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Abstract: Green technologies using renewable and alternative sources, including supercritical carbon
dioxide (sc-CO2), are becoming a priority for researchers in a variety of fields, including the control
of enzyme activity which, among other applications, is extremely important in the food industry.
Namely, extending shelf life of e.g., flour could be reached by tuning the present enzymes activity. In
this study, the effect of different sc-CO2 conditions such as temperature (35–50 ◦C), pressure (200 bar
and 300 bar), and exposure time (1–6 h) on the inactivation and structural changes of α-amylase, lipase,
and horseradish peroxidase (POD) from white wheat flour and native enzymes was investigated.
The total protein (TPC) content and residual activities of the enzymes were determined by standard
spectrophotometric methods, while the changes in the secondary structures of the enzymes were
determined by circular dichroism spectrometry (CD). The present work is therefore concerned for the
first time with the study of the stability and structural changes of the enzyme molecules dominant
in white wheat flour under sc-CO2 conditions at different pressures and temperatures. In addition,
the changes in aggregation or dissociation of the enzyme molecules were investigated based on the
changes in particle size distribution and ζ-potential. The results of the activity assays showed a
decrease in the activity of native POD and lipase under optimal exposure conditions (6 h and 50 ◦C;
and 1 h and 50 ◦C) by 22% and 16%, respectively. In contrast, no significant changes were observed
in α-amylase activity. Consequently, analysis of the CD spectra of POD and lipase confirmed a
significant effect on secondary structure damage (changes in α-helix, β-sheet, and β-turn content),
whereas the secondary structure of α-amylase retained its original configuration. Moreover, the
changes in particle size distribution and ζ-potential showed a significant effect of sc-CO2 treatment
on the aggregation and dissociation of the selected enzymes. The results of this study confirm that
sc-CO2 technology can be effectively used as an environmentally friendly technology to control the
activity of major flour enzymes by altering their structures.

Keywords: enzyme inactivation; supercritical carbon dioxide; α-amylase; lipase; horseradish peroxidase;
structural changes; CD spectroscopy

1. Introduction

At a time when awareness of a healthy lifestyle is increasing, the production of
fresh food with excellent nutritional properties is becoming a necessity. As a result, the
use of fresh products on the market has increased by 30% from 2020 to today [1]. In
most cases, however, it is not possible to meet the requirement that fresh food always be
immediately available to consumers. Before reaching the final user, a raw food undergoes
a long transportation and storage process that can lead to various quality changes, such
as: (i) changes in the physical properties and appearance; (ii) changes in the nutritional
properties; and finally, (iii) changes in the appearance, taste, and characteristics of the final
products. This is a particular problem when food products are to be stored for a long period
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of time. One of these products is also flour. In the baking industry, enzymes including
alpha-amylase, xylanases, lipases, oxidases, proteases and asparaginases are commonly
used [2]. Each enzyme has a specific application in bread production. Enzymes are usually
added to change the dough rheology, gas retention and softness of the crumb in bread
making, to change the softness of the product and finally to reduce acrylamide formation
in bakery products.

However, the uncontrolled activity of the enzyme lipase (EC 3.1.1.3) during storage
leads to the degradation of lipids and the release of free fatty acids, which, combined with
the undesirable activity of peroxidase (POD, EC 1.11.1.7) and the formation of aldehydes
and ketones, results in a significant loss of its sensory properties and nutritional value,
which in turn has negative effects on the human body [3]. Therefore, Lancelot et al. [4]
recently proposed new guidelines for flour storage. They recommend storing flour at
subzero temperatures in sealed containers for short storage periods, up to six months.
However, for longer periods than six months, storage in paper containers at a temperature
of −20 ◦C would be the best storage condition [4]. Another way to extend the shelf life
of flour could be its pretreatment to inactivate enzymes and microorganisms, and storage
without special temperature and humidity conditions. New research is therefore moving in
the direction of finding a way to extend the shelf life of products while preserving their
nutritional properties.

Traditional inactivation protocols for food enzymes include enzyme “roasting” [5,6],
microwave irradiation [7,8] or superheated steam treatment [9]. However, all of these pro-
cesses operate at significantly elevated temperatures, in most cases above 100 ◦C, resulting
in serious destruction of the food structure and loss of its nutritional properties. To date,
several innovative nonthermal technologies such as ultrasound [10,11], radiofrequency [12],
electrospray [13], pulsed electric field [14], cold plasma [15], and supercritical carbon diox-
ide (sc-CO2) [16–19] have also been proposed for inactivation of unwanted enzymes in
various foods. However, most of these papers focused on the inactivation of enzymes on
foods in liquid and semi-liquid form. Only a limited number of recently published papers
address the inactivation of enzymes in solid foods [3,20,21], while our research group is
among the pioneers that have presented results on inactivation of enzymes from various
flours using sc-CO2 technology [2,22,23].

The application of supercritical fluids as a non-thermal, anhydrous, environmentally
friendly, economical, and clean technology has attracted great interest in the food industry
in recent years. Among supercritical fluids, supercritical carbon dioxide (sc-CO2) is the most
commonly used solvent, which has become a preferred solvent for various applications in
the cosmetic, pharmaceutical, biomedical, and food industries [24–27]. Sc-CO2 is a fluid
state of carbon dioxide (CO2) in which it is maintained at/above its critical temperature
(31.1 ◦C) and pressure (73.8 bar). Due to its characteristic properties under these conditions
(diffusion rates as in a gas and solvent densities as in a liquid), it is an ideal solvent for
enzymatic reactions and offers the possibility of creating very environmentally friendly
biotechnological applications [18]. However, the studies have also confirmed enzyme
instability and short half-life of enzymes in sc-CO2 media, leading to complete denaturation
of proteins in some cases [28,29]. As a result, the application of sc-CO2 in the inactivation
of enzymes has attracted more and more attention of researchers in recent years. Most of
the data published so far have examined the effect of sc-CO2 on enzymes belonging to the
oxidoreductive subclass, such as POD, polyphenol oxidase (PPO), and lipoxygenase. For
instance, one of the first papers describing the mechanism of inactivation of POD by sc-CO2
was published by Gui et al. [30]. They showed that the maximum inactivation of the buffer
solution of POD occurs at a pressure of 300 bar and an elevated temperature of 55 ◦C, which
leads to a decrease in the proportion of α-helix in the secondary structure of the enzyme. In
addition, Marszałek et al. investigated the influence of sc-CO2 treatment on the inactivation
of POD and POP from different fruit juices: beetroot [31], strawberry [32] and cloudy apple
juice [17]. In general, they have demonstrated higher temperature and pressure resistance
of PPO compared to POD under the influence of various sc-CO2 conditions. In the case
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of α-amylase (an enzyme belonging to the group of hydrolases), the enzyme activity was
strongly dependent on sc-CO2 pressure and exposure time. Indeed, the highest activity
(hyperactivation) of α-amylase was observed after 1 h at 300 bar and 35 ◦C (residual activity
of 232%), while a decrease to 62% of initial activity was observed after prolonged exposure
to sc-CO2 from 1 h to 24 h [33]. However, as with other innovative technologies, all of
these papers focused on the effects of sc-CO2 conditions on enzyme activity in liquid
and semi-liquid samples. Finally, some of the few articles analysing the effects of sc-CO2
on enzymes in the solid state are the works of Senyay-Oncel and Yesil-Celiktas [34] and
Santos et al. [35] who studied the inactivation ratio of α-amylase and immobilised lipase,
respectively, under sc-CO2 conditions. However, a deeper understanding of the changes
that occur when the enzymes in the solid state are exposed to the influence of supercritical
conditions is not described in these papers.

Therefore, there is currently insufficient information on the changes in enzyme struc-
ture that occur when solid foods are processed with sc-CO2, which raises new questions
that need to be answered. In this work, we have attempted to answer some of these ques-
tions for the first time. The main objectives of this study were: (i) to analyse the influence
of different supercritical conditions (temperature from 35 ◦C to 50 ◦C and pressure from
200 bar and 300 bar) on selected enzyme activities in white wheat flour; (ii) to determine the
influence of sc-CO2 treatment on TPC in white wheat flour; (iii) determination of changes
in the activity of native enzymes in the solid state (α-amylase, lipase and POD) before and
after sc-CO2 treatment under different conditions; and (iv) evaluation of changes in the
secondary and tertiary protein structures of native enzymes after sc-CO2 treatment.

2. Materials and Methods
2.1. Chemicals and Samples

The white wheat flour used in this study (milled in 2023) was kindly obtained from
Hlebček d.o.o., Pragersko, Slovenia. Native enzymes were purchased as follows: α-amylase
(~30 U/mg) from Asperigillus oryzae was purchased from Sigma, lipase (~200 U/mg)
from Asperigillus niger from CioChemics, and horseradish peroxidase (POD, ~52 U/mg)
from BBI Enzymes (Blaenavon, UK). Carbon dioxide (CO2, 2.5) used for the exposure
experiments was purchased by Messer, (Ruše Slovenia). Ethanol (96%), phosphoric acid
(≥85%), sodium chloride (≥99.5%), Coomassie-Brilliant Blue G250 and acetonitrile (99.9%)
were supplied by Merck (Darmstadt, Germany), whereas bovine albumin serum (BSA)
(≥96%), sodium acetate (≥99.0%), acetic acid (GR for analysis), p-nitrophenyl butyrate
(≥98%) were supplied by Sigma Aldrich (St. Louis, MO, USA). All other chemicals used
during the experiments were of analytical grade. Ultrapure water was prepared fresh daily
in the laboratory.

2.2. Supercritical Carbon Dioxide Treatment

Sc-CO2 treatment was performed according to a method described in a recent paper of
our research group, with some modification [2]. Briefly, 5 g of white wheat flour packed in a
filter bag was placed in a high-pressure batch reactor equipped with a 60 mL high-pressure
vessel, heating and temperature control modules, pressure control valves, flow meters,
and safety devices. After reaching the specified experimental conditions for pressure
(200 bar or 300 bar) and temperature (35 ◦C, 42.5 ◦C or 50 ◦C), the samples were left in
the high-pressure reactor for a well-defined time of 3 h. The experimental conditions for
pressure and temperature were chosen based on the results of our previous studies and the
investigation of the feasibility and economic viability of the process itself. In order to avoid
temperature-related inactivation of the enzymes, the upper temperature limit was set at
50 ◦C. Rapid depressurization followed, and the flour samples were immediately used for
extraction of total proteins and determination of residual enzyme activities.

To determine the effect of sc-CO2 treatment on the conformational changes of the
enzymes studied, native α-amylase, lipase, and POD were exposed to sc-CO2 in the solid
state under the specific conditions determined in the preliminary experiments on the flour
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samples. Indeed, these experiments were performed at two different temperatures (35 ◦C
and 50 ◦C), at a constant pressure of 300 bar, and for different time periods from 1 h to 6 h.

2.3. Extraction Protocol and Determination of Total Protein Content

Extraction of proteins from untreated and sc-CO2 treated flour samples was performed
according to the protocol fully optimised in the study by Hojnik Podrepšek et al. [36]. Briefly,
5 g of the selected flour sample and five glass beads were placed in a conical Erlenmeyer
flask. Then, 30 mL of the 0.1 M acetic buffer (pH = 5.3) was added. The Erlenmeyer flask,
sealed with parafilm, was shaken at 300 rpm for 90 min at a controlled temperature of
25 ◦C. To obtain a clear supernatant, the suspension was centrifuged at 8000 rpm for 5 min
at room temperature (RT, 25 ◦C).

TPC was determined by the standard Bradford spectrophotometric method. BSA as
the standard protein was used to generate the calibration curve ranging from 0.1 mg/mL
to 1 mg/mL. In this assay, 20 µL of BSA or appropriately diluted flour extract was added
to 980 µL of Bradford reagent. After incubation of the reaction mixture for 15 min at RT,
absorbance was measured with a UV spectrophotometer (Varian Cary Probe 50, Agilent
Technologies, Santa Clara, CA, USA) at 595 nm using the Bradford reagent with 20 µL
ultrapure water as a blank. TPC was determined from the calibration curve, and results
were expressed as mg BSA per mL sample (mg/mL).

2.4. Determination of Enzymes Residual Activities

The activities of specific enzymes from untreated and sc-CO2 treated flour samples
and native enzymes were determined according to standard activity protocols using a UV
spectrophotometer (Varian Cary Probe 50, Agilent Technologies, Santa Clara, CA, USA).

The α-amylase activity was determined by the DNS method, previously described,
with some modifications [11]. Briefly, for DNS reagent preparation, 1 g of 3,5-dinitrosalicylic
acid (DNS) was dissolved in 50 mL of ultrapure water and 20 mL of 2 M NaOH. Then,
30 g of potassium sodium tartrate (KNaC4H4O6 × 4H2O) was added, and the reagent
was diluted with ultrapure water to a final volume of 100 mL. In addition, a 1% starch
solution (from wheat) was prepared in 0.02 M sodium phosphate buffer containing 0.006 M
NaCl. The basic principle of this method is based on the conversion of starch to maltose by
α-amylase, the content of which was measured by reduction of DNS. Therefore, to prepare
the calibration curve, standard solutions of maltose were prepared in a concentration range
from 0.5 mM to 5 mM. A reaction mixture containing 0.5 mL of properly diluted untreated,
and sc-CO2 treated samples of flour or native enzymes/maltose solution/ultrapure water
(as blank) and 0.5 mL of starch solution was incubated for 3 min at RT. In addition, 1 mL
of DNS reagent was added, and the mixture was boiled in a water bath for 5 min. After
cooling to RT, 10 mL ultrapure water was added and the absorbance of the blank solution,
samples, and maltose standards was measured at 540 nm using the spectrophotometer.

Lipase activity was determined spectrophotometrically using p-nitrophenyl butyrate
(p-NPB) as substrate [37]. For this assay, the solution of the untreated and sc-CO2 treated
flour extracts was used without further dilution, while the untreated and sc-CO2 treated
native lipase was prepared at a concentration of 10 mg/mL. The reaction mixture of 900 µL
sodium phosphate buffer (PBS, pH = 7.2) containing 150 mM sodium chloride and 0.5%
Triton X100 (v:v) and 100 µL flour samples/enzyme solutions or phosphate buffer (as blank)
was incubated for 3 min at 37 ◦C. Subsequently, 10 µL of p-NPB (50 mM in acetonitrile)
was added and the release of the NPB anion was monitored at 400 nm for 5 min.

The activity of POD was determined by the standard spectrophotometric method
using 4-aminoantipyrine (4-AAP) as a substrate in the presence of hydrogen peroxide
(H2O2), described in the previously published work of our research group [22]. Briefly,
a reaction mixture containing 1.4 mL of 4-AAP (2.5 mM, with 0.17 mM phenol), 1.5 mL
of H2O2 (1.7 mM in 0.2 M PBS), and 0.1 mL of PBS was prepared and 0.5 mL of properly
diluted enzyme solution (untreated or sc-CO2 treated flour extracts or native enzymes) was
added. A blank sample was prepared such that 0.5 mL of PBS was added instead of 0.5 mL
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of the sample. The change in absorbance was measured immediately after addition of the
sample at 510 nm for 4 min using a spectrophotometer.

The residual activity for all investigated enzymes was determined by the following
equation:

Residual activity [RA; %] =

U
mg (sc − CO2 treated enzyme)

U
mg (untreated enzyme)

× 100 (1)

2.5. Circular Dichroism Spectroscopy

CD the spectra of the native enzymes (1 mg/mL in ultrapure water for α-amylase and
lipase and PBS buffer for POD) were recorded in the far UV region (190–260 nm) at RT
using a spectrometer (JASCO Corp., Tokyo, Japan) under continuous nitrogen flow with
a quartz cuvette with 1 mm path length. The bandwidth was 1 nm, and the scan speed
was 100 nm/min, with three replications for each spectral line [38]. All the spectra were
corrected by subtracting the baseline. The secondary structure composition of the enzymes
analyzed, expressed in the percentages (%), was calculated using SpectraMenager Software
version 10.0 from JASCO.

2.6. Determination of Zeta Potential

Zeta potential analysis was conducted by using Zetasizer Nano ZS instrument (Malvern
Instruments Co., Malvern, UK) through dynamic light scattering. All measurements were
performed at RT with an equilibrium time of 120 s.

2.7. Determination of Particle Size Distribution

All samples were dissolved in ultra-pure water at the appropriate concentrations.
Measurements were performed with the Zetasizer Nano ZS (Malvern Instruments Co.,
Malvern, UK) using 10 mm polystyrene cuvettes at RT and an equilibration time of 120 s.
The particle size distribution of the enzyme solutions (before and after sc-CO2 treatment)
was expressed in nm based on the fractional intensities.

2.8. Statistical Analysis

All experiments in this study were performed in duplicate, whereas instrumental
measurements were performed in triplicate. Results were expressed as mean ± standard
deviation. An analysis of variance (ANOVA) followed by a Student–Newman–Keuls (S-N-
K) post-hoc test was performed to examine a difference between samples at the probability
level of p < 0.05 using IMB SPSSS (version 21.0, Chicago, IL, USA). All figures were created
using Microsoft Office Excel version 2311.

3. Results and Discussion
3.1. Inactivation Rate of α-amylase, Lipase, and POD in White Wheat Flour

To date, sc-CO2 technology has been effectively used for food preservation and enzyme
activity control, especially for PPO inactivation in liquid and semi-liquid foods [19,24,39],
due to its proven advantages over traditionally used thermal methods. However, there
are only a limited number of papers investigating the effect of sc-CO2 on pasteurization
of solid samples [40,41], while our research group was the pioneer that opened new
possibilities for the use of this technology to extend the storage time of flour and improve
its psychochemical properties [2,23,36]. This is of crucial importance for the bakery industry,
as the results of the recent study published by Lancelot et al. showed that long-term storage
of flour at room temperature leads to a significant change in its parameters and baking
properties [4]. The present work is therefore concerned for the first time with the study
of the stability and structural changes of the enzyme molecules dominant in white wheat
flour under sc-CO2 conditions at different pressures and elevated temperatures (42.5 ◦C
and 50 ◦C).
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The results of determination of total proteins in flour sample and changes in selected
enzyme activities before and after sc-CO2 treatment at three different temperatures (35 ◦C,
42.5 ◦C and 50 ◦C) and two different pressures (200 bar and 300 bar) for 3 h are presented
in Table 1. As can be seen from the results, no significant changes in total protein content
were observed in the samples after sc-CO2 treatment compared to the untreated flour,
regardless of pressure and temperature, so the nutritional composition of the flour was not
affected. This is extremely important, as the protein content determines the specific use
of the flour and contributes to the desired taste and texture of the bread and other bakery
products. For comparison, Bahrami et al. also reported that no changes in total proteins
were detected after cold plasma treatment of white flour, although a significant change in
molecular structures and organizations was confirmed [42].

Table 1. The effect of sc-CO2 treatment under different conditions on total protein content and
residual enzyme activities in white wheat flour. a,b,c,d,e Different superscripts in the same line indicate
significant differences between the values obtained at the 95% confidence level (p < 0.05) according to
the Student-Newman-Keuls (S-N-K) test. The results are given as mean ± standard deviation.

Determined Values
Control
Sample

(Untreated)

Temperature

35 ◦C 42.5 ◦C 50 ◦C

Pressure (Bar)

200 300 200 300 200 300

Total protein content
(g/100g) 1.23 ± 0.02 a 1.23 ± 0.01 a 1.22 ± 0.04 a 1.24 ± 0.03 a 1.22 ± 0.03 a 1.33 ± 0.00 a 1.28 ± 0.08 a

Residual
activity (%)

α-amylase 100 a 115.4 ± 10.9 a 115.2 ± 10.2 a 125.6 ± 16.6 a 116.0 ± 8.2 a 114.1 ± 13.0 a 112.1 ± 4.6 a

lipase 100 e 38.5 ± 2.7 b,c 60.5 ± 3.0 d 93.5 ± 8.6 e 42.5 ± 3.9 c 29.7 ± 2.7 b 18.4 ± 1.2 a

POD 100 a 124.5 ± 1.0 b 135.0 ± 2.5 c 105.6 ± 4.8 a 101.6 ± 5.2 a 105.9 ± 2.4 a 103.0 ± 1.7 a

Checking the studied enzymes activities, no common rule could be set to describe
the influence of the treatment parameters. For α-amylase activity, i.e., almost no negative
changes in enzyme activity were detected compared with untreated sample. Although
physical parameters such as density and dielectric constant depend on the pressure and
temperature of the supercritical fluid, and an increase in pressure increases the solubility
and thus the dissolving power of these solvents [34], the treatments under the conditions
used in our study apparently had no significant effect on the activity of α-amylase in the
solid state. The highest increase in this enzyme activity was achieved at 200 bar and 42.5 ◦C
with the activity rise of 25.0%. Those results agreed well with those obtained by Yadav and
Prakash, who studied the activity and thermal stability of α-amylase, where the optimal
temperature for the enzyme was 50 ± 2 ◦C [43]. In another example, the thermal stability
of α-amylase was demonstrated even up to 70 ◦C [44].

On the other hand, the initial activity of lipase was strongly affected by the influence
of sc-CO2 treatment, reaching the lowest value at a temperature of 50 ◦C and a pressure of
300 bar (the residual activity was only 18.4 ± 1.2%). These results agree well with the study
of Mathias et al. who showed that both factors, CO2 pressure and temperature, affect lipase
inactivation [45]. In their study, there was a complete loss of lipase activity in the buffer with
a pH of 5.6 after exposure to the supercritical conditions of 250 bar and 60 ◦C for 30 min. It
is also important to emphasize that the percentage of lipase inactivation in our study with
the use of supercritical CO2 was higher than the results for lipase inactivation (inactivation
rate of 50%) from barley flour recently presented by Li et al. [3], and correlates well with
the results of Ling at al. who evaluated the inactivation of lipase from rice bran (retained
activity of 19.2%) [46]. However, both studies used heat-assisted enzyme inactivation
pretreatments at a temperature above 100 ◦C, which affects the physicochemical properties
of the samples, which can be successfully avoided by using the sc-CO2 technology proposed
in our study.
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In the case of POD, an increase in activity was observed at a temperature of 35 ◦C
compared to the untreated samples at both applied pressures, with the higher value ob-
tained at 300 bar (35% increase in activity) (Table 1). However, with increasing temperature
(50 ◦C), the initial enzyme activity was preserved. Thus, it is of great importance to un-
derstand the mechanism leading to the changes of enzyme activities under the influence
of supercritical conditions. This phenomenon can probably be explained by the different
moisture content of the samples [47], because it was found out in the early studies [48] and
was confirmed lately [49], that water activity has a strong influence on enzyme activity in
sc-CO2. According to this, the influence of sc-CO2 in the presence of a large amount of
water is associated with the formation of carboxylic acid, which leads to a decrease in the
pH of the sample in the reactor, resulting in the disruption of the protein structure and
finally inactivation/hyperactivation of the enzymes [50]. This is one of the possible theories
of how a change in enzyme activity occurs under supercritical conditions. In addition, Li
et al. assume that small molecules (CO2, H2CO3, HCO3

− and CO3
2−) block the access of

substrates to the active site of phenylalanine ammonia lyase, leading to a decrease in its
activity [38]. In contrast, older theories assume that the destabilization of protein molecules
in sc-CO2 is mainly due to the role of lysine residues on the molecular surface [51]. This
theory hypothesizes that the uncharged lysine side chain reacts with CO2, resulting in the
formation of carbamate, a carbamic acid-derived organic compound that adversely affects
the reaction catalysed by the enzyme and eventually leads to its inactivation. Finally, Mon-
hemi and Jalali recently presented a new theory for the denaturation of enzymes under CO2
conditions based on molecular docking analysis [18,28]. According to these authors, the
denaturation process of proteins is not limited to lysine, but all surface-charged and polar
residues can play an essential role in the destabilization of enzymes under supercritical con-
ditions. Namely, they found that the formation of new non-native interactions of charged
and polar residues on the enzyme surface led to the reduction of some important native
interactions through the formation of new H-bonds. Consequently, destabilization and
denaturation of the enzymes occurred in sc-CO2. It is also worth noting that the stability
and activity of enzymes under supercritical conditions is highly dependent on many other
factors, including: enzyme species, exposure time, pressure, temperature, and operating
mode of the reaction system [49,52,53]. To gain a deeper understanding of the structural
changes of enzymes in solid matrix exposed to supercritical conditions, we continued our
study on native enzymes predominant in white flour: α-amylase, lipase, and POD. For
these studies, we chose the conditions that induce the strongest changes in flour enzymes,
i.e., a pressure of 300 bar and two different temperatures (35 ◦C and 50 ◦C), while the
exposure time ranged from 1 h to 6 h.

3.2. Effect of sc-CO2 Treatment on the Native Enzyme Activity

The effect of sc-CO2 treatment on the activity of native α-amylase, lipase, and POD at
two different temperatures (35 ◦C and 50 ◦C), at a constant pressure of 300 bar, and as a
function of exposure time (1–6 h) is shown in Figure 1a–c, respectively. As evident from
Figure 1a, no negative activity changes were observed for α-amylase under the conditions
tested, which is consistent with the results obtained for the white wheat flour sample. These
results are also in good agreement with a previously published study by Senyay-Oncel
and Yesil-Celiktas, who showed that sc-CO2 with a pressure below 300 bar did not affect
the stability of α-amylase in the solid state [34]. Moreover, in the study by Senyay-Oncel
and Yesil-Celiktas a statistically significant decrease in enzyme activity at a temperature of
55 ◦C was demonstrated, while a further increase in temperature led to a re-increase in α-
amylase activity. Similarly, a recent study monitoring the stability of α- and β-amylase with
increasing temperature during the mashing process of barley malt showed significantly
higher stability of α-amylase compared to its conformational β-isomer [44]. Indeed, in
this study, no statistically significant change in α-amylase activity was observed in the
temperature interval from 20 ◦C to 70 ◦C, and the critical temperature for alerting enzyme
activity was set at 72.5 ◦C. On the other hand, high sensitivity of α-amylase to the influence
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of ultrasound was demonstrated, with the highest reported inactivation rate observed
during 60 min of ultrasound irradiation, which preserved only 17% of the original enzyme
activity [11].

In the case of lipase, a strong correlation can be seen between the changes in enzyme
activity with increasing temperature and exposure time (Figure 1b). Thus, at a temperature
of 35 ◦C, an increase in lipase activity with increasing exposure time could be observed,
up to a maximum of 115% of the initial activity determination after 6 h of exposure to
sc-CO2. On the other hand, the initial lipase activity decreased at 50 ◦C, with the lowest
value determined after 1 h of the sample exposed to the supercritical conditions.

The inactivation and determined residual activity of crude POD, treated with sc-CO2
at a constant pressure of 300 bar at two temperatures (35 ◦C and 50 ◦C), for different time
periods (1–6 h), is shown in Figure 1c. As can be seen from the figure, the stability of
POD was affected by both, increasing the temperature and extending the exposure time.
The highest inactivation level was obtained after 6 h of sc-CO2 treatment at 50 ◦C. These
results can be probably explained by the fact that the free energy (∆G) of proteins is highest
at 37 ◦C; the protein is in the native state. As the temperature increases, an equilibrium
between the unfolded and native states is established, while as the temperature continues
to rise, the denaturation process occurs spontaneously (∆G < 0) [12]. The inactivation
rate of POD in our study agrees well with previously published studies in which the
authors showed that the percentage of POD inactivation is directly related to the increase
in temperature, pressure, and duration of sc-CO2 treatment [16,17,19,30]. However, a direct
comparison of the results with the literature is not possible because this is the first time
that our research group has worked with the native POD subjected to the denaturation
process in the solid state, whereas previous studies were performed with enzyme buffer
solutions or liquid and semi-liquid foods. For example, in the study by Zambon et al. the
inactivation of total POD and PPO in strawberries was observed at a temperature of 40 ◦C
and a pressure of 133 bar during a 7 h sc-CO2 treatment [19], proving a very successful
application of supercritical technology with the use of CO2 for food pasteurization.

Finally, the disagreement in the percentage of lipase and POD inactivation compared
to the flour samples discussed in the previous section is likely due to two main factors. First,
as explained earlier, the effect of supercritical conditions on the stability of the enzymes
depends strongly on the water content. Indeed, in the experiments, anhydrous enzymes
were used in the solid state, while the moisture content of the flour samples is usually
between 9–15% [23]. Another very important factor is the exposure of the enzyme to
the conditions studied. The enzymes in flour are located in an aleurone layer above the
endosperm of the grain and are therefore more difficult to access compared to native
enzymes. The protein content of the flour sample is extremely important for the final
result since it is in direct connection with CO2 solubility [23] and consequently pH change
or chelation. In various flour types it differs and so does the CO2 solubility. The before-
mentioned changes lead to different results about enzyme inactivation.which also depends
on the moisture content of the sample. Therefore, there is sometimed hard to achieve the
reproducibility of the results. This could be one of the obstacles when using supercritical
fluid technology as the method for enzyme inactivation in flour.
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To study the effects of the exposure of the enzymes to supercritical conditions on their
structure, further analyses were performed to evaluate the changes in the tertiary and
secondary structure of the proteins.

3.3. Effect of sc-CO2 on the Secondary Structure of the Investigated Enzymes

CD spectroscopy is the most commonly used instrumental technique for the study
of protein secondary structures, in which the content of α-helix, β-sheet, β-turn, and
random coil is estimated from changes in the intensity and shape of the peaks in the
CD spectra [12,54,55]. Based on the position of the peak maximum on the positive and
negative sides of the CD spectra, the secondary structure of the protein can be evaluated. For
example, the proteins with a high proportion of α-helix in the structure have negative bands
at 222 nm and 208 nm and the positive band at 193 nm, while the well-defined antiparallel
β-sheets have negative bands at 218 nm and positive bands at 195 nm [56]. Figure 2a–f
show the percentage of α-helix, β-sheet, β-turn, and random coil in the secondary structures
of α-amylase, lipase, and POD before and after sc-CO2 treatment, while the appropriated
CD spectra are shown in Figure 3a–f.
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Figure 3. Circular dichroism (CD) spectrum of native and sc-CO2 treated α-amylase, lipase, and POD,
at 300 bar, for different time periods (1–6 h). (a,b) α-amylase at 35 ◦C and 50 ◦C, respectively; (c,d)
lipase at 35 ◦C and 50 ◦C, respectively and (e,f) POD at 35 ◦C and 50 ◦C, respectively.

The CD spectra of α-amylase (Figure 3a,b) showed that the initial secondary structure
contained 29.3% α-helix, 33.3% β-turn, and 37.4% random coil after fitting the curve with
the Young’s model (Figure 2a,b), which agreed well with literature data [57]. When the
enzyme was treated with sc-CO2 at 35 ◦C, the amount of α-helix (30.3%, 30.6%, and 30.2%
after 1 h, 3 h, and 6 h, respectively) and β-turn (33.7%, 33.3%, and 34.1% after 1 h, 3 h, and
6 h, respectively) increased, while the content of random coil (36.0%, 36.1%, and 35.7% after
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1 h, 3 h, and 6 h, respectively) decreased. However, these changes were not statistically
significant and agreed well with the enzyme activity results discussed previously. Also, in
the recently published study by Li et al. who studied α-amylase activity under the influence
of pulsed electric field, the authors showed a high stability of the sample after an initial
exposure cycle, in which the original secondary structure of the protein was preserved [57].
On the other hand, Tian et al. reported a positive effect of pulsed electric field on α-amylase
activity, reaching the maximum at an electric field strength of 15 kV/cm and a flow rate
of 100 mL/min, where a 22% increase in initial activity was obtained [58]. These results
correlated with the increase in α-helix and β-turn content and a decrease in the β-sheet and
random coil in the secondary structure of the enzyme. In our study, similar results were
obtained when the samples were exposed to an elevated temperature of 50 ◦C. Indeed, the
slight increase in α-amylase activity after 1 h and 3 h of sc-CO2 treatment was followed
by an increase in α-helix content (up to 31.6%) due to a decrease in random coil content
(Figure 2b). However, since it was previously shown that α-amylase activity remained
unaffected, it can be concluded that these changes in the secondary structure of the enzyme
are not sufficient to affect its activity.

The changes in the secondary structure of lipase before and after treatment with sc-
CO2 are shown graphically in Figure 2c,d. Surprisingly, when we compare these results
with the lipase activity results, we find a slight increase in α-helix content and a decrease
in β-turn content and random coil. Comparing these results with data from the litera-
ture, a significant deviation from the trend can be also observed [59–61]. For example,
Esmaeilnejad-Ahranjani et al. reported changes in lipase secondary structure after immobi-
lization of the enzyme on polyeletrolyte-coated magnetic silica nanocomposite particles
and found that the loss of enzyme activity was accompanied by a decrease in the content of
α-helix and β-sheets and an increase in the content of disordered elements [59].

In the case of POD, the intense negative peaks were observed at 208 nm and 226 nm
(Figure 3e,f), which was in consistent with the observation of Xu et al. [13], while the
secondary structure of the protein showed a content of 10.3% α-helix, 45.6% β-sheet, 11.3%
β-turn, and 32.8% random coil. As shown in Figure 3e,f, compared to untreated POD, an
up-shift in these peaks was observed at both investigated temperatures, and the intensity
of the changes varied with exposure time, indicating the changes in the secondary structure
of the enzyme. Consequently, a decrease in the content of the α-helix and an increase in the
β-turn were observed under the influence of sc-CO2 (Figure 2e,f). When the temperature of
the high-pressure reactor reached 50 ◦C, the contents of α-helix after sc-CO2 treatment were
8.4%, 8.7%, and 9.1% for 1 h, 3 h, and 6 h, respectively, significantly lower than those of the
nontreated sample. At the same time, an increase in β-sheet content from an initial 45.6%
to 58.6%, 57.1%, and 59.8% was observed during the 1 h, 3 h, and 6 h sc-CO2 exposures,
respectively. Considering that the secondary protein structure is stabilized by various
hydrogen bonds [12,46], it can be predicted that exposure to CO2 under high pressure
in combination with elevated temperature can break some of these bonds, converting an
ordered helical structure into a disordered structure. Similar observation was pointed out
in the recently published papers, in which the other non-thermal techniques were applied
to inactivate of POD. For instance, Yao et al. have investigated the influence of radio
frequency heating in the temperature range from 50 ◦C to 90 ◦C at different electrode gaps
(100 nm, 110 nm and 120 nm) [12]. They found that long time-low heating rate RF heating
at the largest electrode gap promote significant structural changes in the enzyme secondary
structure. On the other hand, in recently published study by Guo et al., it was found that
α-helix content was mostly reduced in the dual-frequency mode; while the temperature
showed less influence in the POD inactivation at the same frequency applied [62]. In the
case of when the POD was treated by 80 W ultrasound, a corresponding CD spectra did not
show a changes in the negative peaks position, while the content of α-helix was decreased
from initial 35.32% to 30.94% on account of β-sheet and random coil increase from 5.37%
to 9.42% and from 29.56% to 33.07%, respectively [63]. The results of our study as well
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as those of the previously published data unquestionably show the critical relationship
between content of α-helix and β-turn and activity of the POD.

3.4. Influence of sc-CO2 Treatment on the Particle Size Distribution

As known from the literature, sc-CO2 treatment leads to different homogenization and
aggregation effects in the treated enzyme solutions, resulting in changes in the particle size
distribution of enzyme molecules [38,64]. However, in our study, we investigated the effects
of supercritical conditions on the particle size distribution of the native enzymes in the solid
state for the first time, and the results are shown graphically in Figure 4a–f. To facilitate
interpretation of the results, all particle sizes are divided into well-defined size ranges:
0–20 nm, 20–100 nm, 100–500 nm, 500–1000 nm, and particle size larger than 2000 nm.
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As shown in Figure 4a,b, the initial mean particle size of α-amylase powder was
predominantly within 10 nm (59.4%), which correlates well with previously published
literature data [57]. The particle size distribution of α-amylase was obviously affected
by sc-CO2 treatment at different temperatures and different exposure times. In fact, only
particles with the size between 100 nm and 500 nm (221 nm and 266 nm at 35 ◦C and
50 C, respectively) were observed after 1 h of sc-CO2 treatment at both temperatures
studied. Further extension of the exposure time resulted in differences in the particle size
distribution as a function of temperature. At 35 ◦C, a disaggregation appeared to a particle
size from 20 nm to 100 nm, which coincides with the slight α-amylase activity increase
(+15.2%) at these conditions (Table 1). Unexpectable, increasing the temperature promoted
further aggregation of the particles, resulting in the appearance of a fraction of particles
with a size of 500–1000 nm with a proportion of 52.4%, being one of the reasons for a slight
activity drop to 112.1% (Table 1) of this enzyme. After a 6 h treatment, the results showed
the same distribution of α-amylase particles as in the example of a 1 h treatment.

The particle size distribution of untreated lipase showed the presence of three particle
size ranges with different contents. Most of the particles (~82%) were ~750 nm in diameter,
while the fraction of smaller particle diameter (107 nm) was ~11% and the fraction of large
diameter (5277 nm) was ~7% (Figure 4c,d). When the samples were exposed to sc-CO2 for
1 h at 35 ◦C, a decrease in particle size distribution could be observed (Figure 4c). This
decrease was even more extreme when the experimental temperature was 50 ◦C (Figure 4d),
when the only identified section of particles diameter was 318 nm. A further increase in
exposure time at a temperature of 35 ◦C led to a further decrease in the particle’s diameter
of the enzyme powder, while at a temperature of 50 ◦C a reaggregation occurred. This
trend of particles aggregation continued further with increasing exposure time. Comparing
these results with the results of the activity tests, the general conclusion can be drawn that
the lowest activity was found at both temperatures tested when the particle’s diameter was
in the range of 500–1000 nm. Similarly, Nadar and Rathod have found that the aggregation
of lipase exposure to the continuous ultrasound resulted into decrease in the initial enzyme
activity [65].

Finally, the particle size distribution patterns of POD before and after sc-CO2 treatment
for the different time periods and two temperatures studied (35 ◦C and 50 ◦C) are shown in
Figure 4e,f. As can be seen from the figures, the particle size distribution of the untreated
POD was mainly composed of two particle size sections. The first section contained particles
with a mean size of about 17 nm (16%), while the second section consisted of particles with
a larger diameter, about 390 nm with an intensity of 84%. In general, exposure of POD to
sc-CO2 conditions lead to aggregation of POD powder particles into clusters with larger
diameter. At an experimental temperature of 35 ◦C, the proportion of enzyme molecules
with a diameter of 100–500 nm increased linearly, while the intensity of molecules with
a particle diameter below 100 nm decreases. Moreover, further increase of temperature
up to 50 ◦C lead to further agglomeration of enzyme powder, resulting in the appearance
of diameter greater than 500 nm, which linearly increased with increasing exposure time.
Consequently, when the enzymes were exposed to sc-CO2 for 6 h, particle size of 577 nm
were detected in the powder sample. This aggregation of POD probably affected some
catalytic enzyme sites, leading to a decrease in the original enzyme activity. The results of
our study were in good agreement with previously published data by Xu et al. [13]. Namely,
they observed that the increase in particle size POD after electrospray treatment could
lead to inactivation of the enzyme. In addition, the study by Li et al. confirmed that the
exposure of phenylalanine ammonia lyase to sc-CO2 conditions leads to depolymerization
at a pressure of less than 200 bar, while enzyme aggregates are formed at a pressure of
more than 200 bar [38].

3.5. Influence of sc-CO2 Treatment on the ζ-Potential

The ζ-potential reflects the magnitude of electrostatic interactions between charged
molecules in solutions, and its absolute magnitude indicates the magnitude of electrostatic
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forces between particles [38]. It is a generally accepted rule that particles with an absolute
ζ-potential value of 30 mV can be considered stable. Therefore, measurement of changes in
ζ-potential of enzymes can also be used to monitor changes on their molecular surfaces
and consequently the influence of these changes on enzyme activities. Therefore, in this
work, we also investigated the change in ζ-potential of α-amylase, lipase, and POD after
sc-CO2 treatment. The raw data obtained are shown in the Supplementary Materials
(Figures S1–S3).

The initial ζ-potential value of native α-amylase dissolved in ultrapure water was
−25 mV (Figure 5a,b), which agrees well with the previously published results of Li
et al. [57]. After 1 h exposure to supercritical conditions at 35 ◦C, an increase in the negative
value to −34.4 mV was observed, while a statistically significant decrease in the initial ζ-
potential to −20.1 mV was observed at a temperature of 50 ◦C. Further, at both temperatures,
a pattern of an increase in the negative value appeared with prolongation of the treatment
time. After 6 h no statistically significant difference in ζ-potential was observed regardless
of temperature (−37.5 mV and −39 mV at 35 ◦C and 50 ◦C, respectively).

In the case of lipase, an initial value of −11.9 mV was obtained for the ζ-potential in
our study (Figure 5c,d). After exposure to the sc-CO2, the measured ζ-potential values
were even more negative at both temperatures studied, with maximum values determined
after 3 h of sc-CO2 treatment (−29.7 mV and −33.9 at 35 ◦C and 50 ◦C, respectively).

On the other hand, the results presented in Figure 5e,f show that the applied sc-CO2
treatment reduced the initial ζ-potential (−16.3 mV) of POD. For example, at a temperature
of 35 ◦C, the lowest value (−5.87 mV) was observed after 3 h of exposure, whereas at a
temperature of 50 ◦C, no statistically significant differences in the decrease in ζ-potential
were observed regardless of the exposure time. This decrease in the ζ-potential of POD
agrees well with the particle size distribution results, suggesting that the decrease in
negative charge on the molecular surfaces leads to aggregation of the molecules and
consequently to a loss of the original enzyme activity.

Based on the some previously described theories, zeta potential of the enzymes under
the supercritical conditions can also be caused by changes in the pH value [38]. According
to the theory, when the pH of the environment falls to the isoelectric point of the enzyme,
the negative charge of the molecules decreases, which leads to aggregation of the enzyme
molecules [66]. Indeed, the reduction in ζ-potential weakened the electrostatic repulsion
between molecules, which favoured the process of enzyme aggregation [64]. On the other
hand, the reduction in the negative charge on the enzyme surface under the influence of
sc-CO2 can probably be explained by conformational changes in the secondary structure of
the enzyme caused by the migration of some negatively/positively charged amino acid
residues to the surface of the enzyme, which ultimately led to a change in the ζ-potential.
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4. Conclusions

The results of our study suggest that sc-CO2 technology may be a promising technol-
ogy that can be used effectively in processes where controlled enzyme activity is required.
By monitoring the activity of native enzymes in the solid state after exposure to supercritical
conditions, we concluded that the changes in the structure of the enzyme itself caused by
treatment parameters are crucial for enzyme activity. Further, it was demonstrated, how
the same treatment parameters differently influence the secondary structure of different
enzymes. In our study, α-amylase showed the highest resistance to structural changes
under the conditions tested, while peroxidase showed a significant percentage of inacti-
vation. It was shown how the changes in the secondary structures of the enzymes were
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responsible for these changes in enzyme activities. On the other hand, however, there were
significant deviations in the expected values of ζ-potential and particle size distribution as a
consequence of the enzyme treatment parameters. Therefore, it can probably be concluded
that the mechanism of action of sc-CO2 on the enzyme in the solid state is not subject to
the same changes in the tertiary structure of the protein as when the enzymes are treated
with other technologies. To confirm this theory, further studies on the changes in enzyme
conformations after sc-CO2 treatment are required.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12244499/s1. Figure S1: ζ-potential determination of α-
amylase before and after 1h, 3h and 6h sc-CO2 treatment at two different temperatures (35 ◦C and
50 ◦C); Figure S2: ζ-potential determination of lipase before and after 1h, 3h and 6h sc-CO2 treatment
at two different temperatures (35 ◦C and 50 ◦C); Figure S3: ζ-potential determination of POD before
and after 1h, 3h and 6h sc-CO2 treatment at a temperature of 35 ◦C.
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