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Impact of High Pressure and Pulsed Electric Fields on
Bioactive Compounds and Antioxidant Activity of Orange Juice
in Comparison with Traditional Thermal Processing
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Bioactive compounds (vitamin C, carotenoids, and flavanones) and DPPH* radical scavenging capacity
(RSC) were measured in orange juice (OJ) subjected to different technologies. High pressure (HP)
(400 MPa/40 °C/1 min), pulsed electric fields (PEF) (35 kVecm~1/750 us), low pasteurization (LPT)
(70 °C/30 s), high pasteurization (HPT) (90 °C/1 min), HPT plus freezing (HPT+F) (=38 °C/15 min),
and freezing (F) were studied. Among the treatments assayed, even though the losses in total vitamin
C were <9%, treatments with the higher temperatures tended to show the higher decrease in the
content of both forms of vitamin C. HP treatment led to an increased (P < 0.05) carotenoid release
(53.88%) and vitamin A value (38.74%). PEF treatment did not modify individual or total carotenoids
content. Traditional thermal treatments did not exert any effect on total carotenoid content or vitamin
A value. With regard to individual carotenoid extraction, HPT and HPT+F led to different releases of
carotenoids. With respect to flavanones, HP treatment led to increased (P < 0.05) naringenin (20.16%)
and hesperetin (39.88%) contents, whereas PEF treatment did not modify flavanone content. In
general, pasteurization and freezing process led to a diminished (P < 0.05) naringenin content
(16.04%), with no modification in hesperetin. HP and PEF treatments did not modify DPPH* RSC. In
the case of traditional thermal technologies, HPT treatment showed a decrease (P < 0.05) in RSC
(6.56%), whereas LPT, HPT+F, and F treatments did not modify RSC. Vitamin C modulated RSC,
in terms of antioxidant concentration (ECsg) and kinetics (AE = 1/ECsoTecso), In the treated and
untreated OJ. In summary, HP and PEF technologies were more effective than HPT treatment in
preserving bioactive compounds and RSC of freshly squeezed orange juice.

KEYWORDS: Orange juice; high pressure; pulsed electric fields; pasteurization; freezing; carotenoids;
flavanones; vitamin C; radical scavenging capacity

INTRODUCTION addition, OJ is a major source of antioxidant flavanones (mainly
hesperidin and narirutin) in the diet of developed countr@s (
Recent studies indicate that the intake of OJ improves high-
density lipoprotein (HDL) cholesterol plasma levels in subjects
this juice is the most popular juice per capita, being consumed W't,h r.noderate. hyperpholesteloremla (7) and reduces lipid
at~5 times the rate of Americans’ second choice, apple juice ©Xidation (8-epiPGE) in smokers (8).
). Nonpasteurized fresh OJ has a limited shelf li. (To

OJ' a r|ch source Of Vitamin CgI' |s one Of a number Of pl‘0|0ng (ON] Shelf I|fe, the most common methOd to |naCt|Vate

dietary sources of carotenoidé)( OJ carotenoids have diverse Microorganisms and enzymes is thermal processibg). (
biological functions and actions, such as antioxidant activity, However, loss of representative flavor compounds and vitamin
provitamin A activity (a- and3-carotenep- andS-cryptoxan- € in OJ due to processing temperature {€430 s) and during
thin), and macula protection (lutein and zeaxanthi). (n storage (#C/15 days) has been evidencéd). As other authors
have remarked 1), little information has been found that
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tInstituto del Frio, CSIC, Due to consumer demands, the citrus industry has been

8 University of Lleida. exploring innovative processing methods with minimal heat

Citrus juices are highly consumed in many countries. Orange
juice (OJ) accounts for 60% of all Western Europe consumption
of fruit juices and juice-based drinkg)( In the United States,
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Table 1. Physical and Physicochemical Characteristics of Orange Juices?

Sanchez-Moreno et al.

soluble solids total solids titratable acidity viscosity

treatment pH (°Brix at 20 °C) (g dw/100 g of fw) (g of citric acid/100 g of fw) (cP)
freshly squeezed 3.59 £ 0.01abc 10.47 £ 0.10a 10.79 £ 0.14a 0.95 £ 0.00cd 27.78 £ 0.70e
HP (400 MPa/40 °C/1 min) 3.63+0.09¢c 10.97 + 0.10bc 11.14 £ 0.07b 0.96 + 0.00d 18.13 + 0.99b
PEF (35 kV cm=Y750 us) 352+0.01a 10.86 + 0.04b 10.82 £0.08a 0.94 +0.00c 18.00 £ 0.35b
LPT (70 °C/30 s) 3.72+0.03d 10.80 +0.10b 11.18 +0.09b 0.89 £ 0.00b 21.78 +0.45d
HPT (90 °C/1 min) 3.60 £ 0.01bc 11.13 +0.20cd 10.89 £ 0.23a 0.89 + 0.00b 17.93+0.23b
HPT (90 °C/1 min) + F (—38 °C/15 min) 3.63£0.05c 11.27 £ 0.10de 11.13+0.07b 0.87+0.01a 16.07 +0.19a
F (—38 °C/15 min) 3.54£0.02ab 11.37 +£0.10e 11.21 +010b 0.88 £0.01ab 20.80 +0.48¢c

color

treatment L* a* b* h C
freshly squeezed 36.82 + 0.51abc -1.46 +0.15e 36.61+1.12d 87.72+0.32e 36.64 +1.11d
HP (400 MPa/40 °C/1 min) 36.74 + 0.50abc -3.19 +0.26b 34.45 + 1.12abc 84.71+£0.27b 34.59 + 1.14abc
PEF (35 kV cm~Y/750 us) 36.30 +0.18a -2.17 £0.18cd 3422+ 1.47ab 86.37 +0.13cd 34.29 +1.39%b
LPT (70 °C/30's) 36.98 + 0.13bc -3.11+£0.32b 36.12 + 0.68cd 85.08 +0.44b 36.25 + 0.70cd
HPT (90 °C/1 min) 36.50 + 0.24ab -3.78£0.18a 35.69 + 0.97bcd 83.96 + 0.19 35.89 + 0.98bcd
HPT (90 °C/1 min) + F (=38 °C/15 min) 36.72 £ 0.23abc -2.55+0.07c 35.59 + 0.53abcd 85.90 +£0.13c 35.68 + 0.53bcd
F (—38 °C/15 min) 37.16 £0.31c -1.90 £0.13d 33.82+1.13a 86.79 +0.27d 33.87+1.13a

@Values are means + standard deviation, n = 6. Mean values within a column with different letters are significantly different at P < 0.05. dw, dry weight; fw, fresh weight;
HP, high pressure; PEF, pulsed electric fields; LPT, low pasteurization; HPT, high pasteurization; F, freezing.

treatment, to increase markets by improving the nutritional and kept at 4°C before being processed. The OJ was obtained using a
flavor qualities of OJ 13). Due to technological development, squeezer (Lomi model 4, Madrid, Spain) and then was filtered using a
high-pressure (HP) processing and pulsed electric fields (PEF)2 mm steel sieve. Initial characteristics of the FSOJ are showatie
processing have received increased attention during the pastl- All treatments were carried out with this FSOJ.

decade (14). The flavor and nutritional quality of OJ is usually ~ Nonthermal Processing Technologieddigh-Pressure (HP) Treat-
unaffected by these technologies, although microorganisms andment.FSOJ samples were vacuum packed in plastic bags (Doypack)
enzymes may be inactivated@, 11, 15—19). In contrast, and then mtroduped |r_1to the_pressure unit filled with pressure medium
knowledge about the effects of these emerging nonthermal (Water) as described in previous wor2, 23,31, 32). HP treatment
technologies on the fate of antioxidants in fruit juices, including at 400 MPa was performed in a hydrostatic pressure unit with 2350
QJ, is scarce, and it is generally limited to vitamin 11(16, m;x?;pfgqcl?gmate?ain?;lg}ugmpr(éslgérighi%) ng ’gvc\;thi, p:)tegtlal
20,21). In a previous research, we have studied the impact on y perat ( P

] ; ! ~""ACIP no. 665, Nantes, France). Temperature and time selected were
several bioactive compounds of different processes that combin€sq o and 1 min, respectively. Pressure was increased and released at

HP_and thermal treatment to preserve 0J as freshly squeezed 5 Mmpass. According to previous results of the group, this combined
during a 10-day period of refrigerated storade,(23). In treatment was selected due to the effect on the stability of carotenoids,
addition, our research group has shown that OJ, preserved bwitamin C 22), and flavanones2@) in OJ during storage (10 days/4
these HP 24) and PEFZ5) emerging technologies, retains the °C). In addition, its effect on enzymatic inactivatio82] in OJ was
bioavailability of vitamin C and antioxidant protection of freshly ~ considered.
sgqueezed orange juice (FSOJ) in humans. Pulsed Electric Fields (PEF) TreatmefREF treatment was carried

From the methodological point of view, the widespread use out in a continuous flow bench scale system (OSU-4F, The Ohio State
of the 2,2-diphenyl-1-picrylhydrazyl (DPPHadical scavenging ~ University, Columbus, OH) using square-wave pulses. The treatment
model is recommended as fast, easy, and accurate, with regargystem consisted of a series of eight collinear treatment chambers. Each
to measuring the potential radical scavenging capacity (RSC) chamber consisted of two stainless steel electrodes separated by a gap
of plant-derived foods26—28). The protocol used by our group of 0.29 cm. The flow rate of the process was adjusted to 200 mL/min
takes into account not only the antioxidant concentration but and was controlleq by a variable speed pump (_mOdel 75210-25, Cole
also the reaction time to reach the plateau of the scavengingpalmer’ Vernon Hills, IL). The product was refrigerated in the space

. . - provided between the chambers by means of arvueger shaking

reaction (29). This characteristic could be an advantage over

. o bath. The PEF processing conditions for FSOJ were 35 kV/cm electrical
other methods using only the antioxidant concentratd 30). field applied in a bipolar mode, 800 Hz pulse frequencyssdpulse

Therefore, the aim of this study was to evaluate the impact jgth, and 750us total treatment time. Temperature never exceeded
of HP and PEF emerging technologies in comparison with 50 °C. According to previous results of the group, these conditions
traditional thermal technologies on the vitamin C, carotenoid, were selected due to the induced inactivation of enzyrhes3@) and
and flavanone contents of OJ. In addition, their effect on RSC microbial reduction (1834).

was assayed. Traditional Thermal Technologies. Low Pasteurization (LPT)
Treatment.FSOJ samples were placed in an autoclave (Autester-G,
MATERIALS AND METHODS Selecta, Barcelona, Spain) and heated at@@or 30 s.

Chemicals.L-(++)-Ascorbic acid was purchased from Merck KGaa _ High-Pasteurization (HPT) TreatmerfiSOJ samples were placed
(Darmstadt, Germany). DPPHbL-dithiothreitol, and hesperetin were N N autoclav_e (Autester-G, Selecta, Barcelona, Spain) and heated at
obtained from Sigma Chemical Co. (St. Louis, MO). Hoffman-La Roche 90 °C for 1 min.

(Basel, Switzerland) kindly providggtcaroteneg-cryptoxanthin, lutein, High-Pasteurization plus Freezing (HR'F) Treatment. FSOJ
and zeaxanthin. Naringenin was purchased from Aldrich Chemical Co. samples were placed in an autoclave (Autester-G, Selecta) and heated
(Milwaukee, WI). at 90°C for 1 min. Then, after being cooled to 3@, samples were

Orange Juice SamplesOrange fruits Citrus sinensid.. var. Navel frozen at—38 °C for 15 min in a pilot freezer equipment (Aga

late) (Valencia, Spain) were purchased from a local supermarket and Frigoscandia, Liding6, Sweden).
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Freezing (F). FSOJ samples were frozen-&8 °C for 15 min in
pilot freezer equipment (Aga Frigoscandia).

Physical and Physicochemical AssayspH, Titratable Acidity,
Soluble, and Total Solidg.hese parameters were measured according

to conventional methods in unprocessed and processed OJ, as described freshly squeezed

elsewhere (29).

Viscosity.Viscosity was measured on35 mL of OJ with a model
DV-II viscometer (Brook-field Engineering Laboratories, Inc., Stough-
ton, MA). Viscosity was expressed as centipoise (CP).

Color. The color of OJ was measured using a tristimulus reflectance
colorimeter (HunterLab, model D25 A9, Hunter Associates Laboratory,
Inc., Reston, VA) calibrated with a white standard ti¥e= 82.51;Y
= 84.53;Z = 101.23). Samples were placed in Petri dishes and filled
to the top, and color was recorded using the IGIE uniform color
space.L* (lightness), a* (green-red tonality), and* (blue-yellow
tonality) values were recorded. The ClELadlue hue anglé and the
chroma or saturation were used to express the OJ dotertan (b*/

a*)’ C= (a*z + b*2)1/2'

Determination of Vitamin C. L-Ascorbic acid (L-AA) and total
vitamin C [L-AA plus I-dehydroascorbic acid (L-DHAA)] were
determined by HPLC as we have described previou2B).(Total
vitamin C was determined by the reduction of L-DHAA to L-AA, using
dI-dithiothreitol as reductant reagent, according to a modification of a
previous procedure3p). Results were expressed as milligrams of total
vitamin C per 100 mL of OJ.

Extraction, Separation, Identification, and Quantification of
Carotenoids. The extraction was carried out according to a previous
method (22).

HPLC analysis was based on the method described elsewstgre (
37). Total carotenoid content was expressed as microgramscoyp-
toxanthin plus micrograms of-cryptoxanthin plus micrograms of
zeaxanthin plus micrograms of lutein plus microgramscafarotene
plus micrograms off-carotene. Results were given as micrograms of
the corresponding carotenoid per 100 mL of OJ.

Vitamin A values have been given as retinol activity equivalents
(RAE) per 100 mL of OJ, according to the equation RAEug of
[-carotene/12]+ [ug of other provitamin A carotenoidss{ and
o-cryptoxanthin andx-carotene)/24] (38).

Extraction, Hydrolysis, Identification, and Quantification of
Flavanones. The extraction method employed was based on the
procedure described elsewheB8), modified as described in Sanchez-
Moreno et al. 29). HPLC analysis was based on the method described
elsewhere (29)Results were given as milligrams of the corresponding
flavanone per 100 mL of OJ.

Scavenging Effect on DPPH Radical. The determination of the

RSC in the unprocessed and processed OJ was evaluated with th
DPPH stable radical. The method is described extensively elsewhere

(23). The parameters Eg which reflects 50% depletion of initial
DPPH radical, and the time needed to reach the steady statesgt EC
concentration (dcsg) were calculated. The antiradical efficiency (AE
= 1/[ECsoTecsd), @ parameter that combines both factors, was also
calculated.

Statistical Analysis. Results were given as meaf standard
deviation of six independent determinations. One-way analysis of

e
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Table 2. Vitamin C Content (Milligrams per 100 mL) of Orange
Juices?

treatment L-ascorbic acid total vitamin C

40.07 £ 0.98b 44.37 +1.09d
HP (400 MPa/40 °C/1 min) 36.91+1.71a 42.79 + 0.55cd
PEF (35 kV cm~Y/750 us) 37.27+0.92a 41.26 + 1.01abc
LPT (70 °C/30 s) 38.80 + 1.44ab 44,15+ 1.11d
HPT (90 °C/1 min) 36.85 £ 1.44a 40.14 + 1.21ab
HPT (90 °C/1 min) + 36.76 + 1.33a 39.67 £ 1.57a

F (=38 °C/15 min)

F (=38 °C/15 min) 40.07 + 0.59b 41.78 + 0.69hc

Values are means * standard deviation, n = 6. Mean values within a column
with different letters are significantly different at P < 0.05. HP, high pressure; PEF,
pulsed electric fields; LPT, low pasteurization; HPT, high pasteurization; F, freezing.

characterization of the processed OJ by these parameters was
in agreement with literature data for O40). Viscosity has
traditionally been considered an important quality parameter for
citrus juices. The consistency and amount of pulp of OJ give
viscosity. Loss of stability is due to the action of the endogenous
enzyme pectin methyl esterase, which demethoxylates pectin,
allowing calcium pectate precipitates to fall out of solution and
giving a clarified appearancdX). In our work, all of the treated

0J showed significantly lower viscosity than FSOJ. HP, PEF,
and thermal treatments are known to inactivate a portion of the
total enzyme (1141—44). Also, it is known that changes
associated with freezing can cause aggregation and conforma-
tional modifications of enzyme molecules, leading to a reduction
of enzymatic activity 45). However, the measurement of pectin
methyl esterase could clarify this point. Previously, our group
has observed 20% of pectin methyl esterase residual activity in
PEF-treated OJ (17).

The lightness parametédr*, did not change due to treatment.
HP-, PEF-, and F-treated OJ showed significantly lower chroma
values, which represent color intensity, than FSOJ. After HP,
PEF, and F processing?¥ values decreased significantly <
0.05), indicating a less yellow color, whereas in the case of
pasteurized OJ, no changes were found. With regard*to
values, after all of the treatments, it shifted in a negative
direction, indicating a less red color. The hue angle of treated
0J was significantly lower (P< 0.05) than that of FSOJ.

Vitamin C Content. Table 2 shows the L-AA and the total
vitamin C contents in the processed and nonprocessed OJ. HP,
PEF, HPT, and HPFF treatments caused a significant decrease
in L-AA content (~7.79%) in comparison with FSOJ. On the
other hand, LPT and F treatments did not exert any change.
With regard to total vitamin C, PEF, HPT, HRF, and F led
to decreases (~8.24%), whereas HP and LPT did not exert any
change. Putting these findings together, we observed that among

variance (ANOVA) was used to compare the means. Differences were pa treatments assayed, even though the losses we%

considered to be significant & < 0.05. All statistical analyses were
performed with Statgraphics Plus 2.1 (Statistical Graphics Corp., Inc.,
Rockville, MD).

RESULTS AND DISCUSSION

Physical and Physicochemical CharacterizationThe ef-

fects of HP and PEF technologies on the physical and physi-

treatments with the higher temperature tended to show the higher
decrease in the content of L-AA and L-DHAA. However, one
has to bear in mind that the losses in vitamin C in the tested OJ
are relatively low. Vitamin C is typically a heat-sensitive nutrient
(11) and is also vulnerable to enzyme-catalyzed oxidation
(specifically, ascorbate oxidase and peroxidase) (3). Thus, in
our work the treatments applied (nonthermal and thermal) may

cochemical properties of OJ were compared with FSOJ and have eliminated in part some of the enzymes responsible for

conventionally processed OJgble 1). Except in the case of

vitamin C loss. Previous studies by our research group in OJ

LPT-treated OJ, the pH did not change over the course of the show that the depletion of L-AA after combined treatment of

treatments. All of the treatments showed significantly higher

HP/temperature is dependent mainly on temperature intensity,

°Brix than FSOJ. HP and PEF treatments led to similar titratable showing low losses just after treatment (400 MP&@0L min)
acidity values in comparison to FSOJ, whereas pasteurization(22). Also, other authors find stability of L-AA in OJ pressurized

and freezing treatments led to lower titratable acidity. The

at mild temperaturesif, 47). Several studies have investigated
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Table 3. Individual Carotenoid, Total Carotenoid Content (Micrograms per 100 mL), and Vitamin A Value (Retinol Activity Equivalents per 100 mL)
of Orange Juices?

a-cryptoxanthin o-carotene total vitamin
treatment [-cryptoxanthin  (as B-cryptoxanthin) zeaxanthin lutein [-carotene  (as f3-carotene) carotenoids A
freshly squeezed 145.28 + 8.05a 56.17+3.32ab  330.83+15.89ab 323.59+9.62bc 53.67+4.97ab 30.09+2.8%  939.63+35.49ab  14.12+0.98a

HP (400 MPa/40 °C/1 min) 208.06 £22.93b  81.94 +7.26d 478.13+58.73d  567.69 £51.16d 69.90+6.22c  40.25+3.64b 144597 +£13533c  19.59 +1.82b
PEF (35kV cm=%/750 us)  142.27 £ 6.78a 49.47 +2.93a 284.25+1365a 304.37+8.16b 44.79+4.15a 26.92+258a  851.97 +30.29a 12.84 +0.83a

LPT (70 °C/30 s) 13757 +12.03a  57.47+6.69ab  374.74+30.92bc 313.95+34.33b 49.27+9.22ab 2742+3.19a  960.42+87.52ab 13.38+1.57a

HPT (90 °C/1 min) 160.68 +19.69a  66.95+8.77c 45488 +66.00d 248.82+33.48a 55.72+6.43b  31.27+372a 1018.32+136.62ab 15.43 +1.85a

HPT (90 °C/1 min) + 151.73+12.75a  57.16 +4.76ab  420.86 +32.95cd 222.84+17.39a 56.79+7.53b  3046+3.94a  939.84+75.93ab 14.71+1.47a
F (—38 °C/15 min)

F (—38 °C/15 min) 161.74+18.07a  62.04+7.25bc  375.89+45.71hc 366.88 +£29.63c 50.28 +6.18ab 28.01+3.60a 1044.84 +108.60b  14.68 +1.71a

@Values are means + standard deviation, n = 6. Mean values within a column with different letters are significantly different at P < 0.05. HP, high pressure; PEF, pulsed
electric field; LPT, low pasteurization; HPT, high pasteurization; F, freezing

the effects of PEF processing on vitamin C content in vegetable Table 4. Flavanone Content (Milligrams per 100 mL) of Orange
foods. Recent studies showed that vitamin C losses in OJ dueJuices®
to its processing by PEF under 5.0% are very small and

L . total
5|gn|f|ca.1ntly lower (P < 0.05) compared with the thermal treatment haringenin hesperetin flavanones
pasteurization procedure (9€/90 s) (16,48). In our work,

freshly squeezed 3.72+0.36b  10.18£0.50ab 13.89 +0.78a

- 0,
the L-AA losses after PEF treatment were comparab@98%)  \\o'uogvpaao oo/t min)  447+030c 14244048 1870051
to those found by these authors for PEF-treated OJ. Freezing iSpgr (35 kv cm 4750 us) 349 +0.36ab 1064+ 0.50ab  14.13+0.78a

a technique used in the industry to preserve the OJ when LPT (70 °C/30 s) 313+029  10.92+059  14.05+0.84a
products exceed market demand. However, little information HPT (90 °C/1 min) 311+045a  10.73+122ab 1384+ 156a
has been found regarding the stability of vitamin C during HPT (90 °C/1 min) + 345£037ab  946+108a 1291+124a

F (=38 °C/15 min)

freezing. Some authors have described in OJ an increase ¢ (38 °C/15 min) 313+ 0353 041+086a 1254+ 063

L-DHAA (26%) and a decrease in the L-AA content after
freezing. How_ever’ this reciprocal effect leads to no effect in 2Values are means + standard deviation, n = 6. Mean values within a column
the total vitamin C contentl@). More research could be done i diferent letters are significantly different at P < 0.05. HP, high pressure; PEF,
to clarify the stabilization of both forms of vitamin C after OJ  puised electric fields; LPT, low pasteurization; HPT, high pasteurization; F =
freezing treatments. freezing.

Carotenoid Content and Vitamin A Value. On the basis
of their antioxidant and provitamin A activities certain carot- duration leads to the permeabilization of plant membrabé} (
enoids were systematically quantified in the treated and untreatedPEF-treated OJ did not modify individual or total carotenoids
0J (a- andp-carotene,o- and S-cryptoxanthin, lutein, and  content. This is the first time that the behavior of carotenoids
zeaxanthin) (Table 3) to compare nonthermal and traditional during OJ PEF processing is described. Further research is
thermal processing technologies. Interestingly, HP-treated OJneeded on the consequences of membrane permeabilization
showed the highest carotenoid content compared with the restinduced by PEF treatment. Traditional thermal treatments did
of the tested OJ. Each carotenoid showed a significant increasenot exert any significant effect on total carotenoid content or
in comparison with the untreated Odi-carotene (33.76%),  vitamin A value in comparison with FSOJ. With regard to
pB-carotene (30.24%y-cryptoxanthin (45.87%)3-cryptoxan- individual carotenoid extractions, LPT and F treatments did not
thin (43.21%), zeaxanthin (44.52%), and lutein (75.43%). exert any change. No loss Sfcarotene and lutein is observed
According to its higher provitamin A carotenoid content, HP- during 2 h of freezing of acetone extracts from green vegetables
treated OJ showed the higher vitamin A value. These results (55). Also, it is known that freezing (especially quick-freezing)
were in agreement with those reported by our research groupgenerally preserves the provitamin A caroteno#jsif the case
showing an increase in extractable carotenoids due to HPof HPT-treated OJ, this treatment led to an increase in
treatment in OJ43), persimmon puree36), and tomato puree  a-cryptoxanthin (19.19%) and zeaxanthin (37.49%) and to a
(31). Carotenoids are tightly bound to macromolecules, in decrease in lutein (23.10%), whereas no changes were found
particular protein and membrane lipidt), and HP processing  in the extraction ofs-cryptoxanthin or hydrocarbon carotenoids.
is known to affect macromolecular structures, such as proteinsin a similar way to HPT treatment, HPAF treatment increased
and polymer carbohydrates (50) and the membranes in vegetableeaxanthin (27.21%) and decreased lutein (31.13%). The main
cells (51). Thus, in OJ, HP increased the release of carotenoidscause of carotenoid degradation is isomerization and oxidation.
from the suspended pulp particles, making it more accessiblelt is widely presumed that carotenoids in general undergo
to the extraction. Additionally, it was observed that the higher isomerization with thermal processirgg]. Heat treatment may
polarity, the higher the extraction on carotenoids. Accordingly, lead to significant losses of lutein and, to a lesser extent,
it is described that the release of lutein into an aqueous carotenes (5). In our work, the temperature of pasteurization
environment is higher than that @gkcarotene because of its  (90°C/1 min) led to a decrease in lutein; thus, this xanthophyll
lower lipophilicity compared with-carotene (52). In addition,  is likely to be converted to epoxy carotenoids as heat proceeds.
there are indications that disruption of the matrix affects the  Flavanone Content. Table 4shows the flavanone content
bioavailability of various carotenoids differentially (53). Thus, after the hydrolysis of flavanone glycosides [hesperidirb(3-
it could be speculated that due to the different structural trihydroxy-4-methoxyflavanone-7-rutinoside) and narirutin%4/-
arrangement of oxygen and hydrocarbon carotenoids in thetrihydroxyflavanone-7-rutinoside)] to their corresponding agly-
intracellular locations of juice vesicles, HP led to different cons, hesperetin and naringenin, respectively, in the processed
release of carotenoids. It is now generally accepted that theand unprocessed OJ. These values were in the range of those
application of PEF (5 kV/cm) with nanosecond to microsecond found in FSOJ by other author§7, 58). HP-treated OJ gives
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Table 5. Radical Scavenging Parameters of Orange Juices?

ECso (mL/g of

treatment DPPH?) Tecso (min) AE x 10730
freshly squeezed 19420+ 11.35a 1.89+0.1l1ab 2.74+0.10b
HP (400 MPa/40 °C/1 min)  184.69+1322a 2.00+0.20b  2.73+0.09b
PEF (35kVcm=Y750 us)  197.79+526ab 1.84+0.06a  2.71+0.02b
LPT (70 °C/30 s) 183.14+9.90a 1.99+0.15b  2.76 +0.09b
HPT (90 °C/1 min) 206.90+10.89b 1.89+0.10ab 2.56 +0.04a
HPT (90 °C/1 min) + 19391+6.32a 195+0.14b  2.66 £0.13ab

F (—38 °C/15 min)

F (=38 °C/15 min) 19170 +9.68a  1.92+0.18b 2.73+0.12b

@Values are means * standard deviation, n = 6. Mean values within a column
with different letters are significantly different at P < 0.05. dw = dry weight. HP,
high pressure; PEF, pulsed electric fields; LPT, low pasteurization; HPT, high
pasteurization; F = freezing. ® Expressed as 1/[ECso (mL/g of DPPH®) Tecso (Min)].

the higher naringenin (20.16%) and hesperetin (39.88%) contents >eay ) pas i
ghasteurization; HPT+F, high pasteurization plus freezing.

among the tested OJ. Thus, it may be possible that, as in th
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phytochemicals present in the OJ may also have contributed to
the total RSC.

HP and PEF nonthermal technologies were more effective
than HPT in preserving bioactive compounds and the RSC of
FSOJ. Vitamin C modulates, in terms of antioxidant concentra-
tion and kinetics, DPPHRSC in treated and untreated OJ.

ABBREVIATIONS USED

AE, antiradical efficiency;C, chroma or saturationa*,
CIELabgreen-red tonality parametds*, CIELab blue-yellow
tonality parameter; DPPH2,2-diphenyl-1-picrylhydrazyl; dw,
dry weight; F, freezing; fw, fresh weight; FSOJ, freshly squeezed
orange juice; HP, high pressuteg;hue angle; L-AA-ascorbic
acid; L-DHAA, L-dehydroascorbic acid;*, CIELab lightness
parameter; OJ, orange juice; PEF, pulsed electric fields; RSC,
radical scavenging capacity; LPT, low pasteurization; HPT, high

case of carotenoid release, there were some structural changes

in the cell walls of treated OJ vesicles, which led to a higher

extraction of flavanones. Consistently, as we show in the present ) Fry

work, different HP treatments (350 MPa/30/2.5 min and 400
MPa/40°C/1 min) applied to OJ lead to a relative increase in
the case of hesperetin but not in naringenin cont2gj.(PEF
treatment did not modify the naringenin or the hesperetin

content. In general, pasteurization and freezing processes led

to diminishing naringenin content (~16.04%). Accordingly,
pasteurization of OJ has been shown to lead to narirutin
degradation (28.12%)L@). On the contrary, neither pasteuriza-
tion nor freezing treatment modified hesperetin content in OJ.
It is described that flavanones tend to precipitate at low pH,
from the soluble fraction to the cloud in OJ. This leads to an
increase in the proportion of flavanones in the cloud during
processing, especially at low temperaturg8)( Thus, a lower

release of naringenin in the pasteurization and freezing processes

in OJ during chemical extraction could occur.

DPPH* RSC. We compare RSC of FSOJ with nonthermally
and thermally processed OUable 5). HP and PEF processes
did not modify the RSC of OJ. Despite the increase in flavanone
content in HP-treated OJ compared with FSOJ, the RSC of HP-

treated OJ was not affected, because the contribution of phenols

to the antioxidant activity in OJ is low20, 60). With regard to
traditional thermal treatments, in the case of HPT treatment, a
significant decrease in RSC, in terms of antioxidant concentra-
tion (EGsp), was observed, whereas LPT, HPHF, and F
treatments did not modify RSC. We found a significant
correlation between both L-AA and total vitamin C versus AE
(r = 0.6958,P = 0.0005; andr = 0.7530,P = 0.0001,
respectively). Thus, it seems that the RSC of OJ toward DPPH
is mainly modulated by vitamin C both in antioxidant concen-
tration and in kinetic activity. Consistently, antioxidant activity
measured according to the ABTSadical cation assay in blond
and blood OJ is shown to be strictly related to vitamin C content
(60). Our group has previously shown that vitamin C is the
major bioactive contributor to RSC in commercial (2B).
Accordingly, due to the relative high stability of L-AA in OJ
during the different processing techniques, shown in this work
(losses 0f~7.79%), RSC did not give significant differences,
with the exception of HPT-treated OJ. Among all OJ tested, a
significant inverse correlation was found between thesEC
parameter and total carotenoiads< —0.5307,P = 0.0133) or
total flavanonesr(= —0.4617,P = 0.0351), whereas no
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