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Abstract
The effect of static and multi-pulsed high pressure processing (HPP) on the activity of hydrolyzing enzymes and the rheo-
logical properties of cloudy carrot juice during refrigerated storage (4 °C for 12 weeks) were investigated. The changes in the
carotenoid profile, total polyphenolic content (TPC), antioxidant potential, and color were also studied. After HPP treatment,
the activity of polygalacturonase (PG) and pectinmethylesterase (PME) decreased significantly. During the storage, the
activity of PG increased by a maximum of 40% for 450 MPa, whereas PME activity decreased by a maximum of 76% for
300 MPa × 3 and 600 MPa. The apparent dynamic viscosity and turbidity changed after HPP treatment and storage. Seven
carotenoids were identified in the untreated juice and their concentration increased significantly as increased pressure during
the treatment. The carotenoids underwent significant degradation during the storage, which also correlated with changes in the
a* and b* color parameters. The storage time also had a significant impact on the TPC and antioxidant capacity determined
with DPPH and ABTS tests.
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Introduction

Carrot juice is one of the most commonly consumed vegetable
juices in Poland. It is rich in β-carotene, which is a major

source of pro-vitamin A in the human diet. Pasteurized carrot
juice differs significantly from home-made freshly prepared
juice. However, unprocessed raw carrot juice has limited mar-
ket potential due to its short shelf life and should usually be
consumed within 1 to 2 days (Gosavi et al. 2019; Mi kus et al.
2019; Zhang et al. 2016).

The color of the juice is one of the most important sensory
attributes perceived by consumers. Nowadays, consumers are
paying more attention to health-promoting nutritional com-
pounds with high antioxidant activity such as carotenoids
(Patras et al. 2009; Barba et al. 2012; Zhang et al. 2016).
Fresh unpasteurized juices arouse the interest of consumers.
Considering that fresh juice has a very limited shelf life and
might even be unsafe for consumers, food technologists are
looking for techniques that allow a high sensorial and nutri-
tional value to be maintained along with microbial safety.
High pressure processing (HPP) is one of the non-thermal
techniques commonly used for food preservation, sufficiently
extending shelf life due decreasing the concentration of mi-
croorganisms in juices (Abid et al. 2014; Zhao et al. 2014;
Marszałek et al. 2015; Huang et al. 2018; Buerman et al.
2020). By applying pressure of up to 600 MPa, HPP can
extend the shelf life of fruit juices by even up to 3 months in
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refrigerated conditions (Donsì et al. 2010; Marszałek et al.
2016). Unfortunately, the high activity of native enzymes de-
creases the shelf life due to the fast degradation of nutritional
compounds and consistency during the storage. On the other
hand, using pressure as high as 600 MPa or even higher de-
creases durability of HPP devices, therefore multi-pulsed HPP
with the application of relatively lower pressure might be a
good alternative for extension of equipment lifetime.
Although HPP devices are still expensive, the HPP treatment
is more environmentally friendly compared to pasteurization
(Cacace et al. 2020).

There are very few studies to verify the HPP stability of
enzymes f rom the hydrolases group, especia l ly
polygalacturonase (PG) and pectinmethylesterase (PME),
which are responsible for the changes in the rheological prop-
erties of juices, such as turbidity and viscosity, due to pectin
degradation (Eisenmenger and Reyes-De-Corcuera 2009;
Houben et al. 2014; Hurtado et al. 2015; Picouet et al.
2016). However, there are more and more studies describing
rheological changes such as viscosity and turbidity after HPP
treatment (Keenan et al. 2012; Picouet et al. 2016).
Furthermore, HPP often results in the better extractivity of
nutritional compounds, which can lead to the better bioacces-
sibility of these compounds in pressure treated juices
(Briones-Labarca et al. 2011). Although there are several stud-
ies about the effect of HPP on the bioactive compounds in fruit
and vegetable juices (Cao et al. 2012; Gao et al. 2015; Liu
et al. 2016; Marszałek et al. 2016; Patras et al. 2009), the
number of publications on the impact of multi-pulsed HPP
on quality of juices is very limited (Buzrul 2014; Donsì
et al. 2010).

Our previous study confirmed the microbiological safe-
ty of HPP-treated (using the same process parameters) car-
rot juices. The total aerobic mesophilic and lactic acid bac-
teria, yeast and mold concentration allowed for 12 weeks
of storage in refrigerated conditions with good microbial
quality for juice treated at 450 MPa and 600 MPa, whereas
juice treated at 300 MPa × 3 had a shorter the shelf life
(Stinco et al. 2019). In another study by our group, the
polyphenolic profile and activity of oxidoreductive en-
zymes in HPP-treated carrot juice were investigated
(Szczepańska et al. 2020). Therefore, in the current work,
we have focused on the effect of static and multi-pulsed
HPP on the activity of hydrolytic enzymes, the rheological
properties, such as apparent dynamic viscosity and turbid-
ity, antioxidant capacity, color parameters, and, finally, the
carotenoid profile changes during the refrigerated storage,
in order to obtain more general conclusions about the qual-
ity of HPP-treated carrot juice during storage. The above
manuscript complements the previous works (Stinco et al.
2019; Szczepańska et al. 2020) and constitutes a compre-
hensive evaluation of the static and multi-pulsed HPP on
the quality of carrot juice.

Materials and Methods

Preparation of Carrot Juice

Carrots of unspecified variety were purchased from a local
market in Poland (Warsaw). They were purchased at commer-
cial maturity stage and kept at 4 °C in the laboratory until
further processing. Carrot juice was obtained by squeezing
(J 80 Ultra, Robot Coupe, France) and bottled in high density
polyethylene bottles (50 mL) and immediately treated using
HPP. Experiments were performed in duplicate and each sam-
ple was analyzed 2 times (n = 4).

High Pressure Processing Preservation

HPP treatment of carrot juices was performed in a 100-l ca-
pacity prototype chamber (model 6-CAL70, Exdin Solutions,
Poland). The maximum value of working pressure is up to
600 MPa, whereas the maximum value of working tempera-
ture is up to 40 °C. Tap water was used as the pressurization
fluid. The process was carried out using various pressures:
static pressure of 450 MPa and 600 MPa for 5 min and three
pulses of 300 MPa for 5 min (total 15 min) at ambient tem-
perature (≈ 22–24 ± 1 °C). The initial temperatures of the pres-
sure transmitting fluid were 13 °C, 11 °C, and 4 °C, respec-
tively for pressures of 300 MPa, 450 MPa and 600 MPa. The
initial temperatures of the tap water were lower, because tem-
perature is increasing about 3 °C per every 100 MPa as a
consequence of the adiabatic heat of compression. The initial
temperature of the juices was 4 °C. Pressure was generated in
20–60 s, whereas the release time was 8–10 s, depending on
the pressure applied. Pressure time generation and release
were not included in the total pressurization time. After pro-
cessing, the samples were immediately cooled and analyzed.
Color changes were assessed immediately after the HPP pro-
cess, whereas samples for performing the remaining analyses
were stored at − 25 °C. The control sample was fresh untreated
juice.

Storage Conditions

Samples were stored in refrigerated conditions (≈ 4 °C),
protected from light, for up to 12 weeks and subjected to
testing in 2-weeks intervals.

Physico-Chemical Analysis

The pH was measured using an HI 991001pH meter (Hanna
Instruments, USA), while the density was measured using a
DME 4500 density meter (Anton Paar, Austria). The total
soluble solids (TSS) content was determined using a digital
refractometer (PAL-3, Atago, USA) and expressed as Brix.
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HPLC Analysis of Sugars

Glucose, fructose, and sucrose were determined according to
the EN 12630:1999 standard. For the analysis, a Sugar-Pak I,
10μm, 6.5 mm× 300mm analytical columnwith a Sugar-Pak
and Guard-Pak insert, 10 μm (both Waters, USA), was used.
The separation of the 2 μL samples was performed within
20 min at a flow rate of 0.5 mL/min and a column temperature
of 90 °C, and a detector temperature of 35 °C. The compounds
were quantified using a refractive index detector (Waters
2414, USA). Samples were eluted isocratically using
0.1 mM calcium disodium EDTA.

Determination of Hydrolytic Enzyme Activity

Determination of Polygalacturonase (PG) Activity

The activity of polygalacturonase (PG) was determined using
the spectrophotometrical method proposed by Pires and
Finardi-Filho (2005) with some modifications. The carrot
juices and 1 M NaCl (5 mL:5 mL) were adjusted to pH = 4.0
by adding 1.0 M CH3COOH. The mixture was centrifuged
(Rotina 380R, Hettich Instruments, Germany) at 13,000×g for
30 min at 4 °C. The supernatant was used to determine PG
activity.

For the PG assay, 100 μL of the supernatant was added to
90 μL of 37.5 mM Na-acetate (pH = 4.4) and 300 μL of the
same Na-acetate buffer, with 0.2% of polygalacturonic acid,
were incubated at 30 °C for 2 h. To quantify the released
reducing groups, the reaction was stopped by adding 2.0 mL
of cold 100 mM borate buffer (pH 9.0), followed by 0.4 mL of
1% 2-cyanoacetamide. The samples were mixed and im-
mersed in a boiling water bath for 10 min. After equilibration
at 25 °C, the absorbance was measured at λ = 276 nm using a
UV–v i s i b l e sp e c t r opho t ome t e r ( 6705 UV–v i s
Spectrophotometer, Jenway, UK). The blank sample was pre-
pared with the same components, but with the supernatant
previously boiled for 5 min. The residual activity of PG was
calculated as a quotient of the HPP-treated juice and fresh
juice activities.

Determination of Pectinmethylesterase (PME) Activity

The activity of pectinmethylesterase (PME) was determined
spectrophotometrically according to Hagerman and Austin
(1986) with some modifications. The carrot juices were ad-
justed to pH = 7.5 by adding 0.1 M NaOH. The mixture was
centrifuged (Rotina 380R, Hettich Instruments, Germany) at
10,000×g for 10 min at 4 °C. The supernatant was used to
determine PME activity.

For the PME assay, 0.3 mL of the supernatant was added to
a reaction mixture composed of 2.0 mL of 0.5% (w/v) citrus
pectin (pH = 7.5), 0.15 mL of 0.01% (w/v) bromothymol blue

in 0.003 M sodium phosphate buffer (pH = 7.5), and 0.75 mL
distilled water. The absorbance was measured at λ = 620 nm
using a UV–visible spectrophotometer (6705 UV–vis
Spectrophotometer, Jenway, UK). The residual activity of
PME was calculated as a quotient of the HPP-treated juice
and fresh juice activities.

Apparent Dynamic Viscosity and Turbidity

Apparent dynamic viscosity was determined by using a vis-
cometer (Brookfield DV-II+, USA) coupled to Brookfield
Wingather software. The base of this operation is to drive a
spindle, which is immersed in the test fluid through a calibrat-
ed spring. The viscous drag of the fluid against the spindle is
measured by the spring deflection and spring deflection is
measured with a rotary transducer.

The apparent dynamic viscosity (Pa x s) and shear stress
were determined at varying shear rates, ranging from 7.5 to
263 s−1, while possible range of shear rate was 1500 s−1. CP-
40 spindle with cone 0.8° was used for analysis. Shear stress
values were recorded during 80 s. The measurements of a
1 mL sample were carried out at 20 °C.

The turbidity of the samples was determined using a neph-
elometer (Hach-2100 N turbidymeter, USA). The samples
were diluted 5 times with water before analyzing turbidity.

Total Polyphenolic Content (TPC) and Antioxidant
Capacity (DPPH•, ABTS•+)

Five milliliters of methanol 80% (v/v) containing 0.1% (v/v)
of HCl were added to 5 mL of carrot juices. The samples were
treated with ultrasound for 5 min (45 kHz, 200 W, 25 °C,
MKD Ultrasonic, Poland) and centrifuged (Rotina 380R,
Hettich Instruments, Germany) for 5 min at 4 °C at RCF
3670×g. The supernatant was transferred to a 25 mL volumet-
ric flask. The extraction was repeated four times. After filtra-
tion (pore size 0.45 μm, Macherey-Nagel, Germany), the su-
pernatant was used for analyzing TPC and the antioxidant
capacity (DPPH and ABTS tests).

The supernatant used to determine TPC. The phenolic
compounds were determined spectrophotometrically (6705
UV–vis Spectrophotometer, Jenway, UK) using a method
proposed by Gao et al. (2000). The results were expressed as
mg of gallic acid equivalents (GAE) per 1 L of juice.

The antioxidant activity was measured using the DPPH•

(2,2-diphenyl-1-picrylhydrazyl) method as described by Yen
and Chen (1995) with some modifications. The stable free
radical DPPH• is reduced to the corresponding hydrazine by
reaction with hydrogen donors. One hundred twenty microli-
ter of supernatant, prepared according to above, was mixed
with 2.0 mL of a 0.1 mM 80% methanolic solution of DPPH.
The absorbance was measured after 20 min at λ = 520 nm and
25 °C (6705 UV–vis Spectrophotometer, Jenway, UK). The
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results were calculated using a calibration curve prepared at
different concentrations of DPPH in 80% methanol and
expressed as μM Trolox equivalents (μM Tx).

The antioxidant activity was measured using the ABTS•+

(2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid))
method as described by Re et al. (1999). The ABTS•+ solution
was made with ABTS stock solution (7 mM) and potassium
persulfate solution (2.45 mM). Before the assay, the ABTS•+

solution was diluted with 80% methanol to an absorbance
value of 0.740–0.750 at λ = 734 nm. Forty microliter of su-
pernatant, prepared according to above, was mixed with 2 mL
of an ABTS•+ solution. The absorbance, after 6 h of incuba-
tion at 30 °C was measured at λ = 734 nm and 25 °C (6705
UV–vis Spectrophotometer, Jenway, UK). The results were
calculated using a calibration curve prepared at different con-
centrations of ABTS•+ solution and expressed as μM Trolox
equivalents (μM Tx).

Carotenoid Profile

For carotenoid analyses, samples were extracted in duplicate
according to the method proposed by Mapelli-Brahm et al.
(2017) with some modifications. One milliliter of BHT
(500 mg of BHT in 1 L of hexane), 3.5 mL of hexane, and
4.5 mL of acetone were added to 4 mL of carrot juice. The
samples were shaken using an orbital shaker for 1 min at 400
RPM (Sk-0330-Pro, DLab, China), treated with ultrasound for
5 min (45 kHz, 200 W, 25 °C, MKD Ultrasonic, Poland), and
centrifuged (Rotina 380R, Hettich Instruments, Germany) for
5 min at 4 °C at RCF 2500×g. The organic phase was trans-
ferred to a 50-mL tube. The aqueous phase was extracted four
times with 4.5 mL of hexane and 2 mL of saturated aqueous
sodium chloride solution and three more times with 4.5 mL
hexane. The organic phases were mixed. Two milliliter of the
organic phase was evaporated at 30 °C and 160 mbar
(Rotavapor R-300, Buchi, Switzerland). Two milliliter of ac-
etone was added to the dried organic phase and the HPLC
analysis was performed according to Melendez-Martinez
et al. (2013). A Waters 2695 HPLC system (Waters,
Milford, MA) equipped with an YMC Carotenoid column
(3 μm, 4.6 mm× 150 mm). The mobile phase solvents were
phase A, methanol with 0.1% ammonium acetate, and phase
B, methyl-tert-butyl ether, as follows: from 0 to 44 min, 100%
(A); then 45–54 min, 85% (A) and 15% (B); 55–59 min, 40%
(A) and 60% (B); 60–69 min, 30% (A) and 70% (B); and
finally 70–75 min, 100% (A). The separation of the 25 μL
samples was performed within 75 min at a flow rate of
1.0 mL/min and a column temperature of 25 °C. The com-
pounds were quantified using a photodiode array detector
(Waters 2996, USA) at λ = 450 nm. The results were calcu-
lated using a calibration curve prepared at different concentra-
tions of β-carotene and expressed as mg of β-carotene equiv-
alents per 1 L of carrot juice.

Color Parameter

Color analysis was carried out using a Color Quest XE color-
imeter (HunterLab, 166 USA) equipped with a xenon flash
lamp in glass cuvettes with an optical path of 1 cm. The results
were presented in accordance with the CIE L*a*b* system,
using illuminant D65 and 10° observer. The data was
expressed as Hunter scale parameters: L* (lightness/darkness),
a* (redness/greenness), and b* (yellowness/blueness) values.
The total color difference (ΔE) was calculated using Eq. 1,
where L*o, a*o and b*o were the values of the control sample.

ΔE ¼ L*–L0*ð Þ2 þ a*–a0*ð Þ2 þ b*–b0*ð Þ2
� �1=2

ð1Þ

Depending on the value of ΔE, the color difference be-
tween the treated and untreated samples could be estimated
such as unnoticeable (0–0.5), slightly noticeable (0.5–1.5),
noticeable (1.5–3.0), visible (3.0–6.0), and excellent (6.0–
12.0) (Cserhalmi et al. 2006). Therefore, a larger ΔE denotes
greater color change from the reference juice. The chroma
value (C) (Eq. 2) and hue angle (h) (Eq. 3) were calculated
based on the Hunter L, a, and b values (Maskan 2001).

C ¼ a2 þ b2
� �1=2 ð2Þ

h ¼ tan−1 b=a ð3Þ

Statistical Analysis

Experiments were performed in duplicate and each sample
was analyzed 2 times (n = 4). The results were expressed as
a mean value ± standard error of the mean (SEM). A statistical
analysis was conducted using STATISTICA 7.1 software
(StatSoft, Tulsa, OK, USA) with a repeated measures
ANOVA for a stored samples and one-way analysis of the
variance (ANOVA) to verify if the fresh sample differed from
the HPP-treated samples. A statistical analysis was conducted
using Tukey’s test at a 95% confidence level.

Results and Discussion

Physico-chemical Characteristic of Carrot Juice

The fresh carrot juice, with a pH of 6.29, density 1.034 g/cm3,
contained 8.31°Brix of total soluble solids (TSS). The total
sugar content was 65.15 g/L (33.37 g/L sucrose, 17.29 g/L
glucose, and 14.49 g/L fructose). All parameters were in ac-
cordance with the requirements of the Code of Practice of the
Association of the Industry of Juices and Nectars
(Anonymous 2015) and there were no significant differences
under static and multi-pulsed HPP treatment.
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Polygalacturonase and Pectinmethylesterase Activity

Table 1 shows the residual activity of polygalacturonase (PG)
of HPP-treated carrot juices. Application of the 300 MPa × 3,
450 MPa and 600 MPa resulted in a decrease in PG activity
after juice preservation by 5.4%, 17.9% and 31.9%, respec-
tively. It is clear that the higher the pressure applied the lower
the RA of PG noted. The RA was measured also during stor-
age time in cold conditions (4 °C) and it was observed that the
activity of PG increased during the storage. However, changes
observed in the first 2 weeks of storage were insignificant, but
a longer storage time caused a significant increase in PG re-
sidual activity. The highest activity (RA 129.8%) of PG dur-
ing refrigerated storage was noted for samples treated at
450 MPa, whereas the lowest (RA 96.2%) at 600 MPa after
12 weeks of storage. It transpired that the application of HPP
at lower pressure in pulses (300 MPa × 3) resulted in a lower
RA of PG than 450MPa in one pulse, which is very important
considering processing costs. Our results confirmed the find-
ings published by other authors that the inactivation of PGwas
correlated with the level of pressure applied (Jolie et al. 2012).

In this regard, Fachin et al. (2003) noticed that increasing the
pressure from 200 MPa up to 550 MPa at 25 °C resulted in
faster inactivation of tomato PG. In addition, Hsu (2008) also
reported that PG activity in tomato juice was reduced by 90%
in pressures exceeding 400MPa for 10 min at 4 °C and 25 °C.
Pressure level of around 500 MPa was sufficient for irrevers-
ible enzyme inactivation in tomato pieces and juices, even
without additional heating (Jolie et al. 2012). However, Sun
et al. (2019) found insignificant changes of PG activity in
carrot sticks at 400 MPa and 600 MPa after 2 min but a
pressure higher than 800 MPa resulted in the complete inacti-
vation of PG.

An inverse relationship was observed in the RA of
pectinmethylesterase (PME) (Table 1). Although the de-
crease in the activity of this enzyme after processing was
lower compared to PG, the RA decreased significantly dur-
ing the storage time, which indicated that PME was unable
to regenerate. This may be connected with the changes in
the native structure of enzymes under HPP treatment. The
application of HPP may induce the partial or complete
irreversible denaturation of enzymes by unfolding their
native structure, which leads to the inability of enzymes
to regenerate (Chakraborty et al. 2014). In the present
study, the residual activity of PME in carrot juice after
pressurization was 94.2%, 92.5%, and 91.6%, for
300 MPa × 3, 450 MPa, and 600 MPa, respectively. In
the 2nd week of refrigerated storage, the residual activity
of this enzyme decreased and the highest degradation (RA
51.3%) was observed in samples treated with 300 MPa × 3
pulses, whereas the RA of samples treated at a higher pres-
sure was about 80%. Longer storage time caused further
degradation of PME up to 25% RA after 12 weeks of the
storage for samples treated with 300 MPa × 3 and
600 MPa. Our finding agrees with data reported by
Jabbar et al. (2014) who found that carrot juice PME grad-
ually decreased together with increased pressure in the
range of 250 MPa to 450 MPa at 25 °C and 10 min. In
addition, Balogh et al. (2004) observed that a combination
of very high pressure (800 MPa) and a long period of time
(36 min) at 10 °C was required to reduce the PME activity
in carrot juice by 90%.On the contrary, Sun et al. (2019)
observed that carrot PME was stable in a pressure range of
400–1000 MPa for 2 min. This phenomenon might be con-
nected with more efficient enzyme extraction due to great-
er tissue disruption caused by intensified pressures. These
authors obtained significant inactivation at 1200 MPa, with
a reduction of PME activity to 22.5%.

Apparent Dynamic Viscosity and Turbidity

Figure 1 shows the dependence between apparent dynamic
viscosity and the shear rate (at a range from 7.5 to 263.0 s−1)
for fresh carrot juice and after HPP treatment. A significant

Table 1 Influence of HPP treatment on the residual activity of
polygalacturonase (PG) and pectinmethylesterase (PME) in carrot juice
kept at 4 °C and darkness for up to 12 weeks

PG PME

Fresh juice 100.0 ± 0.1 d 100.0 ± 0.2 b

300 MPa × 3 94.6 ± 1.3 c 94.2 ± 0.6 a

450 MPa 82.1 ± 0.4 b 92.5 ± 1.4 a

600 MPa 68.1 ± 2.2 a 91.6 ± 1.3 a

300 MPa × 3 0 week 94.6 ± 1.3 a 94.2 ± 0.6 d

2 weeks 98.5 ± 1.1 abc 51.3 ± 0.9 c

4 weeks 98.2 ± 1.2 ab 34.8 ± 3.7 b

6 weeks 105.6 ± 1.3 d 36.7 ± 1.4 b

8 weeks 103.7 ± 1.3 cd 26.8 ± 1.3 a

10 weeks 103.1 ± 0.4 bcd 23.9 ± 1.9 a

12 weeks 118.8 ± 1.2 e 24.3 ± 2.5 a

450 MPa 0 week 82.1 ± 0.4 a 92.5 ± 1.4 f

2 weeks 83.1 ± 1.5 a 80.9 ± 0.1 e

4 weeks 108.1 ± 1.6 b 72.2 ± 1.8 d

6 weeks 116.0 ± 1.0 c 46.9 ± 1.1 c

8 weeks 116.1 ± 1.7 c 39.8 ± 0.6 b

10 weeks 127.4 ± 1.3 d 36.5 ± 3.5 ba

12 weeks 129.8 ± 1.0 d 33.0 ± 0.6 a

600 MPa 0 week 68.1 ± 2.2 a 91.6 ± 1.3 g

2 weeks 72.9 ± 2.0 ab 79.7 ± 0.9 f

4 weeks 78.1 ± 0.6 b 66.9 ± 0.1 e

6 weeks 95.9 ± 1.5 c 60.9 ± 2.3 d

8 weeks 97.4 ± 1.6 c 37.8 ± 0.7 c

10 weeks 98.9 ± 1.8 c 30.1 ± 0.5 b

12 weeks 96.2 ± 1.5 c 24.0 ± 0.7 a
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increase in apparent dynamic viscosity after HPP was ob-
served, compared to fresh juice. Higher apparent viscosity
may be caused by important changes in the particle size of
the tissue due to particle agglomeration. The apparent dynam-
ic viscosity of carrot juice subjected to varying HPP treat-
ments decreased in line with the increased shear rate. Shear-
thinning behavior is very common in fruit and vegetable
products as was observed by Steffe et al. (1983) and Opazo-
Navarrete et al. (2012). The above authors explained the phe-
nomenon as the molecules becoming less dependent on each
other and consequently presenting less resistance to flow un-
der an increase in the shear rate. There were no statistical
changes on apparent dynamic viscosity during the refrigerated
storage (data not presented). This outcome agrees with data
reported by Gao et al. (2016) who observed no significant
differences with the apparent dynamic viscosity in strawberry
syrup treated with 400 MPa during 5 min and storage at 4 °C
and 25 °C. On the other hand, other authors noticed significant
changes on apparent dynamic viscosity during the storage
time of HPP-treated fruit beverages. For example, Cao et al.
(2012) noticed decreased viscosity of 67% during 6 months of
storage at 4 °C in cloudy strawberry juice treated with
600 MPa during 4 min. Liu et al. (2014) reported that the
viscosity of mango nectars decreased gradually throughout
the storage time, except for pressurized nectars stored at
4 °C. These authors explained the loss of viscosity due to
pectin degradation, because pectin may be degraded through
enzymatic and non-enzymatic degradation mechanisms. The
enzymatic degradation of pectin may be caused by incom-
pletely inactivated PME (Sila et al. 2009). In the present study,
HPP did not completely inactivate PME and the activity of
this enzyme did not correlate with the viscosity. Figure 1 also
shows the relationship between shear stress and shear rate
(range from 7.5 to 263.0 s−1) for fresh and HPP-treated carrot
juices. Changes on shear stress were observed and depended

on the pressure level applied. Generally, bigger particles are
more resistant to shear and show greater friction during the
flow, which is probably due to an increase of shear stress
(Steffe et al. 1983).

The turbidity of fresh carrot juice was 8061.7 ± 23.1
NTU. The results obtained are in the range (from 6000 to
12,000 NTU) determined by Reiter et al. (2003a) for dif-
ferent commercial carrot juices. It was observed that the
turbidity increased by a maximum of 25.4% after pressur-
ization for carrot juice treated at 600 MPa (Table 2). It is
evident that HPP treatment significantly affected the tur-
bidity of carrot juices. The long-time cold storage de-
creased the turbidity of HPP-treated juices, which can be
justified by particle agglomeration. Larger particles sedi-
ment faster compared to smaller particles. Zhang et al.
(2016) observed differing results in their study on carrot
juice preserved using HPP and HTST techniques. These
authors summarized that the increase in viscosity and
turbidity during the storage time might be connected with
the diminishing of juice particles and finally with the
dispersion of carrot cells and tissue. These results are
inconsistent with our study, most probably because the
carrots used in the present study could contained more
protein, which promoted agglomeration and/or protein po-
lymerization. Reiter et al. (2003b) reported that different
kinds of pretreatment may promote protein coagulation
and in this way influence the stability of carrot juice.
Furthermore, the same authors explained that the proteins
had a greater effect on the stability of carrot juice than
pectin concentration. When proteins precipitate, particles
t e n d t o a gg r e g a t e . I n t h e p r e s e n t s t u dy , t h e
polygalacturonase activity might also show a partial effect
on turbidity. In this regard, the correlation coefficient for
PG with turbidity was weak, r = − 0.5472 but significant at
p ≤ 0.01.
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Total Phenolic Content (TPC)

The TPC in fresh carrot juice was 163.80 ± 2.8 mg GAE/L.
After pressurization, the measured TPC increased slightly, up
to 13% at 600 MPa (Table 2). This result can be justified by
plant cell disruption caused by HPP and in consequence the
better extraction of bonded phenols from tissue and also by the
probable formation of new polyphenols. The formation of
new polyphenols under HPPwas proved in our previous study
where new polyphenols such as oleuropein, 4-vinylsyringol,
isocoumarin, and 4-hydroxybenzaldehyde were detected after
HPP treatment at static (450 MPa, 600 MPa at 5 min) and
multi-pulsed HPP (300 MPa × 3 pulses at 5 min) of carrot
juice (Szczepańska et al. 2020).

During the storage at 4 °C, the polyphenol content of
carrot juice began to increase, but the upward trend is not
clear. After 12 weeks of storage, TPC increased by 26.4%
for juices treated with 300 MPa × 3 pulses (Table 2) and it
was the highest result noted in all samples. This phenom-
enon can be attributed to differences in chemical structure
responsible for the different affinity of polyphenols with

Folin–Ciocalteu reagent. On the other hand, Folin–
Ciocalteu reagent reacts not only with phenols but also
with other compounds reducing sugars, carotenoids, amino
acids and vitamin C (Vinson et al. 2001). Other authors
also confirmed that the Folin–Ciocalteu reagent is not se-
lective and may react with other antioxidants (Klimczak
et al. 2007). An increase in TPC was also reported in pres-
surized cape gooseberry pulp (300 MPa at 3 and 5 min)
after 60 days of storage (Torres-Ossandón et al. 2018).
Different results were obtained by Zhang et al. (2016).
They reported that 20 days of refrigerated storage of carrot
juice treated with HPP at 550 MPa revealed TPC degrada-
tion of 35.8%. The above authors suggested that this fact
was caused by the oxidation, degradation and polymeriza-
tion of polyphenols with proteins.

Antioxidant Capacity (DPPH•, ABTS•+)

The DPPH assay is based on the reduction in the purple DPPH
to 1,1-diphenyl-2-picryl hydrazine, whereas the ABTS assay
is based on the generation of a blue/green ABTS+ that can be

Table 2 Influence of HPP treatment on the turbidity, total polyphenols content (TPC), and antioxidant capacity (DPPH• and ABTS•+ tests) in carrot
juice kept at 4 °C and darkness for up to 12 weeks

Turbidity (NTU) Total polyphenols (mg GAE/L) DPPH• (μM Tx) ABTS•+ (μM Tx)

Fresh juice 8061.7 ± 23.1 a 163.8 ± 2.8 a 340.2 ± 4.7 a 164.7 ± 2.9 a

300 MPa × 3 10,051.7 ± 27.6 c 174.4 ± 3.1 ab 454.0 ± 2.8 b 181.3 ± 5.1 b

450 MPa 9280.0 ± 31.3 b 180.5 ± 4.0 b 486.1 ± 2.8 c 179.9 ± 2.4 ab

600 MPa 10,425.0 ± 26.4 d 185.1 ± 2.7 b 506.1 ± 3.4 c 182.6 ± 4.3 b

300 MPa × 3 0 week 10,051.7 ± 27.6 e 174.4 ± 3.1 a 454.0 ± 2.8 a 181.3 ± 5.1 a

2 weeks 11,516.7 ± 5.8 g 222.0 ± 4.5 b 652.8 ± 1.4 bc 270.5 ± 1.8 c

4 weeks 9591.7 ± 18.1 d 237.1 ± 5.9 bc 644.0 ± 7.5 bc 273.4 ± 2.9 c

6 weeks 10,260.0 ± 21.4 f 255.3 ± 3.4 c 628.9 ± 5.0 b 277.8 ± 1.9 c

8 weeks 9428.3 ± 16.1 c 230.1 ± 0.9 b 680.9 ± 1.4 c 257.5 ± 2.5 c

10 weeks 8458.8 ± 46.5 b 242.7 ± 5.0 bc 669.0 ± 3.4 c 215.0 ± 3.0 b

12 weeks 7288.3 ± 22.7 a 220.4 ± 4.7 b 679.0 ± 2.8 c 194.6 ± 5.2 ab

450 MPa 0 week 9280.0 ± 31.3 e 180.5 ± 4.0 a 486.1 ± 2.8 a 179.9 ± 2.4 a

2 weeks 10,088.3 ± 11.6 f 228.5 ± 4.3 cd 651.0 ± 6.9 bc 241.6 ± 3.4 b

4 weeks 8948.3 ± 12.9 d 239.7 ± 2.0 de 724.4 ± 4.1 d 263.1 ± 5.2 bc

6 weeks 8810.0 ± 6.6 d 258.9 ± 1.2 f 626.9 ± 4.8 b 294.7 ± 2.5 d

8 weeks 8600.0 ± 47.9 c 255.8 ± 3.1 ef 689.7 ± 7.4 cd 265.3 ± 1.7 c

10 weeks 7487.5 ± 30.4 b 206.3 ± 1.5 b 813.3 ± 5.0 e 192.6 ± 4.7 a

12 weeks 6411.7 ± 16.1 a 213.9 ± 3.5 bc 693.2 ± 2.8 d 185.3 ± 5.1 a

600 MPa 0 week 10,425.0 ± 26.4 g 185.1 ± 2.7 a 506.1 ± 3.4 a 182.6 ± 4.3 a

2 weeks 9133.3 ± 12.6 f 188.6 ± 1.2 ab 678.8 ± 2.7 c 229.7 ± 0.3 c

4 weeks 8708.3 ± 19.4 d 196.7 ± 3.7 b 684.4 ± 1.3 c 248.7 ± 1.7 d

6 weeks 8965.0 ± 10.9 e 223.0 ± 3.1 c 714.4 ± 4.0 d 280.0 ± 4.8 e

8 weeks 7500.0 ± 16.4 b 199.7 ± 1.9 b 731.1 ± 2.7 d 189.2 ± 4.4 ab

10 weeks 7280.0 ± 28.4 a 200.2 ± 4.0 b 712.6 ± 3.1 d 181.9 ± 0.7 a

12 weeks 8022.5 ± 7.2 c 221.0 ± 4.6 c 646.6 ± 1.0 b 204.1 ± 1.6 b
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reduced by antioxidants. The DPPH assay takes place in an
alcoholic medium, while the ABTS radical is soluble in water
and organic solvents (Apak et al. 2016; Floegel et al. 2011).
Table 2 shows the antioxidant capacity of fresh and HPP-
treated carrot juices. The antioxidant activity of fresh carrot
juice measured with DPPH• and ABTS•+ tests were 340.2 ±
4.7 and 164.7 ± 2.9 μM of Trolox equivalent, respectively.
The antioxidant capacity after HPP treatment increased, espe-
cially at 600 MPa, by 48.8% and 10.9% as measured by the
DPPH• and ABTS•+ tests, respectively. In this regard, Varela-
Santos et al. (2012) also reported an increase in the antioxidant
activity expressed as IC50 after HPP treatment at 450 MPa for
30–150 s in pomegranate juice. The above authors concluded
that the increase in the antioxidant potential may be related to
the increased extractability of some hydrolysable tannins,
which were present in the fruits. In the present study, the
antioxidant potential increased during the refrigerated storage,
especially measured with the DPPH• radicals (Table 2). In
addition, Varela-Santos et al. (2012) obtained similar results
after 30 days of storage at 4 °C in pomegranate juice treated
with 350 MPa and 550 MPa at 30 s. These authors explained
that a possible reason for the increase in antioxidant capacity
could be connected with anthocyanin polymerization during
the storage and the creation of higher polyphenols, for exam-
ple ellagitannins from ellagic acid and other phenolic com-
pounds. After HPP treatment and 30 days of storage at 4 °C
and 25 °C, an increase in the antioxidant capacity (about 40%)
of strawberry syrup treated at 400 MPa during 5 min was also
observed Gao et al. (2016).

In the present study, a significant correlation was noted
between the antioxidant capacity measured with ABTS•+

test and TCP (r = 0.7443, significant at p ≤ 0.01), while the
correlation between the DPPH• test and TPC was insignif-
icant (p ≥ 0.05). Furthermore, inverse, but a significant
correlation between the DPPH• test and carotenoid content
(r = − 0.7001, significant at p ≤ 0.01) was also observed,
whereas the correlation between the ABTS•+ test and ca-
rotenoids was insignificant (p ≥ 0.05). The discrepancies
noted may be due to the types of reactions occurring in
both methods. Measuring of antioxidant capacity depends
on the conditions used in the protocols and the affinity of
different radicals to specific substrates. The inverse rela-
tionship between the DPPH• test and carotenoids content
may be due to the interaction of carotenoids, especially β-
carotene and free radicals forming a conjugated polyene,
carbon centered radicals (Liu et al. 2008). In this regard,
Wootton-Beard et al. (2011) observed higher values of an-
tioxidant activity for FRAP assay followed by DPPH• and
ABTS•+ methods in vegetables juices such as carrot and
tomato juices and they explained these differences by the
fact that ABTS•+ radical is soluble in both water and lipo-
philic solvents whereas DPPH• radical has better solubility
in organic solvents.

Carotenoid Content

The carotenoid concentration in fresh carrot juice and their
changes after HPP treatment and during the refrigerated stor-
age are presented in Table 3. In fresh carrot juice, the sum of
individual carotenoids was 161.60 ± 0.33 mg/L. The results
obtained are in accordance with the AIJN code of practice
(Anonymous 2015), where the total carotenoid content in car-
rot juices may range from 30 to 300 mg/L. In the present
study, the major carotenoids detected in fresh juice were β-
carotene (86.29 ± 0.16 mg/L) and α-carotene (64.83 ±
0.31 mg/L), which accounted for 93.5% of all carotenoids.
Other carotenoids identified in fresh juice were: lutein, β-
cryptoxanthin, ε-carotene, 9-Z-β-carotene. In addition, one
unidentified carotenoid was determined. After pressurization,
the measured concentration of carotenoids increased signifi-
cantly by 4.8–6.8% with the increase pressure. This phenom-
enon can be justified by better extraction of these bioactive
compounds from tissue treated by high pressure, which was
also confirmed by other authors (Jabbar et al. 2014; Patras
et al. 2009), who proved that HPP makes carotenoids and
other bioactive compounds more accessible for extraction.
Disruption of cell membranes and protein–carotenoids com-
plex under HPP treatment was also observed by Patras et al.
(2009) in carrot purée (600 MPa for 15 min at ambient tem-
perature), which resulted in a 58.5% increase in total caroten-
oids. According to Pokhrel et al. (2019), pressure treatment of
carrot juice at 500 MPa for 2 min at 20 °C resulted in a 18.5%
increase in total carotenoids.

During the refrigerated storage, a decrease trend in carot-
enoids was observed (Table 3). The total content of caroten-
oids in HPP-treated samples decreased by 37.3%, 57.9% and
39.7%, for 300 MPa × 3, 450 MPa and 600 MPa, respectively
after 12 weeks of storage. This phenomenon can be explained
by the degradation of carotenoids and other phenolic com-
pounds due to the high residual activity of oxidoreductive
enzymes and their synergistic activity (Stinco et al. 2019;
Szczepańska et al. 2020). Our previous studies confirmed that
even slight enzymes activity might be responsible for the
faster degradation of bioactive compounds during the storage
time. In this regard, Picouet et al. (2015) reported a decrease in
β-carotene of 18% in acidified and non-acidified carrot juice
treated with 600 MPa for 5 min at an initial temperature of
10 °C and a further decline of 12% during 29 days of refrig-
erated storage. However, the α-carotene concentration
remained stable. In the present study, both α- and β-
carotene degraded at a similar level during the storage time,
whereas lutein was particularly degraded, especially at
450 MPa. Similar results were found by Zhang et al. (2016)
who noticed than lutein exhibited a higher degradation thanβ-
carotene in carrot juice. They also observed degradation of
lutein by 66.7% and β-carotene by 11.1% during 20 days of
storage.
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In the current study, the carotenoid content correlated pos-
itively (significant at p ≤ 0.01) with Hunter a* and b* values,
as evidenced by the correlation coefficient r = 0.8282 and r =
0.8335 respectively. Correlation between the concentration of
carotenoids and a* value was also noticed by Patras et al.
(2009) in HPP-treated carrot and tomato purées at 400, 500
and 600 MPa for 15 min at ambient temperature.

Color Parameters

The colorimetric parameters of the samples studied were sum-
marized in Table 4. There were significant differences in all
the color parameters between the control and HPP-treated
samples. In carrot juice, the L*, a*, and b* values decreased
after HPP and during the storage time, which are in accor-
dance with the previous studies (Jabbar et al. 2014). These
results are also in accordance with the research obtained by
Trejo Araya et al. (2009), where the values of the color pa-
rameters of carrot treated at 600 MPa for 2 min decreased.
During the storage at 4 °C, the lightness of the carrot de-
creased, especially in the first week. Furthermore, the above
authors observed higher color retention of HPP-treated carrots

than of raw carrots during the storage time. Research conduct-
ed by Pokhrel et al. (2019) showed a reduction in the L* value
in carrot juice treated with HPP under different conditions
(200–500 MPa, 20–50 °C, 2 min). They observed that HPP-
treated samples became gradually lighter during the storage
for 4 weeks at 4 °C, which also confirms our results.

The total color difference (ΔE) is used to characterize the
variation of color in foods during processing. Immediately after
the HPP treatment, the ΔE parameter was noticeable, but visi-
ble only by an experienced observer. In the 12 weeks after
pressurization, theΔE parameter increased, making the chang-
es in color more visible, also for the inexperienced observer. In
a study conducted by Cao et al. (2012) during 6 months of
storage in cloudy strawberry juice at 4 °C the parameter
(ΔE = 7.8) was at a comparable level to the present study,
which indicates the degradation of colored compounds. Chen
et al. (2015) reported that ΔE values of HPP-treated papaya
beverage under different conditions (350–650 MPa for 5,
10 min at 20 °C) increased with the time extension. The above
authors suggested oxidation, degradation and polymerization of
pigments and non-enzymatic reactions as the main reasons for
changes on color during the refrigerated storage.

Table 4 Influence of HPP treatment on the color parameters in carrot juice kept at 4 °C and darkness for up to 12 weeks

L* a* b* ΔE C h

Fresh juice 44.60 ± 0.03 c 28.64 ± 0.01 c 45.68 ± 0.07 c - 53.91 ± 0.07 d 57.91 ± 0.03 b

300 MPa × 3 43.68 ± 0.24 b 27.02 ± 0.10 a 44.36 ± 0.16 b 2.30 ± 0.25 a 51.94 ± 0.18 c 58.66 ± 0.01 c

450 MPa 42.64 ± 0.04 a 28.15 ± 0.03 b 43.22 ± 0.07 a 3.18 ± 0.04 b 51.30 ± 0.03 b 57.95 ± 0.01 b

600 MPa 43.07 ± 0.02 ab 29.41 ± 0.02 d 46.66 ± 0.01 d 1.98 ± 0.01 a 50.20 ± 0.08 a 57.38 ± 0.01 a

300 MPa × 3 0 week 43.68 ± 0.24 d 27.02 ± 0.10 f 44.36 ± 0.16 e 2.30 ± 0.25 a 51.94 ± 0.18 f 58.66 ± 0.01 de

2 weeks 41.78 ± 0.01 c 25.37 ± 0.02 e 41.60 ± 0.02 d 5.94 ± 0.01 b 48.72 ± 0.02 e 58.63 ± 0.02 d

4 weeks 41.49 ± 0.04 c 24.58 ± 0.07 d 39.97 ± 0.20 c 7.67 ± 0.17 c 46.92 ± 0.21 d 58.42 ± 0.05 c

6 weeks 40.04 ± 0.04 b 23.33 ± 0.01 b 38.55 ± 0.02 b 9.99 ± 0.03 f 45.06 ± 0.02 b 58.82 ± 0.02 f

8 weeks 40.04 ± 0.01 b 24.25 ± 0.03 c 40.01 ± 0.08 c 8.50 ± 0.07 d 46.78 ± 0.09 d 58.78 ± 0.03 ef

10 weeks 40.49 ± 0.11 b 24.40 ± 0.01 cd 38.80 ± 0.02 b 9.06 ± 0.03 e 45.84 ± 0.02 c 57.83 ± 0.02 a

12 weeks 38.27 ± 0.03 a 22.78 ± 0.04 a 36.79 ± 0.08 a 12.38 ± 0.06 g 43.27 ± 0.09 a 58.23 ± 0.02 b

450 MPa 0 week 42.64 ± 0.04 e 28.15 ± 0.03 g 43.22 ± 0.07 e 3.18 ± 0.04 a 51.30 ± 0.03 e 57.95 ± 0.01 c

2 weeks 41.57 ± 0.03 d 27.23 ± 0.01 f 43.48 ± 0.03 e 4.00 ± 0.01 b 51.58 ± 0.07 e 56.93 ± 0.02 a

4 weeks 40.70 ± 0.02 c 25.12 ± 0.01 e 41.91 ± 0.01 d 6.47 ± 0.01 c 48.86 ± 0.01 d 59.06 ± 0.01 e

6 weeks 41.75 ± 0.02 d 24.90 ± 0.01 d 39.37 ± 0.02 c 7.87 ± 0.02 d 46.58 ± 0.01 c 57.69 ± 0.02 b

8 weeks 39.36 ± 0.03 b 24.60 ± 0.01 c 39.72 ± 0.04 c 8.90 ± 0.04 e 46.72 ± 0.03 c 58.23 ± 0.02 d

10 weeks 38.93 ± 0.12 a 24.13 ± 0.08 b 38.30 ± 0.04 b 10.34 ± 0.09 f 45.27 ± 0.18 b 57.79 ± 0.03 b

12 weeks 39.53 ± 0.03 b 23.88 ± 0.01 a 36.80 ± 0.02 a 11.27 ± 0.02 g 43.87 ± 0.01 a 57.02 ± 0.02 a

600 MPa 0 week 43.07 ± 0.02 d 29.41 ± 0.02 f 46.66 ± 0.01 g 1.98 ± 0.01 a 50.20 ± 0.08 d 57.38 ± 0.01 a

2 weeks 42.00 ± 0.04 c 27.06 ± 0.05 e 42.28 ± 0.07 f 4.56 ± 0.19 b 55.16 ± 0.01 f 57.78 ± 0.01 b

4 weeks 41.55 ± 0.17 b 26.26 ± 0.05 d 43.20 ± 0.03 e 4.60 ± 0.31 b 50.55 ± 0.05 e 58.70 ± 0.03 d

6 weeks 41.46 ± 0.01 b 24.69 ± 0.02 c 39.89 ± 0.01 d 7.68 ± 0.01 c 46.91 ± 0.01 c 58.24 ± 0.03 c

8 weeks 39.49 ± 0.02 a 24.30 ± 0.02 b 38.00 ± 0.02 c 10.19 ± 0.06 e 45.11 ± 0.03 a 57.41 ± 0.01 a

10 weeks 39.76 ± 0.02 a 24.12 ± 0.06 ab 38.32 ± 0.04 b 9.90 ± 0.11 de 45.28 ± 0.07 a 57.81 ± 0.04 b

12 weeks 39.56 ± 0.10 a 23.94 ± 0.06 a 39.18 ± 0.05 a 9.47 ± 0.21 d 45.92 ± 0.07 b 58.57 ± 0.03 d
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Parameter C (chroma) indicates the degree of color satura-
tion, while the h angle shows an angular position. Pressurized
carrot juice had lower chroma values compared to the control
samples and there was a decrease during the storage time,
whereas the differences in parameter h were not so large, but
also statistically significant (Table 4). Similar results were
obtained by Trejo Araya et al. (2009) who observed decreas-
ing C values during the storage time and no significant chang-
es in the h angle values in carrot juice treated with 600 MPa
for 2 min. Also, in research carried out by Pokhrel et al.
(2019), C and h parameters in carrot juice decreased after
pressurization (200–500 MPa, 20–50 °C, 2 min) and during
4 weeks of refrigerated storage.

Conclusions

HPP had an impact on the activity of hydrolyzing enzymes in
carrot juice, PG was more sensitive to inactivation under HPP
treatment than PME, but the residual activity of PG increased
during the storage time. This phenomenon may be connected
with enzyme proteins folding under high pressure and
unfolding during the storage time. On the contrary, PME activ-
ity was more resistant to inactivation, whereas the storage time
did not favor increasing its residual activity. A significant in-
crease was observed in apparent dynamic viscosity and turbid-
ity after HPP treatment. TPC increased under HPP treatment
and during the refrigerated storage and correlated significantly
with the antioxidant capacity measured with ABTS•+ assays.
Increase in individual carotenoid content after pressurization
may be a result of the better extraction of these compounds
from juice tissue, whereas decrease of carotenoids content dur-
ing storage may be caused by oxidative degradation. The color
of HPP-treated juices was stable and high pressure did not
affect the total color difference, whereas the refrigerated storage
resulted in a noticeable change on the ΔE coefficient.

Multi-pulsed HPP treatment at 300 MPa had a similar ef-
fect that treatment at 600 MPa in all the measured quality
attributes. Taking this phenomenon into account, the use of
lower pressure (two times lower compared to that used com-
mercially) in pulses could be a good alternative for reducing
the processing costs of carrot juice preservation using HPP.
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