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Abstract

The properties of synthetic active enzymatic complexes, simulating those usually present in soil environment, were

investigated. Complexes were formed by the interaction of acid phosphatase with clays (montmorillonite and Al hydroxide),
tannic acid and organo-mineral aggregates, obtained by mixing tannate, OH-Al species and/or montmorillonite. Immobilized
acid phosphatase showed catalytic features quite di�erent from those of the free enzyme. The presence of OH-Al species in the
matrix generally resulted in an improvement of some enzymatic properties. A gain in activity of about 45 and 55% was

observed for the complexes acid phosphatase±tannate±OH-Al species after thermal deactivation at 608C and 2 h of exposure to
proteinase K. High residual activities ranging from 17 to 61% and from 28 to 57% of the initial one were measured for
complexes of the enzyme with inorganic and organic/organo-mineral matrices, respectively. In contrast, the association with a

pure constituent such as montmorillonite and/or tannic acid gave rise to an immobilized enzyme, displaying a completely
di�erent catalytic behaviour. Compared to the free enzyme, acid phosphatase±montmorillonite and acid phosphatase±tannate
complexes had a di�erent pH-activity dependence and a higher and lower sensitivity to temperature and proteolysis,

respectively. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In soil, enzymatic reactions occur in a heterogeneous
rather than homogeneous environment (Nannipieri
and Gianfreda, 1998). Intracellular enzymes exert their
catalytic action within the cell, a restricted and com-
partmentalized system, while extracellular enzymes pri-
marily function associated with soil colloids, short-
lived when acting free in soil solution. Consequently,
properties and kinetic behaviour of such enzymes very
likely will di�er from those of the corresponding pro-
tein from animal, microbial, or plant origins (Burns,
1978; Tabatabai, 1982; Ladd, 1985).

A great number of studies have dealt with the prop-

erties and the kinetics of enzymes in soils (McLaren

and Packer, 1970; McLaren, 1978; Nannipieri and

Gianfreda, 1998 and references herein). Several investi-

gations have demonstrated that soil enzymes follow

Michaelis±Menten kinetics, despite soil being con-

sidered as a discontinuous, structured, and hetero-

geneous system (Nannipieri and Gianfreda, 1998).

Enzyme activities in soil frequently display changed

kinetic parameters (usually lower Vmax and higher Km

values) and exhibit an enhanced stability toward dena-

turation by di�erent agents such as temperature, pro-

teolysis, chemicals etc. Much of this information has

been achieved by studies performed on whole soil

samples, and mainly on synthetic enzyme-associations,

obtained by in vitro interactions of puri®ed enzymes

and natural or synthetic supports.

The enzyme-complexes mostly investigated are those

attained by adsorption or interaction of enzyme mol-
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ecules with pure clays, humus materials or humus-like
compounds (Theng, 1979; Boyd and Mortland, 1990;
Ladd and Butler, 1975). Conversely, a limited number
of studies have been dedicated to study the properties
and the kinetics of enzymes acting in more complex as-
sociations, involving dirty clays and/or organic sup-
ports along with aluminium or iron derivatives. The
latter ones are abundant in soil and may act as natural
bridges between soil supports and enzymatic proteins
(Gianfreda et al., 1993; 1995a, 1995b; Rao et al.,
1996).

The object of this study is to characterize the kin-
etics and the stability of synthetic complexes obtained
by interaction between acid phosphatase from plant
origin and inorganic and organic soil colloids, with
and without aluminium species. Montmorillonite and
tannic acid have been used as representative of inor-
ganic and organic soil colloids, respectively.

Montmorillonite is one of the most representative
clays in soil, and tannic acid is an organic compound
very similar to humic precursors and is involved in the
formation of humic materials. Moreover, as demon-
strated in a previous study (Rao et al., 1996), the OH-
Al species may favour the immobilization of more
active enzyme molecules on inorganic and organic
matrices.

In soil, phosphatases, extracellularly secreted by
plants and microorganisms, play a key role in the
phosphorus cycle, allowing the formation of inorganic
phosphorus, the only phosphate-form taken up by
plants and microorganisms. These enzymes are usually
not free in solution but associated with soil constitu-
ents. Indeed, they have been localized within struc-
tured soil particles, by means of experimental probes
utilizing microscopic observations of soil sections
(Ladd et al., 1996).

2. Materials and methods

2.1. Chemicals

Acid phosphatase (P) (EC 3.1.3.2, from potato, MW
0100 kDa, Type I, 60 U mgÿ1) was purchased from
Boehringer Mannheim, Germany and proteinase K
(EC 3.4.21.14, about 20 Anson U gÿ1) was purchased
from Sigma, St Louis, MO, USA. Tannic acid (MW
1701.23) was a reagent from Fluka AG, CH. All the
other chemicals were reagent grade from Analar,
BDH, Poole, UK.

2.2. Phosphatase complexes

Phosphatase±clay complexes [phosphatase±mon-
tmorillonite (P-M), phosphatase±Al(OH)18±montmoril-
lonite (P-AM), phosphatase±aluminium hydroxide (P-

AL)] and phosphatase±organo and organo±mineral
complexes [phosphatase±tannic acid (P-T), phospha-
tase±OH-Al±tannic acid (P-AT), and phosphatase±
OH-Al±tannic acid±montmorillonite (P-ATM)] were
prepared in 0.1 M Na-acetate bu�er solution at pH
5.0, at 10 and 308C, respectively, as described in detail
by Rao et al. (1996). A higher temperature was used in
the preparation of complexes with organic and
organo-mineral matrices to accelerate the complexation
process (Rao et al., 1996). The complexes, resuspended
in 0.1 M Na-acetate bu�er solution at pH 5.0, were
stored at 108C and their residual activity periodically
measured. When the enzymatic activity of complexes
was reduced by more than 20% compared to com-
plexes freshly prepared, new complexes were prepared.
All the data were normalized on the same residual ac-
tivity.

2.3. Activity assay

The activity of free and immobilized phosphatase
was usually measured with 1 ml of 6 mM p-nitrophe-
nylphosphate ( pNPP) in 0.1 M Na-acetate bu�er at
pH 5.0 (standard conditions). As explained in detail by
Rao et al. (1996), temperature of 10 and 308C was uti-
lized for phosphatase±clay minerals and phosphatase-
organo and organo-mineral complexes, respectively.
The utilization of assay temperatures equal to those
employed in the preparation of complexes avoided any
disturbance to the equilibrium reached in the prep-
aration process. After addition of 1 M NaOH, the
concentration of p-nitrophenate was directly deter-
mined by the adsorbance at 405 nm in a spectropho-
tometer (Perkin Elmer Lambda 3B).

One enzymatic unit was de®ned as the mmoles of p-
nitrophenol produced by 1 ml of free and immobilized
enzyme solution over 1 min at 10 or 308C and at pH
5.0. The speci®c activity was expressed as the units
measured per mg of protein.

The in¯uence of pH on the activity of both free and
immobilized phosphatase was assayed at 10 and 308C
with 6 mM pNPP in the pH range 4.0±8.0, by using
0.1 M acetate (pH 4.0±5.5) and 0.1 M phosphate (pH
5.6±8.0) bu�ers.

The activity±temperature pro®le was obtained by ac-
tivity assays with 6 mM p-nitrophenylphosphate
( pNPP) in 0.1 M Na-acetate bu�er at pH 5.0 and tem-
perature ranging from 10 to 608C. To minimize deacti-
vation e�ects, the incubation time was progressively
shortened with increasing temperature. The activation
energy Ea was evaluated by plotting the log of activi-
ties of free and immobilized phosphatase vs. 1/T (K),
according to the Arrhenius equation. The value of acti-
vation energy was obtained by a computed linear re-
gression analysis of the experimental data.

The enthalpies of activation DHa were evaluated
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from the slopes of the curves obtained by plotting log
activity/T (K) vs. 1/T, according to the equation
reported by Segel (1975).

2.4. Kinetic tests

The kinetics of free and immobilized phosphatase
was determined by activity assays at 10 and 308C and
pH 5.0 with pNPP concentrations ranging from 0 to 6
mM. The kinetic parameters �Vmax and Km) were
obtained by a computed non-linear regression analysis
according to Michaelis±Menten equation (Segel, 1975).

2.5. Stability studies

The proteolytic stability of free and immobilized
phosphatase was studied by determining the residual
enzymatic activity after 1 h-, 2 h-, and 24 h-exposure
to a bacterial proteinase K (500:1 proteinase K-to-acid
phosphatase activity units ratio) at 378C and pH 5.0.
Control tests were performed in the absence of pro-
teinase.

Enzyme thermal stability was assessed at 608C over
a 2-h incubation time. At predetermined time intervals,
suitable volumes of free phosphatase solution or im-
mobilized enzyme suspension were withdrawn and
their residual activity was assayed under standard con-
ditions.

All experiments were carried out in triplicate.

3. Results

Phosphatase reduced its activity to a di�erent extent
depending on the nature and type of immobilizing sup-
ports.

Enzymatic activity decreased to 20% of the initial

one when the enzyme was adsorbed on montmorillo-
nite (Table 1). A reduced decrease of residual activity
(45 and 58%) occurred upon adsorption of acid phos-
phatase, respectively, on a non-crystalline aluminium
oxide (P-AL) and an Al(OH)x-montmorillonite com-
plex containing 18 meq Al gÿ1 clay (P-AM).

When acid phosphatase was complexed with an or-
ganic matrix such as tannic acid, a recovery of 33% of
enzymatic activity was detected. More active tannic
acid±phosphatase complexes were obtained when OH-
Al species, and, even more montmorillonite, were pre-
sent during the complexation process. Residual activi-
ties increased up to 48 and 55% for P-AT and P-ATM
complexes, respectively (Table 1).

The pH-dependence of phosphatase free and com-
plexed with inorganic, organic, and organo-mineral
supports is shown in Fig. 1.

The di�erence of temperature of the activity assays

Fig. 1. Activity±pH pro®les of free and immobilized acid phospha-

tase on (a) clay minerals, (b) tannic acid and organo-mineral com-

plexes. Symbols indicate: P = acid phosphatase, M =

montmorillonite, AL = aluminium hydroxide, AM = Al(OH)18±

montmorillonite complex, T = tannic acid, A = OH-Al species.

Table 1

Residual activities (%) of inorganic, organic, and organo-mineral

phosphatase complexes

Complexesa Residual activity (%)b Number of experiments

Inorganic

P-M 2022.5c 12

P-AL 4523.3 12

P-AM 5822.9 12

Organic

P-T 3322.7 11

Organo-mineral

P-AT 4822.6 11

P-ATM 5521.4 11

a Symbols indicate: P = acid phosphatase, M = montmorillonite,

AL = aluminium hydroxide, AM = AL(OH)18±montmorillonite

complex, T = tannic acid, A = OH-AL species.
b As percentage of the initial units added.
c Standard deviation.
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(see Section 2) accounts for the greater values of activi-
ties reported in Fig. 1(b) as well as for the slight shift
of the maximum activity pH. At 108C, free phospha-
tase exhibited its optimum activity at pH 4.5±5.0,
whereas at 308C the optimum pH shifted slightly
upward by 0.5. In the alkaline pH range, the activity
of the free enzyme decreased to the same extent at
both temperatures. In contrast, at pH 4.0, a sharp re-
duction more than 60% was measured at 308C, while
at 108C the activity was reduced by only 10%
(Fig. 1(a)).

After adsorption on clays, completely di�erent pH-
activity pro®les were exhibited by the enzyme
(Fig. 1(a)). The activity of the three complexes con-
tinuously decreased with increasing pH, identifying a
maximum of activity at pH 4.0. However, the decline
of activity was much more sharp for phosphatase

adsorbed on AM than on AL and M, in the order
listed. The increase of one pH unit from 4.0 to 5.0
determined a decrease of activity of more than 40%
for P-AM, whereas the activity of P-AL and P-M low-
ered only by 30 and 13%, respectively (Fig. 1(a)).

When complexed with AT and ATM, the enzyme
showed a similar pH-dependence (Fig. 1(b)). The maxi-
mum as well as the sensitivity to pH changes of both
the complexes were similar to those of the free enzyme.
Instead, a more ¯at curve was observed for the enzyme
complexed with tannic acid. The activity resulted quite
independent on pH in the range 4.0±6.5, while it sud-
denly decreased above pH 6.5. A maximum of activity
at pH 6.0±6.5 was measured (Fig. 1(b))

The role of the support on the catalytic behaviour
of phosphatase was also evident by temperature±ac-
tivity curves illustrated in Fig. 2. In the temperature-
range explored, the activity of the free enzyme
increased by increasing temperature up to 50±558C.
No further activity assays were performed at tempera-
tures higher than 608C, because of the very elevated
sensitivity of the enzyme to high temperature (see
below).

A smooth behaviour (i.e., less dependence on tem-
perature) was in general exhibited by phosphatase im-
mobilized on inorganic supports. The activity of the
enzyme adsorbed on M and AM increased very slowly
with increasing temperature. Conversely, phosphatase
immobilized on AM displayed a high value of activity
throughout a broad range of temperature (40±608C)
(Fig. 2(a)).

The complexes P-T and P-ATM showed similar ac-
tivity±temperature pro®les (Fig. 2(b)). The activities of
both the complexes very slightly increased with
increasing temperature and exhibited their higher
values in the range 50±558C. At 608C, the activity of
P-T decreased whereas that of P-ATM remained con-
stant. Conversely, the activity of the enzyme immobi-
lized on AT continuously increased with increasing
temperature.

The values of the activation energy Ea were deter-
mined experimentally by plotting log activities vs. 1/T
(K). The Arrhenius plots were linear in all cases, indi-
cating the existence of one step rate-limiting at di�er-
ent temperatures. In agreement with the activity-
temperature pro®les, Ea values were quite low and ran-
ged from a minimum of 13.02 kJ molÿ1 for the enzyme
bound to tannic acid to a maximum of 16.43 kJ molÿ1

when the enzyme was adsorbed on AM (Table 2).
Similar values of Ea were, then, determined for P-T
and P-ATM as well as for P-M, P-AT and free P.

The e�ect of temperature on the reaction, catalyzed
by free and immobilized phosphatase, was also
expressed in terms of the temperature coe�cient Q10.
It is the factor by which the rate constant increases by
raising the temperature 108C (Table 2). The data in

Fig. 2. Activity±temperature pro®les of free and immobilized acid

phosphatase on (a) clay minerals, (b) tannic acid and organo-mineral

complexes. Symbols indicate: P = acid phosphatase, M = mon-

tmorillonite, AL = aluminium hydroxide, AM = Al(OH)18±mon-

tmorillonite complex, T = tannic acid, A = OH-Al species.
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Table 2 indicate a mean value of 1.49, which is con-
gruent with low activation energies. Table 2 also
reports the values of activation enthalpies DHa, calcu-
lated by plotting log activity/T vs. I/T (K). The values
lowered by about 1.1 kJ molÿ1 as compared to the
corresponding Ea. The value of DHa is related to the
events necessary to the formation of transition state
(Segel, 1975; Cornish-Bowdel, 1979). The higher the
DHa value, the larger the amount of stretching, squeez-
ing or even breaking of chemical bonds to reach the
transition state (Lai and Tabatabai, 1992).

The results obtained in the stability studies are illus-
trated in Fig. 3, as log activity vs. deactivation time.
No results referring to P-M are illustrated because of
the high sensitivity of the complex to temperature.
After few minutes (<5) of exposure to 608C, a sudden
decrease (>95%) of activity was measured.

The double-slope pattern shown in Fig. 3 indicates

that a complex deactivation mechanism is followed by

both free and immobilized phosphatase. As exhaus-

tively demonstrated by Gianfreda et al. (1984, 1985),

this behaviour may be described by a two-step, series

scheme N 4 (X) 4 D, where N is the native enzyme,

(X) indicates, a collective distribution of intermediate

forms mutually at equilibrium, and D is a ®nal, inac-

tive conformation of the protein. By assuming the

®rst-order and irreversible kinetics for both steps,

enzyme deactivation may be quantitatively described

by a relationship including four parameters, related to

the activity of N and X and to the kinetic constants of

the two steps. According to this mathematical model,

the curves reported in Fig. 3 were obtained by a non-

linear regression routine.

When immobilized on the organo-mineral supports

AT and ATM, phosphatase was much more stable

than free in solution. In contrast, the enzyme immobi-

lized on AM and/or T showed a higher sensitivity to

thermal deactivation than free phosphatase.

The immobilization on the inorganic, and much

more on the organic and organo-mineral supports

increased the long-term stability of the enzyme to pro-

teolysis. Free phosphatase showed a low sensitivity to

proteolysis within 2 h-exposure, but it was completely

deactivated after 24 h of contact with proteinase

(Table 3). According to the results obtained in thermal

stability studies, the enzyme complexed with ATM

resulted very stable and its residual activity decreased

only by 13 and 20% after 1 and 2 h exposure to the

proteolytic protein, respectively. After 24 h, the im-

mobilized enzyme still showed about 50% of its initial

activity (Table 3).

The kinetics of free and immobilized phosphatase is

illustrated in Fig. 4. All curves show a typical Michae-

lis±Menten behaviour.

The maximum velocities of complexes were lower

than that of the free enzyme (Table 1). In contrast, the

values of Michaelis±Menten constant Km for the im-

Table 2

Energy of activation (Ea), enthalpy of activation (DHa), and thermal coe�cient Q10 for free and immobilized acid phosphatase

Complexesa Ea (kJ molÿ1) r 2b DHa (kJ molÿ1) r 2b Q10 (20±60)

Free P 14.36 0.98 13.07 0.98 1.51

Inorganic

P-M 14.63 0.93 13.52 0.95 1.55

P-AL 15.45 0.97 14.35 0.97 1.60

P-AM 16.43 0.98 15.36 0.97 1.40

Organic

P-T 13.02 0.98 11.92 0.98 1.53

Organo-mineral

P-AT 14.56 0.99 13.73 0.99 1.54

P-ATM 13.63 0.98 12.52 0.98 1.49

a Symbols: see Table 1.
b Signi®cant at 0.001 probability level.

Fig. 3. Thermal stability (608C) of free and immobilized acid phos-

phatase on (a) clay minerals, (b) tannic acid and organo-mineral

complexes. Semilog plot of residual activity, expressed in percentage

of the initial activity, vs. time. Symbols indicate: P = acid phospha-

tase, M = montmorillonite, AL = aluminium hydroxide, AM =

Al(OH)18±montmorillonite complex, T = tannic acid, A = OH-Al

species.
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mobilized enzyme were generally lower than that of
the free enzyme, indicating that phosphatase had a
higher a�nity for the substrate after immobilization
on the supports. Km value decreased from 0.5 mM (at
308C) and 0.6 mM (at 108C) for the free enzyme to
about 0.3 mM for P-M, P-T and P-AT. A very low
value (0.17 mM) was measured for the P-ATM com-
plex.

4. Discussion

The results obtained in this study suggest that the
catalytic behaviour of phosphatase may change after
immobilization depending strongly on the nature of
the immobilizing support. In particular, an improve-
ment in the catalytic features of the immobilized
enzyme is achieved when phosphatase is complexed
with an inorganic and/or organic support in the pre-
sence of OH-Al species.

In a previous paper (Rao et al., 1996), we have
shown that the activity levels of phosphatase adsorbed
on clays increased from 21 to 54% with increasing
OH-Al covering from 3 to 18 meq Al gÿ1 montmoril-
lonite. Similar results were obtained by Naidja et al.
(1997), who demonstrated that the residual speci®c ac-
tivity of tyrosinase immobilized on montmorillonite
coated by Al(OH)x species increased from about 24 to
62% of that of the free enzyme, with increasing the
level of Al coating from 1.0 to 5.0 mmol Al gÿ1 clay.

A bene®cial e�ect of OH-Al species on the for-
mation of more active tannate±enzymatic complexes
have been demonstrated with urease and invertase as
well (Gianfreda et al.,1993, 1995a). The activities of
urease- and invertase±OH±Al±tannate complexes were
66 and 77% higher than those obtained without OH±
Al species, respectively. A further gain of enzymatic
activity was observed in the presence of montmorillo-
nite. The activity of an invertase±OH±Al±tannate±
montmorillonite complex was 84%, much more higher
than that of the complex prepared in the absence of
montmorillonite (Gianfreda et al., 1993).

The highest value at acidic pHs shown by the
enzyme immobilized on AL and AM (Fig. 1a) is con-
sistent with the fact that enzyme±substrate interactions
occur on a positively charged support. According to
the comprehensive analysis of the microenvironmental
e�ect on the behaviour of immobilized enzymes
(Katchalski et al., 1971) a positively charged carrier
(such as AL or AM) will attract hydroxyl ions (OHÿ)
to its surface and the concentration of these latter will
be higher than that of the bulk solution. Consequently,
a shift toward more acid pHs is expected (Fig. 1(a)).

The opposite shift towards more alkaline pHs
observed for P-T (Fig. 1(b)) is still in agreement with
the presence of a microenvironmental e�ect by the

Table 3

Stability of free and immobilized phosphatase to proteloysis exposure

Complexesa Residual activity (%) after exposure proteinase Kb

1h 2h 24h

Free P 7523.2c 5522.8 0

Inorganic

P-M 1421.6 0 0

P-AL 4123.1 2423.4 422.3

P-AM 4124.2 2522.4 121.6

Organic

P-T 7323.2 5125.1 1622.0

Organo-mineral

P-AT 8625.2 8023.3 4422.7

P-ATM 8722.2 8023.9 4823.2

a Symbols: see Table 1.
b Proteinase K/acid phosphatase ratio 500:1.
c Standard deviation.

Fig. 4. Michaelis±Menten plots of free and immobilized acid phos-

phatase on (a) clay minerals, (b) tannic acid and organo-mineral

complexes. Symbols indicate: P = acid phosphatase, M = mon-

tmorillonite, AL = aluminium hydroxide, AM = Al(OH)18±mon-

tmorillonite complex, T = tannic acid, A = OH-Al species.
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support (in this case tannate molecules negatively
charged) on the activity of immobilized phosphatase.
In this case, the microenvironment surrounding the
enzyme is more acid (lower pH) than the bulk and a
more alkaline pH is necessary to reach the enzymatic
optimum-pH value. When OH-Al species, tannic acid
and montmorillonite, showing positive and negative
charges, respectively, are simultaneously present on the
support, a balance between the two e�ects probably
occurs and no signi®cant changes in the pH-activity
pro®le will result (Fig. 1(b)).

A di�erent theoretical approach was used by Qui-
quampoix (1987) and Staunton and Quiquampoix
(1994) to explain the e�ect of pH on the activity of
proteins adsorbed on clay minerals. The authors hy-
pothesize that the forces of interaction occurring
between proteins and mineral surfaces give rise to
structural modi®cations or orientational e�ects of the
adsorbed proteins with a subsequent variation of the
enzymatic activity.

The most bene®cial e�ect deriving from the coexis-
tence of OH-Al species, tannic acid, and montmorillo-
nite re¯ected on the enhanced thermal and proteolytic
stability shown by P-AT and P-ATM (Fig. 3 and
Table 3). Evidently, considerable restriction to confor-
mational changes of the enzyme structure as well as to
the attack of proteinase arose after entrapment and/or
adsorption of the enzyme within and/or on the
organo-mineral complex.

The kinetic ®ndings shown in Fig. 4 are unusual.
Generally, the Michaelis±Menten constant of immobi-
lized enzymes increases, because of a reduced a�nity
for the substrate, achieved by enzymes upon immobil-
ization on solid supports. However, some exceptions
to these ®ndings have been demonstrated. As com-
pared to free enzymes, lower Km values were deter-
mined for a-amylase, protease, alkaline phosphatase
and urease when adsorbed on various clays (Kobaya-
shi and Aomine, 1967; Makboul and Ottow, 1979;
Gianfreda et al., 1992).

The lower Km values measured for P-AT and P-
ATM (Fig. 4) could be explained by reduced confor-
mational changes undergone by enzyme upon immobil-
ization. In previous studies (Gianfreda et al., 1993;
1995b), we found that the presence of OH-Al species
during the complexation of urease and invertase with
tannic acid positively a�ected the residual activities of
the immobilized enzymes and their catalytic behaviour.
We suggested that the structure of such complexes
could have a reticulated tridimensional organisation
with large pores. This structure probably enables a
free di�usion of small molecules such as substrate and
reaction products, but markedly hinders the accessibil-
ity to large size molecules such as proteinase. Similarly,
temperature-promoted conformational changes of
phosphatase molecules, embedded in these structures,

could be prevented and an increased thermal stability
may result (Fig. 3).

In conclusion, phosphatase immobilized on clays,
organic and organo-mineral complexes showed cataly-
tic features quite di�erent from those of the free
enzyme. These ®ndings con®rm that catalysis by an
immobilized enzyme may di�er from that of the free
form because of chemical or conformational changes
of enzyme structure, occurring upon immobilization;
modi®cation of the microenvironment surrounding
enzyme due to the physical and chemical nature of the
immobilizing support; and steric hindrance e�ects on
substrate accessibility to the active site. Some or all
these factors may concurrently a�ect the catalytic
behaviour of the immobilized enzyme (McLaren and
Packer, 1970; Nannipieri and Gianfreda, 1998).
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