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Abstract

The influence of supercritical carbon dioxide (SCCO2) at 55 �C on inactivation of horseradish peroxidase (HRP) in buffer solu-
tion, pH 5.6, was studied while its structural change was analyzed by far UV-circular dichroism (CD) and tryptophan fluorescence
spectroscopy. SCCO2 treatment had significant effects on the residual activity of HRP, the least residual activity was only 12% at
30 MPa. HRP�s secondary and tertiary structures were changed. The a-helix relative content in the secondary structure decreased
and the intrinsic relative fluorescence intensity (RFI) increased as the pressure of SCCO2 treatment was elevated. The HRP�s inac-
tivation closely corresponded to the loss of a-helix relative content and the increase of RFI. After a 7-day storage at 4 �C, the res-
toration of residual activity and the reversion of the a-helix relative content were observed while RFI resumed with exception of the
30 MPa treatment.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Non-thermal methods for the preservation of foods
have been under intense investigation to evaluate their
potential as an alternative or complementary process
to traditional thermal methods (Mertens & Knorr,
1992). Non-thermal processes are expected to induce
only minimum quality degradation of food and to keep
flavour, colour, taste and nutrients of foods better.

The application of SCCO2, devoted to inactivation of
microorganisms, is under intense investigation. It was
shown that SCCO2 has significant lethal effect on micro-
organisms in liquid foods (Arreola et al., 1991; Ballestra
& Cuq, 1998; Ballestra, Silva, & Cuq, 1996; Corwin &
Shellhammer, 2002; Erkmen, 2000; Erkmen, 2001; Erk-
men & Karaman, 2001; Hong & Pyun, 1999; Hong &
Pyun, 2001; Kamihira, Taniguchi, & Kobayashi, 1987;
0308-8146/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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Park, Lee, & Park, 2002; Shimoda et al., 1998, 2001).
Furthermore, inactivations of enzymes subjected to
SCCO2 treatment is important. There have been reports
about the inactivation of enzymes by SCCO2. The inacti-
vation of a-amylase, glucose oxidase, lipase and catalase
activity by SCCO2 treatment were studied and all treated
enzymes retained over 90% activity (Taniguchi, Kami-
hara, & Kobayashi, 1987). Balaban et al. (1991) reported
that pectin-esterase (PE) could be inactivated with
SCCO2. The total inactivation of lipoxygenase (LOX)
and of peroxidase (POD) was achieved through SCCO2

treatment of unbuffered solution (Tedjo, Eshtiaghi, &
Knorr, 2000). Fadı́loglu and Erkmen (2002) observed
about 84% of initial activity of lipase was lost when ex-
posed to CO2 under atmospheric pressure treatment.
The activity of polyphenol oxidases (PPOs) declined fol-
lowing high-pressure CO2 treatment (Chen, Balaban,
Wei, Marshall, & Hsu, 1992). Ishikawa, Shimoda,
Yonekura, and Osajima (1996) reported that several en-
zymes, such as lipase, alkaline protease, acid protease,
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and glucoamylase, were inactivated and their a-helix
structures were decomposed after SCCO2 treatment.

Most researches have focussed on the inactivation of
enzymes and little information is available on the inacti-
vation mechanism and structural change of enzymes,
due to the lack of enzyme structural data. Therefore,
the SCCO2 inactivation mechanism of enzymes, is not
completely elucidated or understood.

Peroxidases (POD, E.G. 1.11.1.7) are widespread in
plants, microbes, and animal tissues, and the peroxidase
superfamily is classified into three groups on the basis of
amino acid homology and metal-binding capabilities.
Class I comprises intracellular peroxidases, including
cytochrome c peroxidase, ascorbate peroxidase and the
S gene-duplicated bacterial catalase-peroxidase. Class
II contains the secretory fungal enzymes, such as man-
ganese peroxidase and lignin peroxidase. Class III con-
sists of the secretory plant peroxidase (Zamorano
et al., 2004). Horseradish peroxidase (HRP) is an impor-
tant heme-containing enzyme that has been studied for
more than a century, belonging to class III of the plant
peroxidase superfamily (Veitch, 2004), and its structure
and biochemical properties have been characterized very
well (Chattopadhyay & Mazumdar, 2000; Veitch, 2004).
The only tryptophan residue present in class III/peroxi-
dases was found in the extended structure connecting
helices D and D 0 and is likely a conserved residue (Carv-
alho et al., 2003). Their common features include Fe
(III) protoporphyrin IX as the prosthetic group, a cata-
lytic mechanism, conserving catalytic residues, a single
tryptophan (Trp 117), four disulfide bonds, two Ca2+

binding sites located distal and proximal to heme and
eight glucans (Henriksen et al., 2001). The tryptophan
fluorescence is quenched due to intramolecular trypto-
phan–heme energy; transfer in native HRP, which is
weakened as the distance between the two groups in-
creases. The tryptophan fluorescence intensity in HRP
increases, probably due to the increase of the distance
from heme group during denaturation and the quench-
ing effect is less pronounced during denaturation of
HRP as the distance between the tryptophan residue
and heme group increases (Carvalho et al., 2003).

The far UV-CD and intrinsic tryptophan fluorescence
spectrum carries information about the tertiary and sec-
ondary structure of the protein, changes in far UV-CD
correspond to changes in the overall secondary structure
of the protein, while changes in intrinsic tryptophan
fluorescence emission correspond to changes in the ter-
tiary structure of the protein (Zamorano et al., 2004).
The changes in secondary and tertiary structure of
HRP induced by a pulsed electric field were studied by
these two methods in our laboratory (Zhong, Hu, Zhao,
Chen, & Liao, 2005).

The purpose of this study is to investigate the influ-
ence of SCCO2 treatment on the the residual activity
and the structural change of HRP.
2. Materials and methods

2.1. Materials

2.1.1. Enzyme

Horseradish peroxidase (abbreviated as HRP,
RZ > 3, 300 U/mg) was purchased from Shanghai Xue-
man Biotechnology Co. (Shanghai, China). The enzyme
was dissolved in (pH 5.6) acetate buffer to a concentra-
tion of 2.5 lg/ml and subjected to SCCO2 treatment and
thermal inactivation.

2.1.2. Carbon dioxide

The purity of CO2 is 99.9%, which was purchased
from Beijing Analytical Apparatus Co. (Beijing, China)
and was purified with an activated carbon column (1 m
in length and 2 cm in diameter).

2.1.3. Reagents

Guaiacol and hydrogen were purchased from Beijing
Chemicals Co. (Beijing, China). All other chemicals in
the investigation were of analytical grade.

2.2. SCCO2 treatment system

SCCO2 treatment was performed with a system (de-
signed by Tsinghua University, Beijing, China). A sche-
matic diagram of the system used in this study is shown
in Fig. 1. This system consisted of a 200 ml stainless steel
pressure vessel, temperature controllers, pressure gauge
and two plunger-type pumps. The system pressure was
controlled by a back-pressure regulator and indicated
by pointer manometers with an accuracy of 0.4%. The
copper-constantan needle-type thermocouple was
placed inside the vessel to monitor the temperature.
An electrical heating jacket was placed around the ves-
sel. Another thermocouple connected to a temperature
controller was placed between the outer surface of the
vessel and the inner surface of the heating jacket to con-
trol and maintain a constant temperature. The tempera-
ture fluctuation was ±1 �C during the treatment. The
minimum pressure was chosen to be slightly above the
critical pressure for CO2 (8 MPa) and the maximum
pressure was slightly less than the operating limit of
the equipment (35 MPa). The applied temperature in
the study was 55 �C and the treatment time was 60 min.

2.3. HRP activity measurement

HRP activity assays were performed using a substrate
solution that contained 0.057 ml of 30% hydrogen per-
oxide and 0.056 ml of liquid guaiacol in 100 ml of
0.1 M (pH 5.6) acetate buffer. HRP activity was deter-
mined by adding 0.1 ml of sample, appropriately di-
luted, to 3.0 ml of substrate solution equilibrated at
30 �C for 5 min. The rate of increase in absorbance at



Fig. 1. Schematic diagram of supercritical carbon dioxide processing equipment.
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470 nm, due to the formation of brown guaiacol oxida-
tion products, was measured spectrophotometrically
using a UV-762 spectrophotometer (Lingguang, Shang-
hai, China) at ambient temperature (25 ± 1 �C). The
specific activity was calculated from the slope of a linear
segment of at least 30 s duration, expressed as A470 nm/
min/0.1 ml of undiluted sample. The residual activity
of HRP were obtained with the following formula.

Residual activity

¼ specific activity of HRP treated with SCCO2 � 100%

specific activity of HRP before SCCO2

.

2.4. Thermal inactivation of HRP

Five milliliters HRP sample were placed in a
18 · 180 mm glass tube (Beijing Bomex company, Bei-
jing, China) and heated in a water bath at 100 �C for
30 min for a complete inactivation. The heating time
was counted after the temperature of HRP sample
reached the desired temperature. After the treatment,
the tube was removed and cooled in an ice bath. Follow-
ing equilibration to ambient temperature, the residual
activity were determined.

2.5. SCCO2 inactivation of HRP

For each experiment, 1.5 ml of HRP sample were
placed in a 5 ml of Micro Test Tube (Beijing Bomex
company, Beijing, China) without the cap and then
placed in the SCCO2 vessel which had been preheated
to the experimental temperature, and then was pressur-
ized by SCCO2 treatment system. The CO2 was fed for
about 5–10 min until the pressure reached the experi-
mental level, and then the feeding was stopped. The
sample was held at the constant pressure and tempera-
ture during the treatment. At the end of the SCCO2

treatment, the vessel was slowly depressurized by releas-
ing the pressure valve over a period of 15 min. After
treatment, the sample was removed and immediately
cooled in an ice bath. Following equilibration to ambi-
ent temperature, the residual activity was determined.

2.6. Restoration of HRP activity

To examine the restoration ability of HRP following
SCCO2 treatment, some HRP solution samples treated
by SCCO2 and HRP solution control samples without
SCCO2 treatment were kept at 4 �C for 3 weeks, followed
by measuring the activity of HRP. The assays of HRP
activity were performed weekly as previously described.
The percentage of residual activity was determined as
ARt=AR0

t � 100, where ARt represented the activity of
SCCO2-treated HRP kept at time t and AR0

t the activity
of SCCO2-untreated control HRP kept at time t.

2.7. Circular dichroism (CD) analysis of HRP

CD spectra were recorded with a JASCO J-720 CD
spectropolarimeter (Japan Spectroscopic Company, To-
kyo, Japan), using a quartz cuvette of 1 mm optical path
length at ambient temperature (25 ± 1 �C). CD spectra
were scanned in the far UV range (250–200 nm) with
four replicates at 50 nm/min, bandwidth = 1 nm. The
CD data were expressed in terms of mean residue ellip-
ticity (h) in deg cm2 dmol�1. The HRP concentrations
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for CD analysis were 4.55 lM. The CD spectra of all the
samples are scanned immediately after treatment and
after a 7-day storage at 4 �C. All CD spectra measured
were baseline corrected by the buffer, the secondary
structure elements of HRP were computed from the data
using the computer K2D programme (Andrade,
Chacón, Merelo, & Morán, 1993).

Relative a-helix content

¼ content of a-helix after treatments� 100%

content of a-helix before treatments
.

2.8. Tryptophan fluorescence spectroscopy analysis of

HRP

Tryptophan fluorescence spectra were, measured with
a HITACHI F-4500/spectrofluorometer (HITACHI,
Japan), using a quartz cuvette of 1 cm optical path length
at ambient temperature (25 ± 1 �C). All the samples were
observed immediately after treatment and after storage
for 7 days at 4 �C. The HRP concentration was
3.41 lM The emission spectra (kem from 300 to 450 nm)
were obtained at the maximum excitation wavelength
kex = 293 nm and represented the mean of three scans.

Relative fluorescence intensity

¼ fluorescence intensity after SCCO2

fluorescence intensity before SCCO2

.

2.9. Statistical analysis

Analyses of variance (ANOVA) were carried out by
using the software Microcal Origin 6.0 (Microcal Soft-
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Fig. 2. Residual activity of HRP as a function
ware, Inc., Northampton, USA). The ANOVA test
was performed for all experimental runs to determine
significance at 95% confidence interval. All experiments
were performed in triplicate.
3. Results and discussion

3.1. Inactivation and restoration of HRP activity

subjected to SCCO2 treatment

The inactivation and restoration of HRP residual
activity subjected to SCCO2 treatment is illustrated in
Fig. 2. The temperature of HRP solution was main-
tained, invariably, at 55 �C. After SCCO2 treatment,
the loss of the residual activity of HRP was significant
(p = 0.05) as compared to control sample HRP, the least
residual activity of HRP was 12%, reached at 30 MPa,
as the applied pressure of SCCO2 treatment was in-
creased, the residual activity of HRP was reduced, indi-
cating that the higher the pressure of SCCO2 treatment,
the greater was the loss of HRP residual activity, the
residual activity of HRP was closely related to the
pressure of SCCO2 treatment. Analysis of variance
(ANOVA) results indicated that SCCO2 treatment had
significant effects on the relative activity of HRP.

Meanwhile, the restoration of HRP residual activity
was also observed in our study. After storage for 7
and 21 days at 4 �C, HRP solution exhibited a higher
residual activity than that measured immediately after
SCCO2 treatment, implying that the restoration of
HRP residual activity occurred. Analysis of variance
(ANOVA) shows that the restorative ability of HRP
MPa 22MPa 30MPa

ressure

 after 0-day storage

 after 7-day storage

 after 21-day storage

of SCCO2 treatment pressure at 55 �C.



484 F. Gui et al. / Food Chemistry 97 (2006) 480–489
subjected to SCCO2 treatment at 8, 15 and 22 MPa was
significant and, at 30 MPa, it was not obvious after a 7-
day storage at 4 �C, and then a small drop of HRP resid-
ual activity after a 21-day storage at 4 �C this change
was not significant (p = 0.05).

Earlier reports were not completely consistent. Chen
et al. (1992) reported that potato PPO treated by high
pressure CO2 regained 28% of the original activity dur-
ing the first 2 weeks of frozen storage. Residual activity
of pectinesterase in orange juice also exhibited a slow in-
crease of activity after storage for 15 days at 4 �C,
regardless of the pressure and temperature during the
treatment (Balaban et al., 1991). Machado and Saraiva
(2002) found that, after a steep increase of the HRF
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Fig. 3. Far UV-CD spectra of SCCO2-treated and heat-treated HRP. HRP c
after treatment; (B) all samples were measured after 7-day storage at 4 �C.
activity, an equilibrium stage was attained where the
values of the enzyme activity were not significantly in-
creased with increasing time of storage after thermal
inactivation. But Ishikawa et al. (1996) showed that
the residual activity of glucoamylase treated with
SCCO2 decreased during 10 days at 20 �C.

The residual activity of heat-treated HRP was com-
pletely lost and did not restore after storage for 7 and
21 days at 4 �C (not shown in Fig. 2).

3.2. CD spectra analysis of HRP by SCCO2

The far UV-CD spectra of all the samples were mea-
sured immediately after treatment and after a 7-day
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storage at 4 �C. Fig. 3A presents the CD spectra of HRP
in the region of peptide bond absorption (200–250 nm)
as a function of SCCO2 pressures at 55 �C. It is com-
monly known that two negative peaks, at 208 and
222 nm, are characteristic of a protein with a large
amount of a-helix secondary structure (Chang, Wu, &
Yang, 1978; Myer, 1968), and their intensity reflects
the amount of helical structure in protein (Venyaminov
& Yang, 1996). As shown in Fig. 3A, HRP had double
negative peaks in the far UV-CD spectra at around 208
and 222 nm. This observation was similar to earlier re-
ports (Amishka Kamal & Behere, 2001; Tang et al.,
2002; Carvalho et al., 2003). The fraction of secondary
structure elements was calculated by using a K2D pro-
gramme, with 57% a-helix, 8% b-sheet and others
34%. Veitch (2004) reported that the structure of the en-
zyme was largely a-helical although there was also a
small region (b-sheet).

After treatment with SCCO2 and heat, the intensities
of two negative peaks in the CD spectra of HRP de-
creased, indicating a loss of the a-helix structure fraction
of HRP; this result showed that these treatments caused
conformational changes in the secondary structures. As
HRP was completely inactivated at 100 �C for 30 min,
an obvious decrease of the ellipticity was observed.
The ellipticity of HRP treated by SCCO2 gradually de-
creased as the pressure level of SCCO2 treatment in-
creased; higher SCCO2 pressure resulted in greater
decrease in the two negative peaks, indicating a-helix
conformation reduction; this corresponded nicely to
the loss of the above HRP residual activity in Fig. 2.
Fig. 4 presents the a-helix relative content of HRP, mea-
sured immediately after treatment and after a 7-day
storage at 4 �C. After the SCCO2 treatments at 8, 15,
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Fig. 4. a-Helix Relative content of HRP immediately after treatments and
22 and 30 MPa with 55 �C for 60 min, the residual a-he-
lix relative content of those samples decreased to
91.23%, 85.96%, 84.21% and 82.46%, respectively. This
difference in the responsiveness of the a-helix secondary
structure to SCCO2 treatment could account for the
above finding that higher SCCO2 a pressure resulted in
greater reduction of HRP residual activity. These results
suggest that the reduction of HRP activity could be re-
lated to the destruction of HRP secondary structure
caused by SCCO2. Chen et al. (1992) showed that high
pressure CO2 treatment caused conformational changes
of PPOs from lobster, shrimp and potato in the second-
ary structure suggested by CD analysis. Therefore, the
inactivation of HRP was related to the conformational
change of a-helix induced by SCCO2 treatment and
thermal treatment. To elucidate the relationship be-
tween the residual activity of enzymes and a-helix rela-
tive content in enzymes, that the residual activity.
against residual a-helix relative content could be plotted.
Ishikawa et al. (1996) reported that the residual activity
of glucoamylase and acid protease subjected to SCCO2

treatment had a good linear relationship with the resid-
ual a-helix relative content and their R values were
greater than 0.96 and 0.94. But in our study, the rela-
tionship could not be quantified because the HRP con-
centrations were different in the residual activity
measurement and CD analysis.

As shown in Fig. 3B, the CD spectra of HRP sub-
jected to SCCO2 treatment after a 7-day storage were
essentially similar, but the ellipticity at the maxima of
208 and 222 nm decreased, corresponding to that
measured immediately after SCCO2 treatment with
exception of the control HRP solution, implying that
the a-helix content increased after a 7-day storage. After
 MPa 22 MPa 30 MPa

  immediately after treatment 
  after 7-day storage at 4

ssure

˚C

after storage for 7 days at 4 �C. HRP concentration was 4.55 lM.
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a 7-day storage at 4 �C, the a-helix structure relative
content of those samples returned 96.61%, 88.14%,
86.44% and 84.75% in Fig. 4, respectively. The reversion
of the a-helix structure of HRP closely corresponded to
the restoration of HRP residual activity observed during
the 7-day storage at 4 �C in Fig. 2. It was concluded that
the regain of a-helix relative content was beneficial to
the restoration of the residual activity of HRP. This re-
sult was not consistent with the previous observation
that the residual a-helix content of glucoamylase treated
with SCCO2 exhibited a significant decrease with a 10-
day storage at 20 �C (Ishikawa et al., 1996).

The residual a-helix content of HRP treated at 100 �C
for 30 min decreased to 70.18% as compared to un-
treated HRP, and increased to 74.58% after a 7-day stor-
age (not shown in Fig. 4), but no restoration of the
residual activity of HRP was measured. A similar obser-
vation was reported earlier, Ishikawa et al. (1996) found
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Fig. 5. Fluorescence emission spectra of SCCO2-treated and heat-treated H
immediately after treatment; (B) all samples were measured after 7-day stor
that the residual a-helix structure of heat-treated gluco-
amylase increased during the initial 4 days with no reac-
tivation of HRP activity. The inactivation mechanism
by SCCO2 would be different from that of heat treat-
ment (Ishikawa et al., 1996).

3.3. Tryptophan fluorescence spectrum analysis of HRP

by SCCO2

Fluorescence spectroscopy has been shown to be a
very useful technique for studying structure and dynam-
ics in protein. Environmental changes resulting from
conformational changes in the tertiary structure of pro-
teins can be measured by intrinsic fluorescence spectros-
copy (Zamorano et al., 2004).The intrinsic fluorescence
emission from tryptophan residue in proteins was an
in-built probe and was sensitive to the microenvironment
surrounding the fluorophore residue (Amishka Kamal &
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A: after treatment immediately
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Behere, 2001). Therefore, the change in the tertiary struc-
ture of HRP protein could be determined by intrinsic
emission spectroscopy and fluorescence intensity.

Fig. 5A and B depict the fluorescence emission spec-
tra of HRP at the excitation wavelength of 293 nm
(determined by the present study). All samples were
measured immediately after treatment and after a 7-
day storage at 4 �C. The fluorescence emission intensity
of untreated HRP was very weak, because the trypto-
phan fluorescence was quenched due to intramolecular
tryptophan–heme energy transfer in native HRP (Carv-
alho et al., 2003; Zamorano et al., 2004). The fluores-
cence emission spectra of HRP subjected to SCCO2

treatment showed that a great change of the emission
maxima and the maximum fluorescence intensity had
occurred, indicating change in the tertiary structure of
HRP. The emission maximum wavelength, km, of un-
treated HRP was observed at 324 nm, while the emission
maximum wavelength, km, of SCCO2-treated HRP was
increased to around 345 nm; this wide span of red-shift
was approximately 21 nm, indicating that the trypto-
phan surroundings changed to a more polar environ-
ment upon SCCO2 treatment. This observation was
similar to the finding of Carvalho et al. (2003) in a study
of thermal denaturation of HRP. Peak fluorescence
intensity was enhanced correspondingly as the pressure
level of SCCO2 treatments was elevated, higher pressure
resulting in higher fluorescence intensity. Fig. 6 presents
the change of the HRP relative fluorescence intensity
(RFI) at the emission maximum km 345 nm, which was
observed immediately after treatment and for 7 days of
storage at 4 �C, respectively. After the SCCO2 treatment
0 MPa 8 MPa 15
0

100

200

300

400

500

600

700

800

900

1000

1100

1200

  after treatment immediately
  after 7-day storage at 4

R
F

I o
f H

R
P

 a
t 3

46
 n

m

Pe

˚C

Fig. 6. Intrinsic relative fluorescence intensity (RFI) of HRP at 345 nm im
concentration was 3.41 lM.
at 8, 15, 22 and 30 MPa at 55 �C, the RFI increased
sharply and reached 524.722%, 672.028%, 748.113%,
745.177% in the fluorescence spectra. As the pressure le-
vel of the SCCO2 treatment was elevated, the trypto-
phan fluorescence intensity of HRP increased but the
difference was slight, accompanied by a decrease of
residual activity HRP. The tryptophan fluorescence
intensity in HRP increased, probably due to the increase
of the distance from the heme group during denatur-
ation (Carvalho et al., 2003). It was concluded that
SCCO2 treatment was beneficial to increase the distance
between the tryptophan and the heme group.

After a 7-day storage at 4 �C, the fluorescence emis-
sion spectra of HRP did not alter, as essentially illus-
trated in Fig. 5B, but the maximum fluorescence
intensity of HRP subjected to 8, 15 and 22 MPa treat-
ments reversed partly or declined to 366.64%, 415.8%,
464.153% (in Fig. 6) significantly while it still increased
greatly 1091.433% at 30 MPa treatment (in Fig. 6) and
the maximum fluorescence intensity of the control
HRP remained almost constant. Although the alter-
ation, depending on the pressure levels, was a little con-
tradictory, but it could explain that the restorative
ability of HRP subjected to SCCO2 treatment at 8, 15
and 22 MPa was significant and it was not obvious at
30 MPa after a 7-day storage at 4 �C (in Fig. 2).

Interestingly, we also found that the emission maxi-
mum existed at 584 nm as shown in Fig. 7A, as the pres-
sure of SCCO2 treatment increased, the intensity of the
emission spectra was increased (Fig. 7B). This present
study could not explain how this related to structural
change.
 MPa 22 MPa 30 MPa

ssure

mediately after treatments and after storage for 7 days at 4 �C. HRP
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4. Conclusion

In this study, SCCO2 treatment had significant effects
on the residual activity of HRP, and the higher the pres-
sure of SCCO2 treatment, the greater was the loss of
HRP residual activity, the least residual activity of
HRP being only 12% at 30 MPa. The residual activity
of HRP was closely related to the pressure of SCCO2

treatment. The secondary structure and the tertiary
structure of HRP after SCCO2 treatment changed as
suggested by CD analysis and fluorescence spectroscopy
analysis, respectively. The a-helix relative content in the
secondary structure of HRP decreased and the intrinsic
relative fluorescence intensity (RFI) increased as the
pressure of SCCO2 treatment was elevated. The inacti-
vation of SCCO2 treated HRP closely corresponded to
the loss of, a-helix relative content and the increase of
RFI. After a 7-day storage at 4 �C, the restoration of
HRP residual activity and the reversion of the a-helix
relative content were also observed, while the intrinsic
relative fluorescence intensity resumed, with the excep-
tion of 30 MPa treatment.
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