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Summary The thermal stability of horseradish peroxidase suspensions was studied in three organic
solvents of different hydrophobicity (dodecane, octane, and 1-octanol) at three different
water contents (14.1, 55.3 and 256.2 mg water g21 dry protein). In these conditions, the
enzyme is much more stable than in aqueous solutions (inactivation temperatures were
in the range of 125–1508C). The enzyme showed a similar stability when in the presence
of organic solvents, compared to the enzyme in a solid matrix without organic solvents
with the same water content. The inactivation kinetics was well described by assuming
the existence of two iso-enzymes, both inactivating according to a first order model. The
lowest value for the z-value of both fractions (around 158C) was obtained at the higher
water content studied. The use of solvent and water content variables should be adequate
to develop time-temperature integrators to monitor thermal processes at 100–1408C.
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Introduction

Important pioneering work on enzyme activity in
organic suspensions was reported by Dastoli et al.
(1966) for chymotrypsin. More recently, a variety
of enzymes were found to be active as suspen-
sions in several dried organic solvents (peroxidase
– Kazandjian et al. (1986); subtilisin – Zaks &
Klibanov (1988a); polyphenol oxidase, alcohol
oxidase and dehydrogenase – Zaks & Klibanov
(1988b)). This indicates that enzymatic catalysis
in organic solvents may be of general occurrence,
which leads to both practical applications as well
as more fundamental studies in the field of bio-
catalysis.

The existing data show that in non-aqueous
media, enzymes acquire remarkable stability

against temperature as well as new catalytic prop-
erties (Klibanov, 1986; Dordick, 1991). Perhaps
the most interesting new properties are alteration
of substrate/inhibitor specificity and ‘pH- and lig-
and-induced memory’ (Zaks & Klibanov, 1985;
Zaks & Klibanov, 1988a; Mozhaev et al., 1991).
These new properties, together with absence of
liquid water in the reaction media, allow reactions
to proceed that are normally not easily accom-
plished in aqueous environments (e.g. trans-
esterifications and esterifications). Theoretically it
should be possible to obtain intermediate prod-
ucts that rapidly hydrolyse in water (Klibanov,
1989).

One aspect of great importance for the indus-
trial application of biocatalysis is protein heat
stability. Completed studies are mainly related to
denaturation studies (Barone et al., 1993; Battistel
& Bianchi, 1993) or confined to experiments at
only one, or in few cases two, inactivation tem-
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peratures (Mozhaev et al., 1991; Zaks &
Klibanov, 1985) making comparisons very
difficult. The activation energy of the inactivation
process can vary quite considerably, causing the
reaction rate constant to change differently in
different environments. For instance the activa-
tion energy for inactivation of dried horseradish
peroxidase changes with moisture content so that
opposite conclusions concerning stability were
made when results at 1408C were compared with
results at .1468C, when the moisture contents
were either 16.2 or 25.6% on a dry basis
(Hendrickx et al., 1992).

A systematic study on the effect of organic sol-
vents and water content on the stability of horse-
radish peroxidase is now reported. Inactivation
was studied at three different water contents and
in three organic solvents (dodecane, octane, and
1-octanol). An important practical application of
this study is the development of enzyme-based
time-temperature integrators (TTI), to monitor
thermal processing in the range of conditions
used for microbial sterilization. The requirements
necessary for a TTI to be effective (Hayakawa,
1978), rely upon previous work on inactivation of
dried peroxidase in absence of organic solvents,
which indicated that the stability of this enzyme
has to be decreased and the activation energy of
the inactivation process increased (the z-value
decreased) (Hendrickx et al., 1992). The possibil-
ity of using organic solvents for these two tasks is
also evaluated in this work. The results obtained
are also briefly compared to those reported by
Hendrickx et al. (1992) for dried peroxidase in
absence of organic solvents.

Materials and methods

Lyophilization and equilibration

Duplicate samples (250 mL) of horseradish per-
oxidase (EC 1.11.1.7., RZ 5 0.98; Sigma, St.
Louis, MO, USA) were lyophilized (80 mgL21 in
distilled water) in crimp top vials (Chrompack,
0.8 mL) before equilibration (6 days at 48C) over
saturated salt solutions of water activities (aw) 
of 0.11, 0.43, and 0.88 (Greenspan, 1977). 
The sorption isotherm for horseradish peroxidase
was previously determined gravimetrically
(Hendrickx et al., 1992) and the final content of

water in the protein equilibrated at water activi-
ties 0.11, 0.43, and 0.88 at 48C is, respectively,
14.1, 55.3, and 256.2 (mg water per g of dry
protein).

Organic solvent handling and addition

The hydrophobicity of the organic solvents used
decreases in the order dodecane . octane . 1-
octanol, as indicated by their log P, respectively,
6.6, 4.5, and 2.9. P for a certain organic solvent
is the partition coefficient of that solvent between
water and octanol and is considered to be a
measure of the hydrophobicity of the organic
solvent (Laane et al., 1987). The organic solvents,
bought from Aldrich Chemical Company Ltd.,
were removed from the bottles according to the
handling instructions of the manufacturer. This
step was very carefully carried out to avoid
atmosphere contact. After the first use, and for an
extra precaution, each bottle was kept in a closed
vessel over phosphorous pentoxide.

On the 7th day of equilibration, the dried
organic solvents (350 mL) were added to the
enzyme powder. The vials were tightly hand
crimped as rapidly as possible and then subjected
to 2 min of ultrasound treatment to form a fine
suspension. The closed vials were kept at 48C
until the material was used for thermal inactiva-
tion experiments. The amount of water in the
organic phase prior to addition to the enzyme
powder was found to be below the detection limit
of the Karl–Fischer titration, and consequently
the results reported in this communication are
analysed according to the total water content ini-
tially present in the solid-phase protein.

It should be noted that water may be divided
between the solid phase and the organic phase
and therefore the results may not reflect exactly
the amount of water which is effectively bound to
the enzyme.

Water is so immiscible with dodecane that for
the volumes in question less than 2% of the water
initially present in the enzyme would saturate the
organic phase. For octane, according to the work
of Gorman & Dordick (1992) with comparable
solvents, less than 1% of water bound to the
enzyme after lyophilization would be stripped off

by the solvent at 258C. However, for 1-octanol
the above mentioned work indicated that strip-
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ping can be significant, in the order of 35% of the
water initially bound to the enzyme.

One inactivation experiment was carried out in
N,N-dimethylformamide (DMF), an hydrophilic
organic solvent with a log P of 21.0 and the pro-
cedure was as follows: after cooling the enzyme
suspension, cold phosphate buffer was added
slowly, since its addition caused a temperature
increase. An aliquot of this buffer-DMF mixture
was used for peroxidase activity analysis in a
glass cuvet, since this mixture deteriorated plastic
cuvets.

Thermal treatment

The closed vials were transferred directly from
48C to an oil bath at the desired and constant
inactivation temperature and after predetermined
time intervals quickly transferred to an ice bath.
After cooling, the vials were opened, and phos-
phate buffer (0.1 M, pH 7.0, 375 mL) added to
each. The two phases were then vigorously mixed
and the contents transferred to a test tube with a
conical bottom to facilitate phase separation. The
tubes were held in ice until analysis for remaining
activity, when samples were carefully withdrawn
to avoid contamination of the organic phase.

Since the vials were very thin and heating times
very large, the thermal lag effect was neglected.

Activity analysis

The peroxidase activity was measured according
to the procedure suggested by Worthington
(Worthington, 1978) using the methodology pre-
viously described by Hendrickx et al. (1992). The
initial reaction rate was used to express the activ-
ity of the enzyme (DOD min21). The substrate
solution was always freshly prepared.

Data analysis

In literature, the biphasic inactivation kinetics of
soluble horseradish peroxidase has been analysed
by the two-fraction model (Ling & Lund, 1978).
This model considers that there are two fractions
of the enzyme (a heat-stable fraction and a heat-
labile fraction), each with its own kinetic para-
meters, but inactivating independently and
according to a first order decay. In the inactiva-

tion experiments where biphasic behaviour was
observed, this same model was used:

(1)

where A is the total residual activity of the
enzyme (DOD min21), Ao is the total initial activity
of the enzyme (DOD min21), Aos is the fraction of
the heat stable activity of the enzyme, D is the
decimal reduction time at temperature T (min), t
is the heating time (min) and the subscripts s and
l refer to the stable and labile fractions, respec-
tively.

By definition, the D-value and the rate constant
are related as follows:

(2)

Temperature dependence of the D-value is rep-
resented with the z-value:

(3)

where T is the temperature (8C), z is z-value (8C)
and the subscript ref refers to a reference temper-
ature.

The fitting of the experimental data to the
kinetic models is conventionally carried out in
two steps: first the unknown parameters, Ds, Dl,
and Aos, at each temperature are estimated by
fitting each experimental curve to eqn 1 using
non-linear regression, and then the z-values are
obtained by fitting the individual D-values to a
linearized form of eqn 3. However, this procedure
(known as two-step analysis) has some statistical
drawbacks: the standard deviation is very large
since the second regression is a regression of
points already obtained by a regression (each
with its error) and involving a small number of
points (the number of individual experiments,
each at one temperature, usually varies between 3
and 6, for literature data – Haralampu et al.
(1985)). Alternatively, eqns 1 and 3 can be
combined and a non-linear regression used to
obtain directly the values for Aos, Dsref, Dlref, zs and
zl, which is known as a one-step analysis. It
should be noted that it is necessary to assume

D 5 Dref*10
Tref 2T

z

k 5
Ln(10)

D

(1 2 Aos)*exp12 t*
Ln(10)

Dl
2

A
Ao

5 Aos*exp12 t*
Ln(10)

Ds
2 1
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that the value of Aos does not change with tem-
perature. A two-step procedure might therefore
be needed in a preliminary analysis to validate
this assumption.

Linear and non-linear regression analysis (Stata
3.0 software) were used for all regressions and a
reference temperature of 1408C was used for the
one-step analysis.

Results and discussion

Preliminary experiments

The optimum conditions for peroxidase activity
analysis were determined by Weng et al. (1987)
and the same conditions were used in this work.
Linearity between enzyme concentration and the
initial reaction rate (DODmin21) for DODmin21

values between 0.0 and 1.2 was previously report-
ed (Hendrickx et al., 1992) and all activity mea-
surements were in this range.

Lyophilization and equilibration above the
different saturated salt solutions was found to
have no significant effect on peroxidase activity
(Hendrickx et al., 1992).

The effect of the organic solvents on peroxidase
activity was studied for dodecane, octane and 1-
octanol at 48C and water contents 14.1, and
256.2 mg water g21 dry protein (corresponding to
water activities of 0.11 and 0.88), for a period of
10 days. For dodecane there was a decrease of
about 10 and 5% of peroxidase activity at water
contents of 14.1 and 256.2 mg g21 dry protein,
respectively; for octane a decrease of about 10%
for both water contents; and for octanol a 5%

increase of peroxidase activity for both cases.
These peroxidase activity variations were detected
after 30 min contact, but peroxidase activity
remained constant thereafter for the whole
period. This indicates an immediate effect, prob-
ably because of the fast change of environment of
the enzyme that may be caused by interfacial
inactivation during vigorous mixing for enzyme
recovery, rather than a progressive effect that
would affect the thermal stability studies. Similar
effects were reported by Burke et al. (1992) for
disruption of the active centre structure of a-
chymotrypsin immediately after addition of
organic solvents. In the case of DMF, no effect
on peroxidase activity was found.

Since peroxidase has been known to regenerate
after thermal inactivation in aqueous solution
(Adams, 1978), partially inactivated samples were
carefully re-analysed after 24 h storage at 48C. In
all cases tested there was no indication of
detectable regeneration of peroxidase activity.

Inactivation experiments

Table 1 shows the results obtained with the three
solvents, using the one-step regression. The
results of the two-step regression are only shown
for 1-octanol, in Table 2. This is the case where
the more significant difference between the two
regression procedures was found and is sufficient
to discuss the influence of the regression method.
Although the z-values obtained with the two step
method appear to be different, particularly for the
lowest water content, there is a very high error in
the two-step analysis (Table 2) even in the first
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Solvent w Aos Ds
140 Dl

140 zs zl

(mg g21) (%) (min) (min) (8C) (8C)

Dodecane 014.1 036.8 6 3.5 28.9 6 1.7 2.5 6 0.7 21.7 6 1.1 20.3 6 4.5

055.3 031.2 6 3.7 30.1 6 2.5 3.2 6 0.7 23.0 6 1.2 34.9 6 12.0

256.2 027.0 6 4.4 29.7 6 3.2 2.6 6 0.7 17.6 6 1.1 14.2 6 2.9

Octane 014.1 100 23.9 6 0.8 __ 24.0 6 1.4 __

055.3 100 24.2 6 0.6 __ 22.1 6 1.0 __

256.2 026.3 6 4.5 23.2 6 3.1 1.9 6 0.7 16.9 6 1.0 15.5 6 3.8

1-octanol 014.1 023.9 6 7.5 14.2 6 2.3 3.1 6 0.8 21.6 6 1.9 23.5 6 5.5

055.3 018.4 6 3.6 32.3 6 4.0 5.4 6 1.2 17.3 6 1.7 29.8 6 9.3

256.2 034.2 6 6.1 31.1 6 3.6 5.6 6 1.7 20.9 6 1.3 27.7 6 10.1

w (water content) is expressed in dry basis: mg water g21 dry protein.

Aos is the fraction of heat stable iso-enzyme.

Subscript s identifies the stable fraction and subscript l the labile fraction.

Table 1 Kinetic parameters
obtained for inactivation of
peroxidase in dodecane, octane
and 1-octanol using the one-step
analysis, and their 95%
confidence interval.



regression, visible as Aos. This is caused by the rel-
atively low number of points available in one sin-
gle isothermal experiment, considering the
number of kinetic parameters. By using a one-
step regression with all data, the accuracy is
greatly improved. This gives a clear example of
the advantages of the one-step regression.
Figure 1 a and b show representative cases of
inactivation with octane and octanol, respective-
ly, both with 14.1 mg water g21 dry protein, show-
ing the model fits with both regressions. The
difference arising from a different Aos value is very
visible (Aos, in the semi-log graphs of Fig. 1 a and
b, is given by the intercept of the straight line for
high values of time).

Effect on the amount of stable fraction

The Aos value obtained with the two-step analysis
did not vary significantly with temperature, and
therefore the one-step analysis using a constant
Aos is legitimate.

Analysing the effect of water content and sol-
vent on Aos in Table 1, it can be concluded that
at the highest water content the type of organic
solvent did not affect the heat-stable fraction of
the enzyme while for the other water contents
each solvent lead to a different behaviour, with
the limit being octane, where there was no heat-
labile fraction (given the range of the D-values, it
was considered that the stable fraction represent-
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w T Aos Ds Dl zs zl

(mg g21) (8C) (%) (min) (min) (8C) (8C)

814.1 125 37.4 6 18.5 851.6 6 12.9 10.0 6 6.1

130 34.9 6 22.9 835.3 6 11.4 86.7 6 5.8

135 21.8 6 10.0 827.3 6 86.7 84.8 6 1.6 32.8 35.3

140 14.4 6 12.3 817.5 6 88.8 83.8 6 1.3

855.3 125 16.0 6 85.4 227.6 6 78.9 17.7 6 4.8

130 20.8 6 88.8 109.0 6 35.0 10.6 6 4.4

135 26.1 6 85.4 858.9 6 86.7 87.1 6 1.9 16.6 26.2

140 21.2 6 10.5 827.5 6 87.1 84.7 6 1.7

256.2 125 25.7 6 85.0 178.3 6 21.0 21.1 6 5.5

130 39.1 6 87.9 888.5 6 89.4 11.3 6 4.2

135 46.4 6 14.3 852.6 6 88.6 88.2 6 5.2 18.8 23.7

142.5 36.1 6 12.3 820.2 6 83.6 83.7 6 1.7

w (water content) is expressed in dry basis: mg water g21 dry protein.

Aos is the fraction of heat stable iso-enzyme.

Subscript s identifies the stable fraction and subscript l the labile fraction.

Table 2 Kinetic parameters
obtained for inactivation of
peroxidase in 1-octanol using the
two-step analysis, and their 95%
confidence intervals.

Figure 1 Heat inactivation kinetics of peroxidase at water content of 14.1 mg g21 dry protein: (a) in octane at 1358C (d),
1408C (j), 1458C (r) and 1508C (m) and (b) in octanol at 1258C (d), 1308C (j), 1358C (r) and 1408C (m) and model
curves using the one- (– – – – –) and two-step (———–) parameters.



ed the total activity and consequently the Aos

value was 100%). For dodecane and octane, the
results at the two lowest water contents were not
statistically different, while a difference existed for
1-octanol.

The first order kinetics observed for octane (at
the two lowest water contents) was not an arte-
fact because of peroxidase activity decrease after
addition of the organic solvent (mentioned in the
preliminary experiments), since it cannot account,
by far, for the disappearance of one of the frac-
tions. Moreover, this peroxidase activity decrease
is the same for 14.1 and 256.2 mg water g21 dry
protein, but the inactivation kinetics are different
in the two cases. Similar changes from first order
to biphasic kinetics were reported by De Cordt
(1994) for a-amylase, when the enzyme was inac-
tivated in aqueous solution or immobilized. In
these two cases, peroxidase inactivation exhibited
a first order kinetics, as if it consisted of an
homogeneous population. The explanation for
this, may be because of the fact that, although the
two-fraction model can describe reasonably well
the experimental data, it is just a mathematical
model and the existence of two fractions may not
be the reality. This would be supported by the
fact that the biphasic behaviour of other modified
forms of peroxidase and other proteins can be
described by other models – the nth-order model
(Weng, 1991) and the series-type model (Clochard
& Guern, 1973). In contrast with the two-fraction
model, these two models suppose the existence of
an homogeneous population of the native pro-
tein. The elucidation of the specific effect of
octane observed needs a more fundamental
understanding of the molecular mechanism of
inactivation and work is currently under way to
elucidate this particular aspect.

Effect on the thermal stability (D-value at
reference temperature)

Table 1 also shows that for octane and dodecane
the decimal reduction times for the stable fraction
at the reference temperature were approximately
independent of the water content, with a
significantly higher value for the stable fraction in
dodecane (around 30 min) compared to octane
(around 24 min). Octanol provided a different
situation, with the stable fraction similar at the

highest water contents, but decreasing
significantly at the lowest water content. The
error in the parameters for the labile fraction is
relatively large. This is natural, because this frac-
tion inactivates fast, particularly at higher tem-
peratures, and therefore the number of
experimental points relevant to its description is
comparatively small. Consequently, the results
obtained for the labile fraction have poor statisti-
cal significance and are not analysed in detail.

Effect on the temperature sensitivity (z-value)

The z-value was not greatly influenced by the
organic solvent used or water content. In absence
of organic solvents (Hendrickx et al., 1992) there
was an increase of the z-values with water activi-
ty (aw) for both fractions with a maximum close
to 0.8 and then a significant decrease, with the
highest aw leading to the lowest z-value (around
178C for the stable fraction and around 238C for
the labile fraction). It can be seen that the pres-
ence of organic solvents decreased the influence of
water content on the z-values.

Effect of increased water availability

To further evaluate the effect of the organic sol-
vent’s hydrophobicity on the decimal reduction
times, an inactivation experiment at 55.3 mg g21

water content (0.43 aw) using DMF was carried
out. This organic solvent caused a remarkable
decrease in the stability: the D-values were 2
and 30 min for labile and stable fractions, respec-
tively, at 808C. This result indicates that
hydrophilic organic solvents can considerably
decrease the stability of dried peroxidase, possibly
because they allow for an increase in the amount
of water accessible to the enzyme inactivation
mechanism.

In order to analyse the effect of higher water
concentrations, an experiment was carried out in
octanol with 0.5% v/v water (about 100 times
more water than in the other experiments), using
enzyme previously equilibrated at 0.43 aw. D-val-
ues at 1008C of 9 and 77 min for the labile and
stable fractions, respectively, were obtained, again
showing the significant decrease in stability
because of a larger availability of water mole-
cules.
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General interpretation of the results

In all cases studied, horseradish peroxidase is
much more stable than in aqueous solution
(where inactivation is normally carried out at
temperatures between 60 and 908C – Weng et al.
(1987)). In the organic solvents used the enzyme
is slightly less stable than dried peroxidase inacti-
vated in dry air. This high thermal resistance of
dried enzymes in absence of organic solvents and
in hydrophobic organic solvents has been report-
ed for other enzymes (Multon & Guilbot, 1975;
Zaks & Klibanov, 1985; Mozhaev et al., 1991).
The high thermal stability of dried enzymes in air
and in organic solvents is because of the absence
of water. Since water is a reactant or a mediator
of processes leading to irreversible thermal inacti-
vation of enzymes and facilitates protein
flexibility allowing thermo-unfolding (Volkin et
al., 1991), its suppression from the reaction media
results in more stable proteins.

To develop a TTI for the sterilization range of
temperatures, hydrophilic organic solvents or
high water concentrations, can be used to manip-
ulate the stability by controlling the reaction rate
constant. To decrease the z-value, other methods
must be envisaged, because none of these factors
are able to do this. Manipulation of the inactiva-
tion rate constant, using hydrophilic organic sol-
vents or high water contents, can also help to
adjust the stability of a certain batch of enzyme
for a defined TTI use.

A final comment is given in relation to the fact
that the amount of water effectively bound to the
enzyme is not known and that the results were
analysed in terms of the total amount of water
bound to the enzyme before the solvent addition.
It was stated earlier that for dodecane and octane
stripping of water by the solvent is not expected
to be significant, while for 1-octanol it may be rel-
evant. However, it is curious to note that the
effect of water content with 1-octanol was low,
just like in dodecane where the water stripping
effect is not relevant.

Conclusions

Dried horseradish peroxidase was found to be
much more stable to inactivation in organic sol-
vents than in aqueous solutions. The organic sol-

vents caused a slight decrease on the stability in
relation to inactivation in their absence and little
effect on z-values, particularly decreasing the
influence of water content on the z-value of the
stable fraction. Hydrophilic organic solvents and
high water concentrations remarkably decreased
the stability of dried peroxidase (the inactivation
temperatures change from 125 to 1458C to 80
and 1008C, respectively). To develop a time-
temperature integrator to monitor thermal
processes at 100–1408C, the use of these two
factors is adequate to change the stability of the
enzyme but not the z-value. Octane at low water
contents changed the profile kinetics from
biphasic to first order.
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