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lyphenol oxidase (PPO) was successfully inacvated by means of supercrical CO >

; e Therao CO 2volume of enzyme dissoluon was found to be a crical parameter
[ ]

Pressures of 20 MPa led to the complete inacvaon of PPO in mes <10minutes
e A complete inacvaon kinec study was done using a two fracon model

e Dramac changes in the enzyme terary structure were observed
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Abstract

Tyrosinase from mushroom was used as a model polyphenol oxidase (PPO) enzyme to perform
a systemac inacvaon study using high pressure carbon dioxide (HPCD). The ratio
CO,/volume of enzyme (g/mL) loaded in the reactor was found to be crical. Above a crical
rao, pressure, temperature and me did not control the inacvaon performance. Exposure

me (2 to 15 minutes), temperature (25 to 45 °C) and pressure (5 to 20 MPa) allowed to show
a characterisc inacvaon paern for PPO: a sudden decrease in acvity (at least 75% of the

total acvity loss was observed within the rst 2 minutes) was followed by a slowed decay. T#e
experimental data were ed into a two fracon kinec model and the main kin
parameters (Zp, Z1 acvaon volume and acvaon energy) were calculated. The uoresc®gce
spectroscopy analysis of the samples treated with HPCD revealed signicant esy the
terary structure of the enzyme.

Keywords: polyphenol oxidase, HPCD, enzyme inacvaon, supe%%ﬁoxide
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1. Introducon

Polyphenol oxidase enzymes (PPO; EC 1.14.18.1) are extensively distributed in plants, fruits or
sea food. These enzymes catalyze the oxidaon of phenolic compounds to quinones, which are
responsible for the producon of the brownish pigments [1] that appear when the fruit is
exposed to air or when the shrimps are taken out of the water. This browning process is
irreversible and induces costumers to perceive the foodstu as spoiled and not to buy it.
Therefore, the consequences of the browning formaon pigments induced by PPO are a
signicant problem with huge economic impact for the food industry. This problem demands
the development of new food preservaon strategies (based on non-thermal treatment
order to preserve the organolepc properes of the food) to prevent the acvity of
enzymes in juices or sea food.

Among the new treatments arising HPCD (High Pressure Carbon Dioxide xising
alternave. This technique uses CO  in condions of pressure and temper a bove
the crical point (7.4 MPa and 30.9 °C). Typical operang values are presflires up t®30 MPa
and temperatures not higher than 50 °C [2] whereas the exposgffe he CO ; are
variable and can last from a few minutes to one hour. In all casqg tNe®eneratures are much
lower than those of the convenonal thermal treatmentgwhicRghe#s to preserve the

organolepc properes of the treated food [3]. HPCD has b elygised to inacvate PPO

in juices from many dierent fruits and vegetables: a [6][7], carrot and peach [8],
orange [9], red beet [10], beet root [11] watermelgn [3] arrot and celery juices [12] among
others. Most of these papers present a similar w%cedure: dierent combinaons of

pressure, temperature and me are tried, t thq§ extent of the enzyme inacvaon is

measured and in the last stage the exp
Table 1 summarizes the experimental con

hand the source of the e eteMhines the properes the enzyme has and on the other
hand experiments w& under very dierent experimental condions (dierent
pressures, tempergjiges, Wlumes of enzyme soluon or reactor conguraons). Moreover
enzymes direct d from foods are not pure, but they are linked to other compounds
and the inacyffon groMyss is more complex [7].

ns and experimental results published in the

literature, regarding the PPO ina HPCD. As can be seen there are a wide variety of

working procedures which e t to compare the results among authors: on one

In ordeifto eval the eect of the above menoned process parameters in the inacvaon

of to gt useful informaon about the inacvaon mechanism it is necessary to carry

ol a set pf experiments using a soluon of pure PPO in order to avoid the interferences of

oth Cies present in juices. In the literature there are only a few studies that treat pure
henol oxidases with HPCD: Manzocco et al. (2016) [2] and Manzocco et al. (2014) [13]

tudied the inacvaon of mushroom tyrosinase by HPCD, ng the inacvaon results to a

rst order kinec model. Hu et al. [14], treated tyrosinase from mushroom with pressures up

to 15 MPa at 55 °C, no srring was applied and poor inacvaon eciencies were reached.

PPO from mushroom is a type-3 metalloprotein containing a di-nuclear copper acve site

bound to the protein matrix (four a-helix bundles that surround the acve site) by six hisdine

residues [15]. The mechanism why enzymes are inacvated under HPCD has been

hypothesized in dierent works. In general pressure and temperature can alter directly the
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structure of the enzyme or change the properes of the CO . (hence determining the
interacons between solvent and enzyme) [1]. Under certain pressure and temperature
condions a change in the protein structure can happen with an increase of the B-sheet
structure that leads to the burial of the catalyc center [16]. According to Li et al. [17], the
inacvaon of a PPO enzyme is related to the way that carbon dioxide interferes with the
hydrophobic acve site. CO ; is a very non polar molecule whose physical properes change
when changing pressure and temperature (especially above the crical point) being able to
stay in gas, liquid and supercrical state. These changes in the properes will aect the way it
interacts with the enzyme and will have to be studied.

In the literature an engineering approach for the enzyme inacvaon by HPCD is oen mis

since no systemac studies had been carried out to idenfy the crical process paraget
Besides pressure and temperature other parameters such as the srring rate, th I m
and the rao CO , versus the volume of enzyme soluon loaded into the ust be
considered. This factor plays a signicant role in the inacvaon performancegfand toXgct the
economic feasibility of the HPCD process. Therefore, insights aboys tRg waypit aects the
enzyme inacvaon are required.

Allin all, the aim of the present work is on one hand to obtaigexpeMgeMtal data useful for the
up-scaling of the HPCD enzyme inacvaon process and on t t 'gain knowledge about
the PPO inacvaon mechanism under dierent condio 2, below and above the
crical point, using a commercial tyrosinase from shr as a model PPO enzyme. This
approach requires a mulstage work: in a rst gtage caon and evaluaon of the

main process parameters that aect the enz indvaon (pressure, temperature, me,
aRd in the reactor) must be tackled. In a

srring rate and the volume of enzyme s
second stage a kinec study of the inacvaoMydata has to be performed considering the
insights obtained in the rst stagg work, trying three dierent temperatures (25, 35,

45 °C) and three dierent p su 10 and 20 MPa). The dierent combinaons of
pressure and temperatur % ons in which CO , was present in three dierent states
(gas, liquid and supe 1) a ere used to explain how the physical state of the CO >
aects its physical &nd how the interacon between CO » and the enzyme is
aected. The o anperimental inacvaon rates (or residual acvity of the enzyme)

K

were ed to

¢ models, being used the kinec constants to calculate kinec

parame asgfhe decimal reducon me, the decimal reducon parameters (Z pand Zr),
and thegenergyand volume of acvaon, all of them dened and explained in secon 2.5.
Fighlly, th®ums#Cvaon results were compared to the changes induced in the structure of the

enyme dgtermined by uorescence spectroscopy.
aterial and Methods
2.1. Enzyme and chemicals

Mushroom tyrosinase (polyphenol oxidase -PPO- EC 1.14.18.1) (T3824, 25KU, obtained from
mushroom Agaricus bisporus) was purchased from Sigma Aldrich (St. Louis, MO). The contents
of the enzyme vial were dissolved in 10 mL of phosphate buer soluon (50mM, pH 6.5),
which was divided in several aliquots that were frozen at -20 °C. The PPO soluons used in the
experiments were prepared from diluon of this soluon, in order to have a 25 U/mL
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concentraon.

Carbon dioxide (99.9%) was supplied by Air Liquide S.A. (Spain). The physical properes of CO ,
were taken from NIST Database and dielectric constant was calculated according to the
equaon presented by Eltringham et al.[20].

All other chemicals used in this work to prepare the phosphate buer soluon or catechol
soluon were analycal grade purchased from Sigma Aldrich.

2.2. Experimental Set-up

All the experiments were carried out in a stainless steel high pressure batch srred g r
with an internal volume of, approximately, 80 mL which was submerged in a tier c
water bath. The experimental set up consists of a CO; reservoir, a high pressur N) p
(260D Teledyne ISCO) and it was a slight modicaon of Melgosa et al. [21 mec
representaon of the experimental set up is shown in Figure 1. (

In a typical experiment, the desired volume of preheated tyrosinagf solu loaded into
the reactor which was ghtly closed. Subsequently it was placed r bath previously

a
set at the desired temperature. Aer two minutes (me qgoughNgo ¥€ach the working
temperature) CO; was bubbled directly into the enzyme 9 rgligh a sintered stainless
steel micro-Iter (pore size of 10 um) in a sucient an%each the desired working
pressure (pressurizaon rate 10 MPa/min) and perRyre were held for the desired
operang me (from 2 to 15 minutes). Experimepts e in a temperature and pressure
range commonly used in non-thermal inac H;D systems: temperature from 25 to
45 °C and pressure from 5 to 20 MPa.
depressurized and the enzyme soluon was t
he CO, that was sll dissolved. All the samples were
glanalyzed in order to evaluate the residual acvity of

rant inacvaon mes, the reactor was

n out. It was le at room temperature for ten
minutes and shaken in order to g
frozen at -20 °C unl the momggt o

the enzyme aer a treatm

was divided in three dierent stages:
s experiments

Ini sqgral glreening experiments were carried out in order to idenfy the experimental
pX&ametegs that had the greatest inuence on the tyrosinase inacvaon. In a HPCD batch

ro emperature, pressure, holding me, stirring rate and the volume of enzyme soluon

into the reactor were idenfy as the parameters that may aect the inacvaon

erformance. In this work, it was carried out a fraconal factorial design of those ve process
parameters at two levels (low and high) each: volume of enzyme soluon used (25 and 40 mL),
pressure (10 and 20 MPa), me (5 and 15 minutes), temperature (35 and 45 °C) and srring
rate (250 and 600 rpm). In total, 8 dierent treatments were tried (it was a 2 > experimental
design, with resoluon IIl) and the ANOVA study of the experimental results was used to
idenfy the parameters that played the most important role on the enzyme inacvaon.
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2.3.2.Volume of enzyme soluon used

In a second stage of the experimental work the volume of enzyme soluon loaded into the
reactor was changed. In all the experimental results presented in the literature, a constant
volume of enzyme soluon was loaded in the reactor, being the remaining volume lled up
with CO,. Then, dierent combinaons of pressure and temperature were applied. Since the
physical properes of CO , (such as density, which relates pressure and temperature) change
dramacally when changing pressure and temperature, the total mass of CO , loaded in the
reactor signicantly changes depending on the working condions, leading to experiments
done at dierent pressures, temperatures and masses of CO ; to inacvate the enzyme. Sj

the mechanism why PPO is inacvated is not completely clear, the amount of CO > u ay
play a signicant role on the inacvaon performance. From an upscaling and ecgno
outlook, the amount of CO, used per gram of soluon is crical, since an excess (o) ht
not increase the inacvaon rate but it would increase the operaonal costs p

process. Therefore, the opmal rao must be determined in order to avoiff exceSQe use of
CO..

In order to evaluate the inuence that the rao CO ;:enzy orphas on the PPO
inacvaon performance, some experiments loading dierent ou o®enzyme soluon
were carried out. Temperature was set at 35 and 45 °C, a h rams of CO ,: volume of
enzyme soluon was varied from 0.7 g/mL (more soluo 2 was loaded in the reactor)

to 7 g/mL (seven more mes of CO , than enzyme on). Qe CO , density was obtained from

(NIST Chemistry Webbook 2017), the volume pof e luon was varied to fulll the rao
d; to reach the CO ;:soluon rao was

calculated.

Srring rate was set at 250 rpm, an exp

2.3.3.HPCD treatmeg# kipe

<

25 mL of the enzyme on w aced in the reactor. Three dierent temperatures below
the convenonal th | tr ent were selected: 25, 35 and 45 °C and three pressures: 5, 10
and 20 MPa. Ipa kinec experiments lasted 2, 5, 9 and 15 minutes. In total 36
dierent con tested. Once the inacvaon rate was measured the experimental

data we ent kinec models, as described in secon 2.5.

So ol gffperiments were done at atmospheric condions in order to compare the HPCD

tr@@tmeng performance: 25 mL of tyrosinase soluon were placed in a water bath at 25, 35

an at atmospheric pressure. Samples were taken periodically up to 180 minutes and
rozen unl further analysis.

2.4. Analycal procedures
2.4.1.Enzymac Acvity Evaluaon

The enzyme acvity was assayed spectrophotometrically (Jasco V-750, Japan) using catechol as
substrate and following a slightly modied protocol from [16]: 2 mL of
phosphate buer soluon were added to 0.3 mL of the enzyme soluon; aer the addion of
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0.3 mL of catechol soluon (20 mM, prepared in a phosphate buer soluon 50 mM and pH
6.5) the reacon was started. The changes in absorbance at 420 nm and 25 °C were recorded
every second for 150 seconds. The enzyme acvity was calculated from the slope of the inial
secon of the absorbance versus me. One unit of PPO acvity was dened as the change in
absorbance of 0.001 units per minute at 420 nm.

The residual acvity (RA) was calculated as the rao of the measured acvity aer a treatment
(A) and the acvity before treatment (A o), according to the equaon 1:

(1)

2.4.2.Fluorescence Spectroscopy

The terary structure of the PPO was determined by uorescence spectrosc sinyth
FLS980 photoluminescence spectrometer (Edinburgh Instruments, Livi ) ). The
sample was excited at a Ae»=280 nm and the emission spectra were recqfded in tMg range 290
to 400 nm. A 1 cm path length cell was used and the emission and a ere set at 4
and 2 nm, respecvely.

2.5. Kinec models of PPO inacvaon
Four dierent kinec models were used to correlate t cvaon data: rst order

ioRwas calculated.

kinec model, two fracon model, fraconal converggg mo®ygl and the Weibull model. For
each model, the decimal reducon me (D), dened a atment me needed for a 90%
inacvaon of the inial enzyme acvity at a given

The pressure and temperature increase ne
Zr (MPa) and Z;(°C), respecvely (
Zr are obtained as the negave

versus pressure and tempewgur,

for a 90% reducon of the D value, dened as
2 and 3) was also calculated. The values of Z p and

lope of the regression line that represents the log D

R 2)

D z
D, 2 1
5 7 (3)

Finally fwo mo arameters were calculated: in order to evaluate the kinec constant
de e pressure the acvaon volume (V ., cm3®/mol) was rst calculated using the
EvRing eqyaon (eq. 4). Secondly, in order to evaluate the kinec constant dependence on
te re the acvaon energy (E ., kl/mol) was calculated by means of the Arrhenius

n (eq. 5). Both V , and E, were calculated from linear regression of In k versus P or (1/T),
especvely.

e L (4)
ky
P (5)

2.5.1.First order kinec model
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The rst order kinec model is commonly used to describe the inacvaon of enzymes. This
model assumes that the logarithm of the residual acvity decreases linearly with me.
Equaon 6 describes mathemacally this model:

(6)

A is the acvity of the enzyme aer treatment, A , is the inial acvity of the enzyme, k is the
inacvaon rate constant (kinec constant) at given pressure and temperature condions and

t is the me the enzyme is exposed to the pressure and temperature condions. From the
kinec constant, it is possible to calculate the decimal reducon me (D).

This model is the most commonly used to describe the inacvaon of enzymes (PPO or
in juices. Several examples are summarized in Table 1.

2.5.2.Two-fracon kinec model %
P@/

This model takes into account the existence of several isoenzymes grogped into two
fracons, a labile (L) and a stable (S) fracon. Both enzymes were congd e inacvated

according to a rst-order kinecs, but independently of each other |
xp(= t ( xp( T (7)

where A| and As (As=1-A\) are the acvity of the labjle angtabl€ fracons respecvely and k L
and ks (min?) the inacvaon rate constants o e labile and stable fracons
respecvely. In general under mild condions thqlabile fracon is inacvated, whereas

the stable fracon remains unaltered [23].

ase of a rst order kinec model that takes into
account the non-zero resi

ity a€r prolonged heang and/or pressure (A ) treatment.

Mathemacally is expr g to the equaon (8).

( xp( kt (8)

ull fRodel

2.5.
This em@a el is described in equaon 9 and uses two dierent parameters: a, the scale
paffamete aracterisc me) and B, the so-called shape parameter [24]. It can be noted
th&gwheglB equals 1 the model results is a linear reducon of the residual acvity versus me,
Wr to a rst order kinec model. The Weibull model is basically a stascal model of
Istribuon of inacvaon mes, contrary to the rst order approach. The rst order model
ssumes that all the enzymes present are equal and hence all of them have the same
resistance to CO; and that the length of me that an enzyme is exposed to the treatment has
no eect on the probability that it will be inacvated in the next unit of me [25]. However, if

there are several isoenzymes with dierent sensivies to the changes in the environmental
condions, a distribuon of inacvaon mes appears as a consequence.
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—(- (9)

Similarly to the decimal reducon me (D) calculated using other models, for the Weibull
model is possible to calculate the me required to reduce the enzyme acvity by 90%, using
the equaon (10). t o is valid when it refers to the treatment me starng at zero me [26].

(10)

The dependence of the scale parameter (o) with the temperature can be well modelled usj
an exponenal relaonship [24]:

(11)
From equaon [11] it can be seen thatZ ¢ -1/by by denion consider: on-year
part of the curve log(A/Ao) versus me, compared to the classic denigf™o that is

calculated from the linear part of the curve. A similar discussion was dorg for thg ®ependence
of the scale parameter with the pressure, and it was represented g(o. pressure. The
reverse of the slope was considered the Zp

linear model represents the pressure increase to reduce 90% p value. In order to
validate this calculaons the pressure and temperature de Q'f the shape parameter

(B) was evaluated, since there must be no dependen to be valid these Zp T

calculaons [24].
2.6. Stascal analysis

All the stascal analysis was done using tIRgs®Ware Statgraphics X64. This soware was

used to perform the ANOVA test o creenWg experiments and the non-linear regression of
the experimental data to obtai @ bc constants of the dierent models presented in
secon 2.5.1.
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3. Results and Discussion
3.1. Screening experiments

Results of the screening experiments are presented in Table 2. From the ANOVA study (Table
3) it can be concluded that the volume of enzyme soluon, pressure and temperature are the
stascally signicant factors. Time resulted not to be stascally signicant in the range from

5 to 15 minutes; it seems that the major part of the inacvaon occurs within the rst 5
minutes of the experiment when pressures and temperatures are in the range 10 to 20 MP
and 35 to 45 °C, respecvely. Therefore, in the kinec study experiments, inacvaon mes
shorter than 5 minutes will be used.

The srring rate resulted not to be stascally signicant; apparently the srring inQgur
experimental set up is ecient, probably because of the magnec srrer placed in cagI
and the fact that CO, is bubbled directly into the enzyme soluon, whichga vides
good mixing enhancing the diusion of CO : in the enzyme soluon. IffanotheMywvork [14]
similar condions of pressure and temperature, but without srrige, to ghacvaon

eciencies signicantly lower (around 25%), aer 20 minutes at 45° Pa (15 mL of
sample loaded in a 850 mL reactor) or around 30% aer 2% 5°C and 15 MPa,
r

compared to the inacvaons higher than 80% obtained in temllexperiments 1 and 4)
using signicantly lower amounts of CO ,. In a non-srr t simce water and supercrical
CO, are barely miscible, two phases are formed, whic$ eect of CO , on the enzyme.
The volume of enzyme soluon loaded in the IS a crical parameter, since it

determines the free volume of the reactor th lled up with CO . This free volume will

lead to a dierent mass of CO ; used riment, as a funcon of pressure and

temperature. The rao CO volume of solu®gsttdied is in the range 0.7 g/mL (experiments 2

and 6) to 1.9 g/mL (experiments . Signlcant dierences between the two CO  »:volume

of enzyme soluon raos were bWy lespecially at the lowest pressure, indicang the
importance of this experim¢ta Eter and the need of performing a deeper study, as will

be presented in secon

3.2. Rao CO umeN enzyme soluon
Results regagffinggheNyerent raos CO  ,: soluon of enzyme (g/mL) are presented in Table 4
r

and Figug#®?, e trend can be clearly seen.

It bedllearly seen that the amount of CO, used in the experiment aects dramacally the
vaon performance. , the rao CO , versus the volume of
nzyme soluon has not been systemacally studied in any paper in the literature. Not all the
apers report the volume of enzyme soluon loaded into the reactor. For instance Manzocco
et al. (2016) [5] used 10 mL of enzyme soluon in a 150 mL reactor (which led to raos in the
range 9.8-12.6 g/mL depending on the pressure and temperature selected); Liu et al. (2010),
[10] used red beet as a raw material loading 5 mL of sample in a 10 mL vial, which was placed
in the 300 mL reactor. Gui et al. (2006) [4] and Zhang et al. (2010) [8] and Zhang et al. (2011)
[19] used similar experimental procedures: 3 mL of sample in a 10 mL vial placed in a 200 mL
reactor; 1 mL of sample in a 15 mL vial and placed in a 850 mL reactor, and 2 mL of sample
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loaded in a 10 mL vial and placed into a 850 mL reactor, respecvely. The amount of CO 2 used
was not reported in any of these works, but it can be intuited that raos CO ;:volume of
soluon are very high.

The results presented in this work reveal that raos CO ;:volume of enzyme soluon higher
than 3 g/mL do not produce an improvement of the inacvaon eciency regardless the
experimental condions selected (temperatures between 35 and 45 °C and pressures in the
range 10 to 20 MPa). Nevertheless, when raos are below 3 g/mL the selected condions of
pressure and temperature play a signicant role in the inacvaon process. It seems that there

is a crical amount of CO , which determines the inacvaon performance, under that val

the inacvaon performance strongly depends on the pressure and temperature and ab

the addion of further amounts of CO , does not improve the results, being a wgste 0,
from the economic point of view. \

The addion of CO ; to an aqueous soluon modies the physical propere tigsoludn,

and as a consequence the stability of the enzyme. The solubility of super@rical C in water is
very low, 5.27g/100g of water, slightly increasing with presfffre a creasing with
temperature [27]. In general, and according to Tegetmeier et a ¥ th@ density of water is
increased (up to 5%, the higher the pressure the higher thqdens®y i®rease) as well as the
volume, being expanded up to 6% (with pressures up to d 40 °C). These authors
observed that the higher the pressure the higher the e ; aving the temperature a very

lile eect. The reason behind these changes in th oper¥g of the water is aributed to
solvaon eects of the CO  ». This eect is more stre igher the pressure and the lower
is &ct is dependent on the amount of CO

the temperature. According to Song et al. [2

used. Therefore, the use of high amoun r mL of enzyme soluon might induce an

expansion of the liquid. This eect has to be gded to the other eects that the presence of

CO; in water has on the enzymegg® A the pH decrease as a consequence of carbonic acid
formaon. The solubility of COg# is Mg a4

ted by pressure and temperature, being higher the

higher the pressure and t r theXemperature. The presence of salts in the medium tends

to reduce the solubili CO; iven condions of pressure and temperature [30]. To the
2

induces in phosgh er soluons, but as it has been seen, the amount of CO 2 used per mL

of enzyme s@Uongts agical parameter. Only Saraiva et al. [31], pointed out the presence of

a phosp b ts the thermostability and the kinec paerns inducing a stabilizing

eect of fe enzymes; therefore the eects of CO , will be dampen by the salt. The control of
th@/pH in systems is crical and will be studied in future works.

nacvaon kinecs

n Table 5 it is possible to see the experimental results for the control experiments done at
tmospheric pressure in the same temperature range as for the HPCD experiments. These

experiments lasted up to 180 minutes. It is possible to see dierent trends: at 25 °C, an almost

linear slow decay in the residual acvity was observed, but at higher temperatures a much

faster decrease in the acvity was observed, tending to reach a minimum but constant residual

acvity aer 180 minutes. The experimental results were ed to a two fracon model (data

shown in table 6); the regression coecient was reasonably good at 25 °C (0.958) and better at
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35 and 45 °C (in both cases >0.991). The temperature sensivity parameter (Z =5.7+3.6 °C) and
the acvaon energy (E ., resulng 40.2t4.4KJ/mol for the labile fracon and
296.3+48.9 KJ/mol for the stable fracon) were calculated for the inacvaon experiments
done at atmospheric pressure.

Inacvaon data at atmospheric pressure were also ed to the Weibull Model: linear
regression coecient was <0.98 in all cases, indicang a worse ng when using this model
compared to the two fracon model. Weibull model led a Z 1 value of 14.8+3.8 °C.

The addion of CO ; signicantly changed the inacvaon paern of the PPO compared to
atmospheric pressure experiments. Inacvaon was much faster and, as can be seen

Fi
3, despite the temperature, all the inacvaon experiments had the same tr n Nlal
period with a very fast decay in the enzyme acvity (shorter than two minuy by a
slowed decrease period up to 15 minutes. At constant temperature hifher ina®&aon was

observed the higher the pressure; while when increasing tempergj#re, QQe inglcvaon rate
increased as well. All the experiments done at 20 MPa s o% almost complete
inacvaon regardless the experimental temperature. Dierent mo used to study
the kinec aspects of the experimental results obtained.

3.3.1.First Order kinec model

The obtained inacvaon results did not t into a rst prec model; the calculated R 2
were lower than 0.7 in all cases. S

3.3.2.Two fracon model

The general appearance of the @ n model is a sharp decrease in the enzyme acvity
followed by a period of slowgf deca % was observed in the experimental data presented in
Figure 3. The experimengl a eg well to the two fracon kinec model (Table 6). In
general both fracon ile anWStable, were pressure and temperature sensive; higher
pressures and t atur®y led to much higher inacvaon constant rates, being the
inacvaon cons Qe stable fracon signicantly smaller than that of the labile fracon.

The inial a th®stable fracon (calculated as 1-A L) decreased with pressure and
temper , ly due to the increased suscepbility of the enzyme to the HPCD

re
tre [6].
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When working at constant temperature, increases in pressure are translated into higher
kinec rates. Pressure induces changes in the physical state of CO ,: at 25 °C density rises
dramacally from 131.3 kg/m 32 at 5 MPa to 817.6 kg/m?> at 10 MPa, changing the state from gas
to liquid. Another small increase in the density up to 914.2 kg/m? is observed when increasing
the pressure up to 20 MPa. At 45 °C density moves from 108.7 kg/m? at 5 MPa to 498.3 kg/m?

3 at 20 MPa. These increases in

at 10 MPa (from gas to supercrical state) and 812.7 kg/m
pressure also involve more CO; used per mL of enzyme soluon, which, as has been previously
explained, has an important eect on the inacvaon of PPO. Nevertheless high pressure lead

to higher density of the CO2 and supercrical CO : is barely miscible with water. Regarding
dielectric constant, it slightly increases with pressure from 0.6 (at 5 MPa) to 1.6 (at 20 #fPa
having the temperature a negligible eect. This increase in the dielectric constan t
enhance its miscibility with water, whose dielectric constant decreases from a vafg o at
room temperature to approximately 72 at 45 °C. It is dicult to determine whic Nv
menoned processes happening prevails, considering the dampen eect gfat ate
salts used to prepare the enzyme soluon. Liu et al. (2010) [10], concludeffl that PP and POD
were less sensive to pressure changes under supercrical condions nQadeglubcrical
condions. The reported changes in the density can help to explgj %ravior. An analysis

of the pH at high pressures is necessary to understand the ingcvao nt eect.

At constant pressure, kinetic constants increase when igcre perature, which indicates

thermal sensivity of the enzyme and lower solubi 2. Increasing temperature
decreases the density of the CO,, which can lea er Wixing with the enzyme soluon.
On the other hand, the solubility of the CO, reaQ@f with temperature; thus in this case the

acidicaon of the media might not be t

n®mechanism considering the dampen

eect of the phosphate buer used to disso enzyme. At 20 MPa a similar behavior of

both stable and labile fracon can served®Considering the experimental results and the
errors associated to them, it se increasing temperature from 35 to 45 °C does not
increase the inacvaon ratg# h he change from 25 to 35 °C did increase the
inacvaon rate. At 20 MP thegworking temperature is above the crical temperature

of the CO; the inacv tyro¥hase is extremely fast; it is also observed that the inial
acvity of the sta on L) is very low which indicates the great suscepbility of the
enzyme to prg#su e decimal reducon me for each temperature and pressure was
calculated f uao® (7) and from those values the Z-parameters were calculated (Table
7). For yffese ca ns the simultaneous contribuon of both the labile and stable fracons

to t&al acvjly was considered, as equaon 7 does.
T

temprature sensivity parameter changed form 27.04£5.4 °C at 5 MPa to 40.7£0.1 °C at
which indicates that the tyrosinase becomes less temperature sensive at higher
essures. At atmospheric pressure this value was only 5.7+3.6 °C, indicang that, at
tmospheric condions, the inacvaon of the enzyme is very sensive to temperature, since
only an increase in 5.7 °C would induce a reducon of 90% in the decimal reducon me,
without the presence of CO,. The values of Zp changed slightly with temperature, from 6.9+0.6
to 7.9+1.1 MPa. Considering the experimental error it is not possible to stablish a clear trend; it
seems that similar pressures are required to reduce the decimal reducon me regardless the
temperature.
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3.3.2.1. Acvaon volume of tyrosinase soluons treated by HPCD

The pressure dependence of the kinec rate is represented by the Eyring equaon [equaon
4]. In general, and according to the transion state theory, the acvaon volume considers the
dierence between the inial reactants and the acvated complex at the transion state.

The results of the acvaon volumes of both labile and stable fracons are shown in Table 8
and the logarithm of the kinec constants versus pressure in Figure 4.

It can be seen that acvaon volumes for the stable fracon are much lower than those for
the labile fracon, proving the greater eect that pressure has on the stable fracon. At 2

and 35 °C (for both the labile and the stable fracon) acvaon volumes of the same orde

obtained, considering the experimental error. By increasing temperature up t&@345 g the

highest acvaon volume is obtained for the labile (-68.842.2cm  3/mol) and t bl con
(-131.3%64.2 cm3/mol). At 45 °C the regression of the experimental data (In nts the
poorest correlaon (R 2 around 0.81), probably due the fast inacvaffn at tMy highest
pressure. A similar trend was observed by Ma et al. [7] wh si\g a cgfmmercial PPO

and increasing temperature from 45 to 65 °C. A reacon that p osive acvaon

volume tends to be slowed down with pressure [1]. More _specRglly. en talking about
enzymac reacons, high values of V., (approaching to z that the enzyme is less
suscepble to CO , pressure [2]. This can be relate calculated value of Zp, which
indicates that the higher the temperature the more is required to decrease the

agreement and indicate that at
3.3.2.2. Acvaon energy (E . ) ase soluons treated with HPCD

Figure 5 represents the dependence of the Wgte constant with temperature, according to the
Arrhenius equaon. E 5 from the g

Figure 5 have been evaluated revealing a good linear
correlaon at 5 and 10 MPa; 20 MPa, a poor regression was observed. At that
pressure a very fast and ¢

the temperature. It w

ina®aon of the labile fracon happened, even regardless
useful to have done an experiment at me shorter than 2

minutes.
The E, found g#r t bile fracon of the PPO thermally treated at atmospheric pressure was
40.2+4.4 degeasing down to 13.4+0.8 KJ/mol at 10 MPa, a value that was similar to

that obffined at Pa (16.6+8.2 KJ/mol).

THE values a for the stable fracon are higher than those observed for the labile fracon:
forRg 296K J/mol at atmospheric pressure to 33 KJ/mol at 10 MPa, this fact reveals that the
e fracon is less temperature sensive, as expected. At 20 MPa the acvaon energy of
e stable fracon could not be calculated due to the fast inacvaon rate which leads to the

resence of a very small amount of stable fraction or to the experimental error.

Based on the values of Zr and E,, it can be clearly seen how the addion of supercrical CO
tends to reduce the acvaon energy and increase Z 1 parameter. This indicates that CO:
accelerates the inacvaon of tyrosinase, decreasing its sensivity to temperature changes.
These results are in agreement with those published by Liu et al. (2010)[10] for red beet and
by Gui et al. [18] for apple juice.
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3.3.3.Fraconal Conversion Model

Although this model tted the experimental results quite well it predicted a fast decrease in
the acvity of the enzyme to reach a minimum value that remains constant with the me;
which was not actually seen experimentally. Therefore the fraconal conversion model was
not discussed.

3.3.4.Weibull Model

The Weibull model together with the two fracon model ed best the experimental results
obtained using HPCD. From the coecients of the model, the me needed to reduce t
acvity of the enzyme by 90% as well as the pseudo decimal reducon parameters (Z P
were calculated and presented in Table 9 and Table 10. Prior to these calcula i\ as
N as
ed at

studied the dependence of the B parameter with both temperature and
observed that the 3 parameter was not aected by pressure or temperatu @
the 95% signicance level for a linear relaonship).
The results from the experiments done at atmospheric pressure (b e also ed to
the Weibull Model. The data did not t as well as they did t@%@h model (linear
con
t

regression coecient was <0.98 in all the cases). At atmosphe nsZ 1 had a value of
14.843.4 °C calculated using the Weibull model, wheregs t
Zr value of 5.7+3.6 °C.

N

con model had led to a
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It can be seen that the calculated parameters were in the same order of magnitude than those
calculated for the two fracon model, but the trends are opposite: according to the Weibull
model, higher temperatures make the enzyme more sensive to pressure changes, since lower
pressures are required to reduce the Zp T parameter,
the higher the pressure the lower the Zr parameter, which indicates that the enzyme is more
sensive to the temperature. Right the opposite was obtained when using the Two Fracon
model. Therefore it can be seen that the kinec parameters strongly depend on the mode
used to calculate them, being dicult to compare the results presented by other authors &
The model used to describe the experimental results is crical, since dierences in the D, D
values can lead to underprocessing or overprocessing of the sample. However, it i CQ:’O
compare trends: Marszalek et al.[7], obtained similar trends for both para ersut®he
absolute values of the parameters calculated resulted to be signicantly oably
5-65 ranges: Zp
nzocco et al.
at 20 and 35 °C,
se parameters

because they used much broader pressure (10-60 MPa) and temperatur
at 35 °C was 268.5 MPa and 214.3 MPa at 45 °C and Zr was 94.2 °C a
(2016) [2], did not calculate the Zt parameter, but Zr resulted 5.4 a
respecvely, using a rst order kinec model. Other authors who ca
for the nave PPO present in fruits obtained quite similar [eNts: G§ et al. [18], used apple
juice and obtained a Z; value of 108 °C at 30 MPa,_ corga o the 27 °C obtained at
atmospheric pressure (the experimental temperatures e range 35-55 °C); Manzocco

et al. (2016) [5], when using apple as raw materi values of Zp decreasing with the
temperature, just the opposite other authorgkave e. Zhang et al. (2011) [19], reported a

value of 49 MPa for the Zp parameters, nWg the experiments at 37 °C and in the

range 4-15 MPa. All the authors menone e last paragraph used rst order models to
describe the experimental resultygmigiaine
(2013) [3], calculated the Z-para sing a two fracon model for the inacvaon of PPO

r polyphenol oxidase inacvaon. Liu et al.
from watermelon juice: Zr 44, %Elr the labile fracon (at 30 MPa) and Z » was 22.8 MPa

for the labile fracon ( . observed variability in the results probes that the
inacvaon kinecs of tron depends on the process parameters (temperature,
pressure and rao o vome of enzyme soluon, among others) but also on the source of
the enzyme (egjgher mercial or nave, meaning present in fruits and the way it is linked to
other molec nd oM the kinec model used to represent the experimental data.

It is im§ortant ote that, according to Van Boekel et al. [24] it is not possible to calculate
nefther t aon energy nor the volume of acvaon from the pseudo-kinec parameters

obRginedgrom the Weibull model, since the calculated values do not reect the acvaon
rgy of a single reacon.

3.4. Conformaonal changes in the PPO enzyme

Fluorescence spectroscopy was used to characterize the terary structure of the tyrosinase
used in this work and the changes induced in the structure as a consequence of the HPCD.
Fluorescence spectroscopy uses the changes in the intrinsic uorescence of some residues
(tryptophan TRP-, tyrosine TYR- and phenylalanine PHE-) to evaluate changes in the protein
structure [32]. Tryptophan is part of the hydrophobic core of the enzyme and its emission
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wavelength is very sensive to the polarity of its surrounding environment: if the environment
is non-polar the maximum tends to be around 305 nm, red shiing up to 350 nm when it is
exposed to very polar media [33]. When the TRP residue is exposed to a polar solvent, part of
the absorbed energy is transferred to the solvent (water, if it is in agueous soluon), resulng

in a higher emission wave length (340-350 nm) and lower intensity of the emission signal
(quenching eect of water); these two phenomena are indicang changes in the structure of
the protein [32]. The changes in the emission intensity can be explained by the fact that the
TRP residues suer a reallocaon in the enzyme structure [34].

In Figures 6 the uorescence spectra of the nave tyrosinase (PPO) and high pressure carb
dioxide treated PPO are shown. Signicant changes in the emission spectra, compare e

&

nave enzyme can be observed.

N
S
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Figure 6-a shows the emission spectra for samples treated with CO, in gas state (5 MPa) at 25
and 45 °C, for 15 minutes (these experiments resulted in residual acvies around 60 and 35%,
respecvely). Regarding the maximum wave length of emission, it can be observed that a red
shi displacement up to 331 nm happened in both cases (from 324 nm in the nave enzyme),
together with signicant decreases in the emission intensity. Under those condions of
pressure and temperature, CO; in gas state was bubbled into the samples; CO, rapidly diused
into the enzyme soluon probably contribung to a relavely rapid decrease in pH (presence

of carbonic acid), which can open the core on the enzyme exposing the TRP residues t
polar environment [17] that receives part of the energy of the TRP residues (water, t a
qguenching eect), resulng in a decrease of the emission intensity.

In Figure 6-b, the emission spectra for samples treated at 10 MPa revealed e
quite similar to those of the nave enzyme, and much higher than thg,
samples treated at 5 MPa. At 10 MPa and 25 °C, CO; is in liquid state (dqnsity i 7.6 kg/m3)

and at 45 °C is in supercrical state (density 498.3 kg/m 3). At 45 °CfCO, | ense and has
beer transport properes (diusion), and a clear red shi of th ulp intensity is
observed (up to 333.5nm), higher than that registeredgat 2C¥329.5 nm). In these
experiments, higher amounts of CO, were used, therefor®es y from the TRP residues
was transferred to the water which resulted in a migat ing eect.

Finally Figure 6-c shows the emission spectra w 20 MPa was used to treat the

tyrosinase. Residual acvity aer the 25 °C tm was 7.2% and it was 3.7% when
alk about a complete inacvaon of the
similar density: 914.2kg/m 3 at 25°C and

eing liquid in the former and supercrical in

temperature was 45 °C. In both cases it i
enzyme. CO, under both condions exhi

sity registered is greater than that of the nave

isnow 322.5 nm C) and 322 nm at 45 °C, lower than the nave enzyme, which indicates
that TRP is ogf€nt a more non-polar environment, and hence water quenching eect is
lower. A ect ghust be considered, it is the eect that CO  , exerts on the water: at high

pressurffs and teMferatures the density of the water exposed to CO, tends to increase by 20%
angfhe is expanded by 5% due to solvaon eects of the CO > molecule [28], being this
ch@inges yoporonal to the amount of CO ;, used [29]. The expansion that CO, produces in
wat cts the way the enzyme interacts with the media, leading to a much faster
on. According to the equaon presented by Eltringham et al. [20], the dielectric
onstant of the CO, molecule slightly changes from 0.6 (5 MPa, 25 °C) to 1.6 (20 MPa, 45 °C),
whereas the dielectric constant of water decreases from 78.6 (5 MPa, 25 °C) to 72.2 (20 MPa,
45 °C). CO, tends to be slightly more polar when increasing pressure and temperature,
whereas water behaves in the opposite way. This fact can alter the way TRP residues interact
with the surrounding environment, their allocaon in the structure, aecng the acvity of the
enzyme. It would be very useful to have informaon about the dielectric constant of the
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water-CO; mixture under dierent condions; this informaon for sure would shed light on
the TRP residues and enzyme structure.

In the results presented in Figure 6-c, a second peak appeared at around 300 nm, which is
primarily assigned to the tyrosine residues [32]. In the nave state of the PPO there is not
emission of the tyrosine when excited at 275 nm, probably due to an ecient energy
transference from the tyrosine residues to the tryptophan residues. If a peak is observed aer
the enzyme being treated with CO,, this is indicang that the mechanism by which the energy
was transferred for TYR to TRP might be broken. In any case the presence of this peak
around 300 nm is probing that the PPO structure is changed aer the CO ; treatment, whj
related to the dramac reducon in the PPO acvity observed.

4. Conclusions

CO; was successfully used to inacvate tyrosinase isolated from mushroomga plete
inacvaons were achieved when the enzyme soluon was subjected to prfsures aQigh as
20 MPa for less than 9 minutes with independence of the tempergiireQysed g5-45 °C). The

amount of CO2 used per unit of enzyme soluon resulted to b the inacvaon

performance. The experimental results were well described by the con model and the

Weibull model. The reason is to be found in the nature of Is: they gather an inial
fast acvity decay followed by a slowed decrease in t vity, which is the trend
experimentally observed. The fraconal conversion mod t describe the experimental
results as well as the other aforemenoned mode it assumed a constant residual

acvity aer an inial period of fast decay.

CO: induced signicant changes in t cture of the enzyme, as probed the
espectrouorimetry analysis: the exigiagof th ange in the structure was dependent on the

etermined the state of the CO,, either gas, liquid or

temperature and pressure used
supercrical). All in all HPCDg#5sulie®ggdbe a useful technique to inacvate enzymes and this

work contributed to sheggtig n tpe structural changes that HPCD treatment induced on the
structure of the en as as to demonstrate that the amount of CO: used in the

inacvaon processQal aMy must be carefully selected in order to avoid excessive CO 2

consumpon, t d aect the economic performance of the HPCD process.
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Table 2. Experimental results for the inial screening experiments

run A: Soluon Volume B: Pressure | C: m.e D: Temperature | E: Srring Rate A/Ao
(mL) (MPa) (min) (Y] (rpm)
1 25 10 15 45 250 0.21+0.03
2 40 10 15 35 600 0.57+0.05
3 25 20 15 35 250 0.08+0.01
4 40 20 15 45 600 0.10+0.01
5 25 10 5 45 600
6 40 10 5 35 250
7 25 20 5 35 600
8 40 20 5 45 250
Table 3. ANOVA table for the inial screening experiments
Source SS DF | Mean Square | F-Rao
A: Soluon Volume 974.28 1 974.28 1
B: Pressure 1546.28 | 1 1546.28
C: me 493921 | 1 4.9392
D: Temperature 733.602 | 1 6 | 0.0081
E: Srring Rate 540321 | 1 0.0958
B*C 59.8761 | 1 0.0876
B*E 86.6916 | 1 0.063
Total error 12.05
Total (corr.) 5463
*p-Value stascal signicance
Table 4. Experimental rghu r thg rao CO zvolume of soluon at dierent temperatures and
pre. s in experiments lasng 9 minutes
P{::;:;e T \ ure De(lr(lsi/ty EOz rao CSC:JI::Olinzyme Enzyme Soluon A/Ro
g/m’) (g/m) (mt)
0.7 40.0 0.85+0.03
1.5 25.0 0.35+0.02
1 35 712.8 3.0 15.1 0.12+0.01
7.0 7.3 0.07+0.01
0.7 44.2 0.7610.04
20 3 8657 1.9 25.0 0.0940.01
5.0 11.8 0.05+0.01
7.0 8.8 0.05+0.01
0.5 40.0 0.34+0.02
10 45 2983 1.1 25.0 0.24+0.01
3.0 11.6 0.07+0.01
5.0 7.4 0.02+0.00
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0.8 40.0 0.10+0.02
20 45 812.7 1.8 25.0 0.04+0.01
5.0 11.2 0.04+0.02

Table 5. Residual acvity for the control experiments, done at atmospheric pressure without CO :

Residual Acvity (A/A o)
. o) 25 35 45
t (min)
0 1 1 1
30 0.9610.04 0.78+0.05 0.551+0.01
60 0.871+0.01 0.68+0.08 0.4410.01
90 0.82+0.03 0.56+0.04 0.31+0.02 \
140 0.82+0.01 0.42+0.03 0.284+0.01
180 0.7910.01 0.41+0.04 0.2610.02

tregted with HPCD.
IsO presented in this table.

Table 6. Two fracon model kinec constants for commercial tyrosinaseQ§RP

Results for the experiments done at atmospheric pressure (withou

T(°C) (N:’Pa) AL R
0.1 0.247+0.139 | 0.01 0.0£0.0 0.957
25 5 0.381+0.021 0.002+0.003 | 0.999
10 0.427+0.0 0.008+0.004 | 0.998
5+0.000 | 0.038+0.000 |1.000
?013+0.016 | 0.001+0.001 |0.991
35 0.772+0.045 | 0.004+0.003 |0.999
1.128+0.000 | 0.014+0.000 |1.000
; . 1.582+0.169 | 0.036+0.016 |1.000
07704+0.114 | 0.031+0.010 | 0.001+0.002 |0.994
5 0.595+0.001 | 1.093#0.007 | 0.011+0.000 |1.000
10 0.716+0.016 | 1.259+0.138 | 0.019+0.006 |1.000
20 0.951+0.002 | 1.618+0.029 | 0.024+0.003 |1.000
ab cimal reducon me and Z-values of commercial tyrosinase treated with HPCD and calculated

using the two fracon model

D (min)
T(nc) o o o o
P(MP3 25°C 35°C 45 °C Zr (°C)
5 733.1 418.6 133.0 27.0£5.4
10 2119 98.7 54,5 33.912.4
20 5.5 3.1 1.8 40.7£0.1
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Zr (MPa)

6.9+0.6

7.0+0.3

7.9%1.1

45 °C the inacvaon of PPO is being less aected by pressure and more by temperature.

Table 8. Inacvaon kinec constants, acvaon volume and acvaon energy for tyrosinase treated

with HPCD
Labile fracon Stable fracon
K. values (mint) Ks values (mint)
P Ea a
2 J o 4 o 2 o, o 4 o,

(MPa) 5°C 35°C 5°C (K1/mol) 5°C 35°C 5 (1 Wol)
5 0.574 0.772 1.093 25.4+1.6 0.002 0.004 56.6t£15.1
10 0.898 1.128 1.259 13.4+0.8 0.008 0.014 33.4+3.8

20 1.065 1.582 1.618 16.618.2 0.038 0.036 -

(cm;;amol) -93.8+44.4 | -117.4+26.7 | -68.812.2 - -441.4+52.8 -

PR
&

T(°C) P (MPa) B
0.1 8.971438.0 | 0.918
5 .7£134.7 | 0.984
23 10 52.7+0.2 0.996
20 0.4+0.2 0.984
0.1 195.0£13.6 0.982
0.171+0.061 49.1+35.7 0.975
3 0.173+0.001 7.0£0.1 1.000
20 0.161+0.001 0.05+0.00 0.999
0.428+0.059 82.5%6.9 0.983
5 0.152+0.020 9.2+0.9 0.997
10 0.172+0.002 1.1+0.1 1.000
20 0.122+0.020 | 0.0007+0.0001 | 0.997

-values of commercial tyrosinase treated with HPCD and
calculated with the Weibull model

to (min)
p {MP:( <) 25°C 35°C 45 °C Z+(°C)
5 6295.0 | 6474.7 | 2236.8 | 15.2+0.9
10 1721.6 863.6 136.9 11.8+0.3
20 8.1 8.6 0.7 7.411.4
Zr (MPa) | 5.0#0.8 | 5.2%0.2 | 4.3%0.1
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