between
pairs of protein molecules. Although physical methods
are less complex and laborious, the linkage involved is
labile and the system loses activity over time. The
formation of a covalent bond in chemical methods,
however, provides the enzyme with nearly natural
environment; so these are the most commonly used
immobilization procedures.

Enzymatic analysis has been widely used in automatic
flow methods [4-6], particularly in Flow Injection
Analysis (FIA) [7-10]. The variety of FIA methods using
immobilized enzymes proposed in the last few years
shows how useful they are in many areas of application.
The benefits offered by the joint use of FIA and
immobilized enzymes will be applicable to a number of,
to date undiscussed, areas and these are described in this
article.

Fundamentals of enzyme immobilization in flow-
injection analysis

Of the two chief types of enzyme immobilization
procedures, physical linkage by adsorption has rarely
been used in FIA because its low stability means that it is
unsuitable for flow systems. The linkage, however, can be
strengthened by using a mediator such as N,N-dimethyl-
7-amino-1,2-benzophenoxazinium ion [11]. This is
adsorbed onto a carbon electrode, which thus becomes
more receptive to the enzyme. Neither membrane nor gel
trapping has been used in FIA, although Olsson et al.

have developed an electrode accommodating an enzyme
trapped between two cellulose dialysis membranes [12].
Immobilization by covalent bonding has been the most
common technique used in FIA.

Both inorganic and natural and artificial organic sup-
ports have been used: glass, cellulose and nylon, respect-
ively, being the most popular. Of the methods proposed
to date, 64% have used an inorganic support; 29% have
used organic supports and the remainder used a combi-
nation [13-15]. The most popular organic matrix is glass,
which is used as beads of various sizes [14 and 16-21], or
as controlled-pore glass (CPG) [22-32]. Platinum has
been used much less frequently, with the twofold function
of support and working electrode for amperometric
determinations [13, 15 and 33-35], and so has carbon
[11, 36, 37]. Only once has IrO, activated with cyanuric
chloride been used as support [38]. Among organic
supports, the commonest is nylon [14, 15 and 39-43],
followed by a series of polymers and gels of different
characteristics, such as propylene [44], sepharose [44—
48], silica gel [13 and 49-52], octylagarose gel [46],
wakogel C-100 [50], polyamide gel [53], aminocellulofine
[54], glycophase [30] etc. Figure 1 shows the variation in
the use of the most popular supports over the period
1978-1986.
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Figure 1. Variation of the annual number of FIA methods using
immobilized enzymes: Overall (O) and methods using controlled
pore glass (CPG, +), enzymatic electrodes (EE, N\) or gels
(G, 0).

Of the three basic steps involved in the immobilization
process (activation or functionalization, coupling of the
binding agent and enzyme immobilization) the first is the
most flexible. Inorganic supports are usually functional-
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ized with aminosilane, X3-Si-NHjy, which bears a termi-
nal amino group for coupling with glutaraldehyde in the
following step [13, 16-28, 31-35, 37, 51, 52 and 55-78].
2,2,2-trifluoroethane sulfonyl chloride [79], carbodiimide
[36], dichloro dimethyl silane+ethylendiamine [14],
p-benzoquinone [29], cyanuric chloride [38] and sodium
periodate (later reduced with NaBH,) [30] have also
been used for this purpose. The last agent has been used
with some organic supports such as silica gel [49-52].

The functionalizer most frequently used with organic
supports such as nylon is dimethyl sulfate [15, 39, 40, 42
and 43); although triethylozonium tetrafluoroborate (to
which lysine or 1,6-diaminohexane is subsequently
added) [14] has also been used. The rest of the supports
—generally gels— are functionalized with cyanogen bro-
mide [44, 46 and 47].

Whatever the functionalizer used, the second step always
involves the coupling with glutaraldehyde. In most cases
(70% of all papers reported on the subject) the enzyme-
support set is packed in a tube making the immobilized
enzyme reactor (IMER), where interstitial dead volumes
are kept to a minimum so that the key role in the
development of the analytical reaction is played by the
flow-rate rather than by the time. The enzymatic reaction
occurring in the reactor is generally fast; this allows the
use of very short lengths, which minimize over-pressure
resulting from packing in the FIA system. An alternative
approach is the open tubular heterogeneous enzyme
reactor (OTHER), which is prepared by immobilizing
the enzyme onto the inner surface of a nylon tube [14, 41
and 43] or onto other material [16, 18 and 70). A third
type of reactor, developed by Coulet, is the so-called
‘membrane reactor’ which is made of nylon and on which
the enzyme is immobilized by covalent bonding. This
type of reactor is usually supported on an electrode [15,
39, 40, 42 and 44]. Occasionally, the enzyme is used
unbound, namely immobilized by being physically
trapped between two membranes (sandwich-type) [12].
Finally, the variable location of the immobilized enzyme
on the electrode endows FIA methods with great
versatility. The electrode is usually Pt [13, 15, 33, 34 and
44], carbon [11, 36 and 37] or IrO, [38].

The most serious shortcomings in the use of immobilized
enzymes in FIA arise from the nature of the immobiliza-
tion processes itself: the long time gap between the steps
involved and the differences between the optimum pH
zones for enzyme stability and reaction development.

Applications of immobilized enzymes to flow-
injection analysis

Although immobilized enzymes have been used in
chemical analysis for over a decade [3], their joint
application with flow-injection methods dates from only
1982. The selectivity and low analytical cost of immobi-
lized enzymes are perfect complements to the modular
character, low sample consumption and speed of the FIA
technique, which thus offers a greater potential than with
the former use of dissolved enzymes [80].
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Although FIA methods involving immobilized enzymes
(IEs) have been applied to a variety of analytes, over 30%
of the papers published on the topic (27 papers) deal with
the determination of glucose. This is basically the result of
the characteristics of glucose oxidase (low cost, good
stability of the linkage to the support, etc.), which makes
it suitable for testing the behaviour of a new configura-
tion, reactor or detection system, and of glucose being one
of the parameters most frequently determined in clinical
laboratories, as well as in food analysis. The most
frequent technique for detection of this analyte has been
amperometry (17 methods), with enzymatic [39] or
non-enzymatic [67] electrodes. Enthalpimetry [69], flu-
orimetry [59], chemiluminescence [65] and photometry
[41], have been used less frequently both in the clinical
[29] and nutritional [42] areas (in the latter case in
individual or simultaneous analysis with sucrose [62] or
fructose [59]). Owing to the complexity of the sample
matrices encountered, the presence of such interferents as
ascorbic or uric acid calls for the separation of the analyte
by different procedures [35, 49 and 66]. Other carbo-
hydrates such as sucrose [31, 62, 67 and 76], galactose
[32, 49 and 63], lactose [37 and 63], fructose [54 and 59]
or starch [71] have also been determined by FIA methods
involving IEs, particularly in the nutritional area and
with amperometric detection. Other analytes typically
determined are of special interest to the clinical field
(cholesterol [14, 46, 49, 51, 56, 65 and 74], lactic acid [16,
40, 50, 52, 65 and 81], uric acid [23, 24, 68 and 82],
creatinine [43, 73 and 78] and urea [27, 28 and 75] or
forensic chemistry (ethanol [48, 55, 57, 58, 64 and 81]).
Several methods have been proposed for the determina-
tion of the activity of different dissolved [33, 48 and 77] or
immobilized [38] enzymes, as well as for the direct
determination of co-enzymes in biological fluids (NAD+
[17], ATP [77], NADPH and FMNH, [47]. Little
attention has so far been paid to the analysis for vitamins
[45] and inorganic species such as Zn(II) [26], sulphite
[72], pyrophosphate [48] or hydrogen peroxide [21, 25
and 79].

The frequency of use of the various kinds of detection
techniques in methods involving IEs-FIA is shown in
figure 2. Both electroanalytical and optical techniques
have been used. The somewhat commoner use of
amperometry is probably the result of the good redox
properties of enzymatic reaction products: detected either
directly [66] or through a coupled reaction [39]. Poten-
tiometry has been applied only with pH electrodes [20],
or ammonia-selective electrodes [73]. Although photo-
metry has been the most popular of optical technique,
fluorimetry is gaining acceptance because it has higher
sensitivity and selectivity. Other detection techniques less
frequently used, but with a great potential, are chemi-
luminescence and bioluminescence, particularly when
the enzyme is immobilized in the flow-cell [78].

Flow-injection methods using IEs are most frequently
applied to clinical analysis (45% of all methods proposed
to date), although they are being increasingly used in food
analysis (15%). Both areas have benefitted from the high
selectivity of enzymatic reactions as applied to complex
matrices such as blood (whole [58], serum [65] and
plasma [61]), urine [75] and to all types of foods and
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Figure 2. Variation of the number of FIA methods using IEs and
the different detection techniques. *A = amperometry; P =
potentiometry; V. = voltammetry; C = coulometry; Co =
conductimetry; Ph = photometry; F = fluorimetry; CL =
chemiluminescence; BL = bioluminescence; E = enthalpimetry.

drinks (for example, wine [55], milk [63], soft drinks [67],
butter [75]). It is surprising to discover that these
methods are rarely used in some areas, such as industrial
process control [60 and 74] and pharmaceutical analysis
[20], where the stability of immobilized enzymes, added
to their low cost and easy handling, should make them
particularly appealing.

FIA methods are not often used for multideterminations
with IEs, despite the frequent need to control more than
one parameter in the different areas of application and the
simplicity of using parallel reactors with different immo-
bilized enzymes. This has been discussed for food analysis
for determining glucose—sucrose in soft drinks [31, 62,
67], L- and D-lactic acids [52], ethanol-acetaldehyde in
wine [55] and glucose—fructose in fruit juices, yoghourt
and dessert powder [59], but only one simultaneous
determination (free and sterified cholesterol in blood) has
been proposed in the clinical area [51]. These determina-
tions can be carried out by sequential [59, 62, 67 and 76]
or simultaneous [55] injection of two sample plugs
undergoing different reactions, or by injection of a single
sample plug, which is split into two subplugs prior to
arrival at the enzymatic reactors [52, 67 and 76).

Ways of increasing selectivity in IEs-FIA

At least 40% of the methods proposed to date have no
practical application. Despite the high selectivity of
enzymatic reactions (further increased by immobiliza-
tion), the matrix complexity often demands ever higher
selectivity. This can be done in several ways:

(1) By separation of the analyte by on-line coupling of a
suitable unit (dialyser [27, 32, 41, 63 and 66] or liquid
chromatograph [26]).

(2) By using a reaction coupled with the enzymatic one to
increase the monitoring wavelength in photometric [32]
or fluorimetric [61] methods, or by decreasing the applied
potential in amperometric detection [39].

(3) By using a suitable reactor to eliminate interferents. It
can be an enzymatic reactor removing species present in
the sample and interfering with the monitored reaction
product for example NHj; in the determination of
creatinine [43 and 73], or degrading a species with redox
properties similar to those of the analytes (for example
ascorbic acid in the determination of fructose [54]). The
reactor can also consist of a silica gel column modified to
immobilize the Cu(II)-diethyldithiocarbamate complex
[33, 35, 63 and 66] or Cu(II) [18] with the aim of
eliminating reductants. This is also the function of the
electrolytic column proposed by Yao ¢t al. [49 and 83].

(4) By using differential measurements, i.e. by taking the
difference between the signal provided by the sample in
the presence and absence of analyte [45] or of the
enzymatic reaction [60 and 82], achieved by sequential
injection of two aliquots of sample [45 and 60], by
splitting the injected sample [82] or by simultaneous
injection of two sample plugs as the analytical signal. The
use of two injection valves [84 and 85] coupled with the
enzymatic reactor in the loop of the secondary valve is a
recent alternative to these differential measurements
[86]. A wvariant of these differential measurements
involves monitoring the conductivity of the sample plug
before and after the enzymatic reactor [75].

(5) A new, unpublished alternative is the kinetic monitor-
ing in the stopped-flow/FIA mode, i.e. the monitoring of
the enzymatic reaction when the reactant plug is stopped
in the flow-cell. In this way, amperometric monitoring
can be performed with chemically modified electrodes
accommodating an immobilized enzyme. Alternatively,
the development of absorbance or fluorescence can be
monitored with the aid of an enzyme immobilized on
CPG or gel and introduced into the flow-cell, or with the
enzyme fixed on the walls of a suitable flow-cell. All these
variants are currently being investigated.

Thus, although the commonest location of the immobi-
lized enzyme is in the reactor (between the injection and
detection system), figure 3, it can also be placed in the
injection valve loop or in the flow-cell.
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Figure 3. Possible locations of the immobilized enzyme in an FIA
system. C = carrier, P = peristaltic pump; IV = injection valve;
R = reactor; FC = flow-cell; W = waste.

Trends

The use of enzymes immobilized on CPG or gel contained
in the flow-cell for chemi- [19] or bio-luminescent [47, 48
and 77] monitoring is becoming more and more frequent.
This is the optimum location for this type of reaction in
which the transient characteristics of the monitored
product must be developed by the time it passes through
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the detector. Nevertheless, it could be interesting to use
this location in conjunction with the kinetic stopped-flow
mode and other detection techniques (photometry, flu-
orimetry) allowing the reaction product to be monitored
for longer times. The enzyme can also be immobilized on
the flow-cell walls. The use of enzymatic electrodes for
kinetic measurements can be very useful to overcome
interferences.

The advantages of immobilized enzymes (higher stabil-
ity, longer life span, lower analytical cost and higher
selectivity) over dissolved enzymes make them suitable
for routine analysis (clinical, food and pharmaceutical
analysis), especially by exploiting the possibility of
performing simultaneous determinations, and for indus-
trial process control in conjunction with FIA, which also
contributes rapidity, precision, financial cost savings and
easy automation.

Another way of complementing the IEs-FIA coupling is
the immobilization of non-enzymatic reagents in the
flow-cell and on the above-mentioned supports. As for
enzymes, for immobilizing reagents, only CPG (luminol
[87] and aminofluoranthene [88]) associated with chemi-
luminescence detection have been used as support.
Nevertheless, its use associated with other optical tech-
niques can be of substantial benefit. Another promising
development is the monitoring of the absorbance, reflec-
tance or fluorescence of an ion-exchanger [89] confined in
the flow-cell, on which a coloured or fluorescent product
is transiently retained, or the analyte with which the
reagent is later reacted, or on which the reagent that
reacts with the analyte is permanently immobilized.

As can be seen, there is a wide range of unexplored
possibilities in this area, towards which is oriented the
future of immobilized enzymes in FIA.
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