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The hydrolysis of disodium p-nitrophenyl phosphate catalyzed by alkaline phosphatase was chosen
as a model to study the kinetics of changes in frozen food products. The initial reaction rate was
determined in concentrated sucrose solutions down to -24 °C, and the enzymatic characteristics
KM and Vmax were calculated. The experimental data were compared to the kinetics predicted by
assuming that the reaction was viscosity dependent. Indeed, an analysis of the enzymatic reaction
demonstrated that both the diffusion of the substrate and the flexibility of the enzyme segments
were controlled by the high viscosity of the media. When the temperature was too low for the viscosity
to be measured simply, the Williams-Landel-Ferry equation was used to predict the viscosity,
taking, as reference temperature, the glass transition temperature (Tg) corresponding to the
concentration of the freeze-concentrated phase at the test temperature. Predicted values of the
reaction rate were very close to the experimental ones in the studied temperature range.
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INTRODUCTION

One common way to ensure the quality of food
products is storage at low temperatures, with chilling
or freezing processes. Freezing is generally used for
long-term food preservation, and it consists of a reduc-
tion in temperature to -18 °C or below. However,
although most of deteriorative reactions are slowed with
a decrease in temperature, they are not stopped by this
storage method. Indeed, irreversible biochemical reac-
tions, for instance, may occur in frozen products and
have been widely described in the literature (Maier et
al., 1955; Parducci and Fennema, 1978, 1979; Vajda,
1993; Ullmann et al., 1997). Lipid oxidation and enzy-
matic reactions lead to the development of off-flavor and
off-color in the products (Hall and Alcock, 1987). In
cellular conditions, components are localized at definite
positions. However, on freezing, cellular structure dis-
ruption results in the meeting of certain reactive
molecules, enzymes with their substrates and/or activa-
tors, allowing chemical or enzyme reactions in the frozen
state, and they are further enhanced upon thawing of
the food. Most often, the rate of these reactions exhibits
a very strong temperature effect (Simatos and Blond,
1991).

Under these considerations, frozen foods represent an
especially interesting problem in terms of the effects of
changes in mobility due to cell damage and the freeze
concentration of the liquid phase. During freezing of
cellular suspensions, tissues, or aqueous solutions, a
part of the water is converted to ice crystals, leaving
the constituents of the solution concentrated in a much
reduced quantity of unfrozen water. This unfrozen
phase may exist as either a very viscous supercooled
liquid or a glass. The change from the glassy to the

liquid state occurs at a critical temperature known as
the glass transition temperature (Tg). The main conse-
quence of the glass-liquid transition is an abrupt
decrease in viscosity, which may result in the increase
of solute mobility inducing deteriorative changes. Once
the system is above its Tg, the viscosity of the unfrozen
phase continues to decrease, in a non-Arrhenian way;
it has been suggested that the drastic decrease in
viscosity as the temperature increases could be respon-
sible for the strong temperature effect mentioned above
(Levine and Slade, 1988; Simatos and Blond, 1991). The
enzyme reactions in such freeze-concentrated systems
are considered to be diffusion controlled (Kerr et al.,
1993), the reaction rate being limited by the mobility
of either substrate, enzyme, or even the enzyme seg-
ments (Karel et al., 1993; Champion et al., 1997a).

The objective of this work was to determine whether
the strong temperature effect can be explained (and
predicted) on the basis of changes in molecular mobility.
The enzymatic reaction catalyzed by the alkaline phos-
phatase was studied as an example of diffusion-
controlled reaction in a frozen food model: sucrose
solutions. Simopoulos and Jencks (1994) have demon-
strated that the reaction catalyzed by the alkaline
phosphatase is diffusion controlled in viscous sucrose
solutions at 25 °C; these authors qualified this enzyme
as an “almost perfect enzyme”, which was not destabi-
lized by the presence of sucrose. Douzou (1977) had
reported that the diffusion behavior in frozen systems
can be altered because the viscosity is increased by ice
formation much more than would be expected from the
relationship between viscosity and temperature when
no phase change occurs.

Parker and Ring (1995) proposed a model to predict
the chemical reaction rate in a frozen system in relation
to the effects of the temperature and the concentration
of reaction medium, on the basis of the Atkins theory
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(Atkins, 1998) for diffusion-controlled reactions. In a
sucrose solution, the cryoconcentration of the reactants
induces an increase of the reaction rate, with a maxi-
mum between -2 and -3 °C when the initial sucrose
concentration is <20%. When the initial sucrose con-
centration is higher, or at lower temperatures (from
-16.5 to -40 °C), a decrease in the reaction rate is
induced by a decrease in the temperature and an
increase in the cryoconcentrated phase viscosity. Only
the influence of the reactant mobility was taken into
account in their work for the calculation of the predicted
rate constant.

In the case of an enzymatic reaction, however, the
freezing process can disturb not only the reactant
mobility but also the transformation into product, and
the decrease in the reaction rate may reflect the
temperature influence on both. The enzyme efficiency
can also be changed due to some modifications in the
reaction medium induced by low temperatures. Indeed,
according to Fennema (Fennema, 1975; Parducci and
Fennema, 1979) changes in buffer concentration and
composition cause changes in pH. pH as well as ionic
strength changes could lead to subunit dissociation and
reassociation of oligomeric proteins such as enzymes.
Tappel (1966) has also demonstrated that many of the
common solutes, such as salt buffers, sugars, and other
carbohydrates, are effective inhibitors of enzymatic
reactions at high concentrations. Another factor in-
volved in enzyme inactivation at freezing temperatures
is the perturbation of sulfhydryl groups essential for the
activity of some enzymes (Ashie et al., 1996). For the
present study, the assay conditions were chosen so as
to limit the perturbation in the enzyme activity caused
by changes in pH or ionic strength.

First, the enzymatic characteristics KM (the Michaelis
constant) and k3 (also called kcat) were explored as a
function of the high concentrations of the reaction
medium and of the low temperatures. Second, the
reaction velocity was studied as a function of temper-
ature. The viscosity effect on the reaction medium was
then investigated, and its contribution to both reactant
diffusion and enzyme catalytic efficiency (kcat) is dis-
cussed.

BACKGROUND

The reaction rate equation for enzymatic reactions is
inherently nonlinear, so the relation of kinetic param-
eters as a function of time cannot be expressed analyti-
cally. Some analytical relationships have thus been
developed by appropriate approximations of the rate
equation and used to qualitatively characterize the
kinetic behavior.

A reaction of the simplest Michaelis-Menten (Michae-
lis and Menten, 1913) type was considered for the
approximation of the studied reaction:

E, S, E-S, and P represent the enzyme, substrate,
enzyme-substrate complex, and product, respectively.
k1, k2, and k3 are the reaction rate constants corre-
sponding to the enzyme-substrate association, the
enzyme-substrate dissociation, and the transformation
into product (also called kcat for catalytic constant)
constants, respectively. The global reaction rate con-

stant K can be calculated from the experimental deter-
mination of the initial velocity v0:

Indeed, the study of v0 allows one to neglect the inverse
reaction, which can be induced by the presence of a high
quantity of the product P. From a theoretical point of
view, the initial velocity v0 can also be expressed in the
well-known steady-state expression established by
Michaelis and Menten:

Vmax denotes the maximum velocity and KM the Michae-
lis constant, which represents the inverse of the affinity
of the enzyme for the substrate. The values of KM and
Vmax were experimentally evaluated by determining the
initial velocity, v0, for various substrate concentrations.

In the model established by Michaelis and Menten
(eq 1), the reaction can be divided into two steps: the
first one corresponds to the diffusion of the molecules
toward each other and the formation of the enzyme-
substrate complex, which is controlled by the affinity
between the two molecules; the second one describes the
transformation of substrate into product. The transla-
tional mobility of the reactant molecules influences the
first step of the reaction and can be a limiting factor of
the reaction, especially when the reaction medium is
viscous or when the two molecules are separately
distributed. However, we have to consider that the
viscosity of the medium can also influence the second
step of the reaction in decreasing the enzyme flexibility.
Taking into consideration the second part of the expres-
sion in eq 1 for the enzymatic reaction

the catalysis rate constant (k3) can be calculated using
the measured Vmax and the initial enzyme concentration.
Indeed, Vmax can be measured when all of the enzyme
molecules are linked to substrate molecules. Then, the
enzyme-substrate complex concentration is considered
to be equal to the enzyme concentration as suggested
by the Michaelis and Menten model and k3 is deter-
mined with the relation

MATERIALS AND METHODS

Sucrose Solutions. Coarse-grained sucrose was dissolved
in distilled water. The purity of sucrose solutions was checked
by liquid-phase chromatography. As no impurity was detected
by this method, the coarse-grained sucrose was used without
further purification. The sucrose was just dissolved under
agitation at different concentrations from 30 to 65.3% (w/w)
in distilled water; the concentrations were checked using a
refractometer. The initial concentrations of the sucrose solu-
tions, 43.5, 57.5, and 65.3%, were chosen to be representative
of the cryoconcentrated phase of a dilute sucrose solution at
the different assay temperatures, -5, -10, and -15 °C,
respectively (Champion et al., 1997a).

Enzymatic Reaction. Alkaline phosphatase (EC 3.1.3.1)
is a nonspecific phosphomonoesterase. It is a dimeric metal-
loprotein that has two Zn2+ ions and an Mg2+ ion in each active
site (Simopoulos and Jencks, 1994). Alkaline phosphatase is
a hydrolytic enzyme that hydrolyzes disodium p-nitrophenyl
phosphate (DNPP), the substrate, to form p-nitrophenolate
ions, the product, and PO3

2- ions. The alkaline phosphatase

S + E {\}
k1

k2
(E-S) 98

k3
P + E (1)

98
K

v0 ) K[S][E] (2)

v0 ) Vmax[S]/(KM + [S]) (3)

E-S 98
k3

P

Vmax ) k3[E] (4)
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used was the type 1S obtained from bovine intestinal mucosa
with an activity of 50 units mg-1 (Sigma). An 0.8 g L-1 solution
of enzyme was prepared in distilled water with 0.76 mg of
MgCl2/mg of enzyme for enzyme activation. A 0.26 g L-1

solution of DNPP was prepared in distilled water. Aliquots of
0.1 mL of enzyme solution were added to cryotubes containing
DNPP (at different concentrations depending on the studied
enzyme-to-substrate ratio) and sucrose preparations. The tubes
were immediately capped, mixed for exactly 30 s, and frozen
in liquid nitrogen before any substantial DNPP hydrolysis
could occur. The samples were stored overnight at -36 °C to
ensure that the media were fully frozen. The tubes were put
in a water bath for experiments at 20 and 10 °C and in a
alcohol bath for ones at temperatures <0 °C. Some samples
were removed at once to serve as zero time references. The
others were removed at specified times after storage for
between 0 and 34 days. Upon removal from the bath, 1 mL of
28 g L-1 trichloroacetic acid (TCA) was immediately added to
the frozen sample. Therefore, as the sample started to thaw,
TCA would denature the alkaline phosphatase and prevent
further enzyme-catalyzed hydrolysis of DNPP. After the
sample had thawed, the color was developed by increasing the
pH with 0.5 mL of 24 g L-1 NaOH.

The solution absorbency was measured at 400 nm and
converted to p-nitrophenol concentration using a standard
curve obtained with sucrose solutions. The reaction rate v0 was
taken as the initial slope of the curve on plots of concentration
of p-nitrophenol versus storage time. This slope was deter-
mined from the linear regression of the experimental data
between time ) 0 and the time when 5% of the total DNPP
was hydrolyzed.

The enzyme-to-substrate molar ratio was varied from 250
to 2000 for the determination of the KM and Vmax values as a
function of temperature and sucrose concentration; this molar
ratio was then kept constant at the value of 1045 for the kinetic
study of the reaction.

Viscosity Measurements. The viscosity of sucrose solu-
tions was measured with a rheometer (Rheometer 30, Con-
traves). The viscosity was monitored as a function of temper-
ature in solutions from 30 to 65.3% (w/w) sucrose, with
temperature conditions avoiding the formation of ice, that is,
from 20 to -15 °C. A temperature-controlled alcohol bath
maintained a constant temperature during the experiments.

RESULTS

Enzymatic Characteristics. The initial velocity (v0)
was measured for different enzyme-to-substrate molar
ratios from 250 to 2000. KM and Vmax were graphically
determined using linear regression methods for the
Lineweaver and Burk (1/v0 ) f(1/[S]) or Hanes and Woolf
([S]/v0 ) f([S]) representations, using the data of at least
three repetitions. Both were used to calculate the
enzymatic characteristics (KM and Vmax) in sucrose
solutions. Table 1 presents the mean values obtained
from the different replicates; statistical tests were used
to compare these averages.

KM. The measured Michaelis constant values were not
significantly different with changing sucrose concentra-
tion or temperature. The mean value was 4.2 × 10-4 M
for the alkaline phosphatase using DNPP as the sub-
strate in sucrose solutions. The determined KM reflects
our choice for a nonbuffered reaction medium, to avoid
salt concentration or precipitation at sub-ice-melting

temperature, which can change the pH and buffer
properties (Franks and Hatley, 1991). Indeed, the
optimum pH for the alkaline phosphatase is 9.8 (Bar-
man, 1969), but in the sucrose solutions used in this
study, the pH of the reaction media was far from the
optimal conditions for this enzyme, which explains the
low value obtained for KM. As shown in Table 1, the
affinity (the inverse of the Michaelis constant) of the
alkaline phosphatase for DNPP was not significantly
modified by the presence of sucrose at concentrations
up to 57.5%. Any effect of the temperature and ice
presence on KM could also not be observed in the studied
media.

Vmax. The maximum velocity significantly decreased
with a decrease in the temperature or an increase of
the sucrose concentration (Table 1). It appears that the
experimental conditions had a strong effect on the
enzymatic catalysis according to the Vmax evolution.

Global Reaction Rate Constant K. The initial
velocity (v0) was determined by keeping the enzyme-to-
substrate ratio constant at the value of 1045 in the
liquid phase. The concentration in the liquid phase
evolves as a function of the temperature due to the
cryoconcentration process; however, if the concentra-
tions of the two reactants evolve according to the
temperature and the initial sucrose concentration, the
ratio of solute concentrations remains constant during
the decrease in temperature. To study the influence of
the concentration and temperature on the reaction, the
global reaction rate constant K (eq 1) was calculated
according to equation eq 2, using the measured initial
velocity and the calculated concentrations of enzyme
and substrate as a function of the temperature (Cham-
pion et al., 1997a,b). Each experiment was replicated
several times (from three to nine); the average K values
are presented in Figure 1.

At room temperature, the reaction rate constant K
decreased with an increase in the sucrose concentration.

Table 1. KM and Vmax of the Alkaline Phosphatase in Different Sucrose Solutions as a Function of Temperature

sucrose concn in the reaction medium (w/w)

10% 43.5% 57.5%

20 °C 0 °C 20 °C 0 °C -12.5 °C 20 °C 0 °C -10 °C -23 °C

KM (10-4 M) 4.4 1.5 3.2 1.3 5.0 4 1.6 5.4 10.8
Vmax (10-6 M h-1) 932 154 297 35 5 99 16.3 6.7 0.5

Figure 1. Global reaction rate constant K of alkaline phos-
phatase as a function of temperature. Experimental values
obtained in different sucrose solutions: (O) 10% sucrose
(w/w); (]) 30%; (0) 43.5%; (4) 57.5%.
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The viscosity of the sucrose solutions influenced the K
values as observed for Vmax (Table 1).

The reaction rate constant decreased with the de-
crease in temperature from 3.5 × 106 M-1 h-1 at 20 °C
to 1.5 × 102 M-1 h-1 at -23 °C for the 30% sucrose
solution. This decrease of four decades was due not only
to the decrease in temperature but also to the concen-
tration of the reaction media resulting from ice forma-
tion. Indeed, the K values obtained at a given subzero
temperature, in samples containing various amounts of
ice, were not significantly different and were equal to
the ones obtained in samples without ice, which had a
concentration corresponding to the cryoconcentrated
phase of the frozen media. The reaction rate constant
seems to be more influenced by the concentration of the
liquid phase than by the presence of ice.

DISCUSSION

The reduction of the enzymatic catalysis caused by
freezing may be due to several factors: the enzyme
structure and mechanism can be modified by the low
temperature or the changes in the reaction medium
induced by the freezing process can contribute to the
decrease in the velocity of catalysis. These two aspects
are discussed.

Enzyme Structure. From the results of KM (Table
1), no modification of the affinity of this enzyme for
DNPP was observed whatever the temperature or
sucrose concentration. It could be assumed that there
was no significant change in conformation of the active
site of the alkaline phosphatase due to the presence of
ice or high concentrations of sucrose (up to 73% at -24
°C). The same result was observed in buffered highly
concentrated sucrose solutions at 25 °C (Simopoulos and
Jencks, 1994). The decrease of the water content of the
liquid phase did not disturb the specificity of alkaline
phosphatase during the cryoconcentration and the
specificity of invertase during the desiccation of the
reaction media (Silver and Karel, 1981). The change of
slope of K versus temperature (observed around -5 °C
for the 43.5% sucrose solution) cannot be attributed to
a cold denaturation of the enzymatic protein due its
aggregation or dissociation as can be observed for
several proteins (Hänsler and Jakubke, 1996) but
reflected the concentration change in the reaction
media. Indeed, for the 57.5% sucrose solution down to
-10 °C, in which there was no cryoconcentration, the
reaction kinetics followed a continuous evolution.

Molecular Mobility. A frozen product is constituted
of ice crystals surrounded by a concentrated amorphous
matrix (in the liquid or glassy state depending on the
temperature). Every reaction in this type of system
occurs in this amorphous phase, and the presence of ice
can be considered inert on the reaction process, as
confirmed by our results. For a theoretical analysis of
the kinetics, one of the main difficulties is the determi-
nation of the viscosity of the liquid phase. The rheo-
logical measurements of the viscosity in frozen products
are hindered by the presence of ice. When possible, in
solutions without ice, the viscosity was measured using
a classical apparatus of rheology, but the modeling was
required to evaluate the viscosity of the unfrozen phase
in frozen products. To do that, the solute concentration
as a function of the storage temperature has to be
known. The concentration of the liquid phase of a frozen
system below its ice-melting temperature Tm can be
obtained from the corresponding state diagram. For the

sucrose-water system, the state diagram was widely
studied and described in the literature (Luyet and
Rasmussen, 1968; Roos and Karel, 1991; Le Meste and
Huang, 1992). We used the state diagram given by
Blond et al. (1997) (Figure 2), improved with the latest
computer developments. For instance, a 30% sucrose
solution at room temperature, if stored at -10 °C (T)
in thermodynamic equilibrium, is constituted of a liquid
phase at the concentration of 57.5% sucrose [C(T)].

Once the system is above its Tg, the viscosity of the
liquid solution can be calculated using the Williams-
Landel-Ferry relation (WLF) (Williams et al., 1955):

where ηT and ηTg are viscosities at the storage temper-
ature T and at Tg, respectively; Cg1 and Cg2 are
phenomenological coefficients.

The well-adapted WLF coefficients for our sucrose
solution systems were first determined from the fitting
of the experimental viscosity data measured in the
absence of ice to the WLF equation. This determination
allowed us then to calculate the viscosity of a solution
as a function of its Tg (Champion et al., 1997a,b). Indeed,
the viscosity of the cryoconcentrated phase was pre-
dicted as a function of temperature T, using eq 5, taking
for Tg(cT) the glass transition temperature correspond-
ing to the concentration at the storage temperature T.
Our calculated values were in agreement with the
viscosity data given by Kerr and Reid (1994) obtained
for partially frozen sucrose solutions (Champion et al.,
1997a).

To understand the influence of the medium on the
reaction rate, the variations of K and viscosity were
compared. In Figure 3, we observe a good correlation
between the viscosity and the reaction rate constant
(r2 ) 0.999).

The effect of temperature has to be emphasized. On
the one hand, the concentration of the liquid phase in
frozen systems is a function of the storage temperature
according to the ice formation (cryoconcentration); on
the other hand, the viscosity is dependent on the “WLF
effect” [the difference between the storage temperature

Figure 2. State diagram of the sucrose-water system. Tm )
equilibrium ice formation-and-melting curve calculated from
UNIFAC-UNIQUAC models; Tg ) onset glass transition
temperature curve calculated with the Gordon-Taylor equa-
tion (Blond et al., 1997).

log ηT/ηTg
) Cg1(T - Tg)/[Cg2 + (T - Tg)] (5)
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and the Tg of the corresponding solution [C(T)]]. The
storage temperature effect contributes to both the
concentration and the viscosity. These two parameters
are inseparable and result in a drastic temperature
effect on reaction kinetics.

The two steps of the reaction can be analyzed sepa-
rately to describe the viscosity action on the studied
reaction. On the one hand, k1 can be dependent on the
viscosity, which contributes to the reactant mobility and
association of molecules; on the other hand, the viscosity
can also disturb the enzymatic catalysis efficiency
causing a change in k3.

Despite the fact that substrate and enzyme are mixed
together before freezing, the mobility of the substrate
can be a limiting factor due to its molecular environ-
ment. Indeed, the molar ratio of substrate to sucrose
molecules is of 1/104 and may explain the possible
contribution of the reactant mobility on the global
velocity.

The viscosity influences the diffusion of the molecules,
and the mobility of the substrate may control the global
reaction rate, limiting the first step of the reaction (k1).
The higher the viscosity is, the lower the translational
diffusion coefficient is expected to be, as described by
the Stokes-Einstein relation:

It was already shown that viscosity and diffusion of
a small molecule are linked with this relation in sucrose
solutions if the temperature is not too close to Tg
(Champion et al., 1997b).

Atkins (1998) has proposed a theory for bimolecular
diffusion-controlled reactions, which is based on the
Stokes-Einstein relation and allows the determination
of the reaction constant using the viscosity of the
medium as a variable. His reaction model

allows the prediction of the global reaction rate constant
when the latter is equal, or approximately equal, to k1,
the association constant. The Atkins model was devel-
oped for a bimolecular reaction in which the reactant
molecules have a similar size, and this characteristic is
not generally observed for an enzymatic reaction. More-
over, it is difficult to take into account the size of an
enzyme molecule because just a small part of it is active
for the reaction. However, the expression established
by Atkins can be simplified when it is considered that
the diffusion of the enzyme can be neglected relative to

the substrate diffusion. The Atkins prediction can be
used for the approach of the first step of the reaction,
taking into account the relative size and diffusivity of
the reactant molecules.

Considering that only the substrate was able to
diffuse and that the catalytic site of the enzyme was
similar in size to the substrate molecule, eq 7 becomes

The K values thus predicted are in good agreement
with our experimental data (Figure 4).

However, the significant decrease of the maximal
velocity (Vmax) with an increase in sucrose concentration
or a decrease in temperature demonstrates the action
of the viscosity on the enzymatic efficiency. The k3/KM
parameter represents the catalysis efficiency of an
enzyme (Lambert et al., 1997). This value was calcu-
lated under our drastic concentration and temperature
conditions. The evolution of the catalysis rate constant
k3 (or k3/KM) as a function of the temperature can be
assumed to follow Arrhenius law when only the tem-
perature is the varying factor, but under our experi-
mental conditions, this parameter evolved according to
the viscosity, as checked for the global reaction rate
constant K. This observation emphasized the viscosity
influence on the enzymatic catalysis, which is probably
due to the decrease in the enzyme segmental flexibility.

To analyze the relative importance of the two steps
of the reaction, the global rate constant K was compared
to k3/KM (Figure 4). At room temperature, K was nearly
the same as the k3/KM value, meaning that the reaction-
controlling step was the catalysis of the reaction. On
the contrary, at -23 °C, K was significantly lower than
k3/KM, possibly through the large importance of the
reactant mobility. Between these extreme temperatures,
the two steps of the reaction were in balance with an
increase of the diffusion influence as the temperature
was decreased.

Conclusions. Experimental data about an enzymatic
reaction studied in frozen sucrose solutions down to -23
°C are reported in this paper. The results are discussed
in relation to the temperature effect. The viscosity seems
to be the main parameter, which controls the studied
reaction. In fact, the viscosity acts on the two steps of
the reaction: on the mobility of the reactants that

Figure 3. Comparison of the reaction rate constant K of the
hydrolysis of DNPP by alkaline phosphatase with the inverse
of the viscosity (measured or calculated with WLF).

Figure 4. Comparison of the global reaction rate constant K
(4) and the catalysis efficiency k3/KM (2) in an initial 57.5%
sucrose solution as a function of temperature. The dotted line
represents the prediction of K according to eq 8.

K ) RT/η (8)

D ) RT/6πrη (6)

K ) k1 ) 8RT/3η (7)

4946 J. Agric. Food Chem., Vol. 48, No. 10, 2000 Champion et al.



control the enzyme substrate complex formation and on
the product formation, probably through an action on
the enzyme segmental flexibility. However, although the
viscosity allows a satisfactory prediction of the reaction
rate, the complexity of the phenomena taking place in
frozen food products cannot be overemphasized, for
example, changes in the order of reaction and the
complexity of the concentration effect such as the pH
change during freezing processes (Simatos and Blond,
1993).

Further investigations are being carried out in model
systems in which enzyme and substrate are initially
separated. The measured initial velocity will be ana-
lyzed as a function of both reactant diffusion and
enzymatic catalysis. The two steps of the reaction will
be inserted in the prediction of the reaction rate
constant in terms of the translational diffusion coef-
ficient for the former and in terms of viscosity and the
catalysis constant for the latter.
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