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Abstract This study validated high hydrostatic pressure
processing (HPP) for achieving greater than 5-log reduc-
tions of Escherichia coli O157:H7 in carambola juice and
determined shelf life of processed juice stored at 4 °C.
Carambola juice processed at 600 MPa for 150 s was
identified capable of achieving greater than 5.15-log
reductions of E. coli O157:H7, and the quality was com-
pared with that of high temperature short time (HTST)-
pasteurized juice at 110 °C for 8.6s. Aerobic, psy-
chrotrophic, E. coli/coliform, and yeasts and moulds in the
juice were reduced by HPP or HTST to levels below the
minimum detection limit (< 1.0 log CFU/mL), and showed
no outgrowth after refrigerated storage of 40 days. There
were no significant differences in pH and titratable acidity
between the untreated, HPP, and HTST juices. However,
HTST treatment significantly changed the color of juice,
while no significant difference was observed between the
control and HPP samples. HPP and HTST treatments
reduced the total soluble solids in the juice, but maintained
higher sucrose, glucose, fructose, and total sugar contents
than untreated juice. The total phenolic and ascorbic acid
contents were higher in juice treated with HPP than
untreated and HTST juice, but there was no significant
difference in the flavonoid content. Aroma score analysis
showed that HPP had no effect on aroma, maintaining the
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highest score during cold storage. The results of this study
suggest that appropriate HPP conditions can achieve the
same microbial safety as HTST, while maintaining the
quality and extending the shelf life of carambola juice.

Keywords Carambola juice - High pressure -
Pasteurization - E. coli O157H7

Introduction

High-pressure processing (HPP) is a food processing
technology that inactivates microorganisms and enzymes
in foods sealed in soft packaging material under
100-600 MPa of pressure at room temperature. HPP
technology is a purely physical, non-thermal process and is
significantly superior to conventional high temperature
short time (HTST) thermal processing, as it enables the
instant compression of the liquid medium, meaning that the
food is uniformly subjected to pressure treatment, with
short pasteurization time and low energy consumption
(Rendueles et al. 2011). HPP can improve food safety by
inactivating microorganisms causing food spoilage,
increasing the shelf life of food products without affecting
their sensory properties (Demazeau and Rivalain 2011).
Advances in the development of HPP equipment have
enabled their use in many countries, including the United
States, Spain, the United Kingdom, Japan, and China.
Currently, there are over 300 commercial HPP equipment
units in use worldwide. In developed countries, HPP has
been used to produce a variety of food products, such as
meat, seafood, and fruit and vegetable products (Huang
et al. 2017). In the pasteurization of fruit juice, HPP
achieves comparable microbial safety to HTST, and many
studies have demonstrated that HPP does not affect the


http://crossmark.crossref.org/dialog/?doi=10.1007/s13197-018-3084-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13197-018-3084-3&amp;domain=pdf
https://doi.org/10.1007/s13197-018-3084-3

J Food Sci Technol (May 2018) 55(5):1716-1725

1717

nutritional composition and flavour of fruit juice, nor does
it destroy its functional components. Heat-sensitive fruit
juices such as mango, pineapple, watermelon, grape, berry,
and coconut retain the same taste as fresh fruit juice after
processing by HPP pasteurization, with extended shelf
lives (Wang et al. 2016).

Carambola is a popular tropical fruit belonging to the
Oxalidaceae family. The fruit is star-shaped, and is there-
fore popularly known as starfruit. The immature fruit is
green and has a solid and hard texture. After maturation, it
softens and has a golden yellow appearance. Carambola is
widely cultivated in Southeast Asia, China, and the Indian
subcontinent. Various components, including the fruit,
roots, leaves, and flowers, are regarded as medicinal, and
have beneficial effects for headache, nausea, diarrhoea,
vomiting, cough, high blood sugar, type 2 diabetes, and
inflammatory symptoms (Saghir et al. 2013). Mature
carambola fruit can be eaten fresh or used in the prepara-
tion of fruit salads or jellies, candied fruits, and canned
foods because of its distinct acidity and sweet flavour.
Leelarungrayub et al. (2016) reported that after 4 weeks of
continuous carambola juice consumption, pro-inflamma-
tory indicators such as tumour necrosis factor-o. (TNF-a),
nitric oxide (NO), and interleukin (IL)-23 were inhibited.
However, in contrast to many other fruit juices, which can
be squeezed from the fruit and drank immediately,
carambola juice is fermented, and requires the use of a salt-
marinated mariculture for natural fermentation. Usually,
fermentation and maturation take 1-3 months. However,
because of the variable quality of natural fermentation,
many studies have been conducted using mixed yeast
inoculation to control the aroma, taste, and fermentation
time (Chen 2008). Therefore, after the completion of fer-
mentation, carambola juice must be stored at low temper-
atures to prevent continued microbial fermentation.

Safer, healthier food containing fewer additives has
consumer appeal. However, non-pasteurized fresh fruit juice
has short storage time, and there are microbial contamination
risks. Although heat pasteurization technology can ensure
the microbial safety of the fruit, the original natural flavor
and nutrients can be lost in the process. In contrast, high-
pressure pasteurized juice can retain its original flavor, color,
aroma, and nutrient content, and can also inhibit enzyme
activity, which can degrade product quality, while achieving
the same level of food safety as pasteurization. Indicator
microorganisms have different pressure resistances in dif-
ferent food environments, and inappropriate pressure treat-
ment conditions not only fail to inhibit the growth of
microorganisms, but may lead to unexpected food safety
issues. Therefore, selection of the appropriate indicator
bacteria based on the characteristics of the food product, and
understanding its pressure resistance in different foods is a
core factor in HPP (Sevenich et al. 2016). Boynton et al.

(2002) used high-pressure treatment to maintain the quality
of sliced carambola; however, there are no reports of the use
of HPP for carambola juice pasteurization. In this study,
carambola juice was subjected to HPP treatment, and the
processing parameters were optimized to achieve a 5 log
value reduction of the indicator bacteria Escherichia coli
O157:H7. Pasteurization was evaluated and compared with
traditional HTST pasteurization. The effects of the two
pasteurization methods on the composition, physicochemi-
cal properties, carbohydrate contents, antioxidant content,
and aroma of the juice were observed. In addition to main-
taining the flavor of the carambola juice, non-heated pas-
teurization achieved the microbiological safety requirements
of fruit juice, as defined by hazard analysis and critical
control point (HACCP).

Materials and methods
Bacterial culture inoculum

Carambola juice was purchased from a traditional market
in Taipei, Taiwan. A bacterial strain of E. coli O157:H7
was obtained from the Bioresource Collection and
Research Center, Taiwan (BCRC No. 14824). The strain
was cultured in nutrient broth (with 0.5% NaCl) at 37 °C
until the stationary phase. The bacterial cells were har-
vested by centrifugation (10 min at 3000xg) and washed
once in phosphate-buffered saline (PBS; 0.01 M phos-
phate, 0.137 M NaCl, pH 7.3). The cells were resuspended
in 50 mL of carambola juice at a concentration of
approximately 1 x 10% CFU/mL, and sealed in a sterile
vacuum bag with a vacuum packaging machine. Samples
used in all tests contained freshly prepared bacterial cul-
tures obtained using identical procedures.

HPP treatment of carambola juice

The experimental high-pressure apparatus used in this
study had an internal capacity of 6.2 L with a maximal
operational pressure of 600 MPa (Bao Tou KeFa High
Pressure Technology Co. Ltd, Baotou, China). Sealed
packages of juice samples containing approximately
1 x 108 CFU/mL E. coli O157:H7 were placed in the high-
pressure chamber and treated with 600 MPa of pressure for
30, 60, 90, 120, 150, 180, 210, and 240 s at 10 °C. The
apparatus used water as the pressure-transmitting medium
with a pressure increase rate of approximately 150 MPa/
min and a pressure release time of < 10 s after the com-
pletion of HPP treatment. During pressure treatment, the
operating temperature increased by 3 °C/100 MPa. HPP
samples were stored in an ice bath until further analyses
were conducted.
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Validation of HPP and HTST treatment
of carambola juice

The minimum HPP required to produce a > 5 log value
reduction of E. coli O157:H7 in carambola juice (600 MPa
at 10 °C for 150 s) was selected to verify the efficacy of the
process according to the HPP verification responsibilities
of the United States Department of Agriculture (USDA).
Fresh carambola juice was vacuum-packed in sterile
polyethylene bags and treated by HPP at 600 MPa for
30-210 s and HTST at 110 °C for 8.6 s. After HPP or
HTST treatment, samples were refrigerated and stored at
4 °C for the shelf life study, and sampled once every
10 days for 40 days to determine changes in overall
qualities.

Microbiological analysis

The levels of total aerobic, psychrotrophic, and E. coli/co-
liform bacteria, as well as yeast and mould (Y&M) in
carambola juice were measured using Petrifilm Rapid
Count Plates (3 M Corp., St. Paul, MN, USA). After serial
dilution in 0.1% buffered peptone water (BD, Franklin
Lake, USA), samples were immediately plated on the
Petrifilm™ Aerobic Count Plate and incubated at 30 °C for
24 h and 10 °C for 5 days for aerobic and psychrotrophic
bacterial counts, respectively; the Petrifilm™ E. coli/Co-
liform Count Plates was incubated at 37 °C for 48 h; and
the Petrifilm™ Yeast and Mold Count Plates was incu-
bated at 25 °C for 5 days. At the end of incubation, plates
containing 25-250 colonies were selected and the number
of colonies was recorded. The minimum detection level
was 1 colony forming unit (CFU)/mL.

Physicochemical analysis

The pH of the juice was measured using a JENCO 6173 pH
meter (JENCO Quality Instruments, San Diego, CA) at 25 °C.
Titratable acidity was determined according to the Association
of Official Analytical Chemists (AOAC 1990). All color
measurements were performed using a Hunter Lab Labscan
spectrophotometer (CR-200; Minolta, Tokyo, Japan). Color
was expressed as L*, a*, and b* values. Sample measurements
were repeated three times to calculate the mean values. The
total color difference (AE) was calculated using the following
formula: AE = [(a* — a0)2 + (b* — b0)2 + (L* — L0)2]
0.5, where L0, a0, and b0 represent the values of unprocessed
Juice.

Sugar analysis

Total soluble solids (TSS; in °Brix (°Bx)) were measured
using a handheld refractometer (Master Refractometer,
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ATAGO Co., Ltd., Tokyo, Japan). Sucrose, fructose, and
glucose contents were analysed by HPLC according to
Andrés et al. (2016). An evaporative light scattering
detector (HPLC/ELSD) was used. Sugar samples and
standards were dissolved in 50% ethanol. The mobile phase
solution was 82:18 acetonitrile:ultrapure water (v/v), which
was filtered through a membrane with a 0.45 pm pore size,
and ultrasonically degassed before use. Sugar standard
solutions were 1.0% glucose, fructose, and sucrose, and the
internal standard was 10% xylose. To prepare the sugar
standard mixture, 0.5 g of glucose, fructose, and sucrose
were carefully weighed and completely dissolved in 50%
ethanol in a 50 mL volumetric flask, and then the final
volume was adjusted to 50 mL. The chromatographic
column used was a Waters Xbridge Amide 3.5 pm (inter-
nal diameter: 4.6 mm x 150 mm), and the flow rate was
1.0 mL/min. The retention time and peak area of each
sugar in carambola juice were compared with the sugar
standards.

Aroma analysis

Aroma was evaluated by 20 trained panellists by opening
the containers and sniffing the headspace, according to the
method described by Fan et al. (2008). In bief, approxi-
mately 5 mL of treated or untreated juice samples were
placed in two paper soufflé cups, which were placed in the
refrigerator at 4 °C for 30 min. Duplicate samples were
tested in each of three replicates. The aroma scale was set
as:

e 9 = strong, characteristic cantaloupe-like aroma.

e 7 = pleasant, mild cantaloupe aroma, slightly “flat”;

e 5 =bland, faint cantaloupe odour, detectable off-
odour;

e 3 = mild sour or other off-odours;

e | = distinct, strong off-odour, fermented-like.

Antioxidant content analysis

Gallic acid standards and samples (0.2 mL) were mixed
with 1 mL of Folin—Ciocalteu reagent and 0.8 mL of
Na,CO;3 (7. 5%), mixed well, and let stand for 30 min,
followed by spectrophotometric measurement of absor-
bance at 760 nm. The total phenolic content was calculated
based on a standard curve of gallic acid. Results are pre-
sented as gallic acid equivalents (GAE) per 100 mL of
juice sample (Taga et al. 1984). To measure flavonoid
content, samples (0.5 mL), 1.5 mL of ethanol, 0.1 mL of
10% AI(NOj3)3, 0.1 mL of 1 M CH3;COOK, and 2.8 mL of
H,O were mixed well and allowed to stand at 25 °C for
40 min. The absorbance at 415 nm was measured using a
spectrophotometer. The flavonoid content was calculated
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based on the standard curve of quercetin (QE) per 100 mL
of juice sample (Jia et al. 1999). Ascorbic acid (vitamin C)
content was determined based on the 2,6-dichloroin-
dophenol titrimetric method (AOAC 1995). Results were
expressed as mg ascorbic acid per 100 mL sample and the
results were calculated using the following equation:
Ascorbic acid (mg/100 mL) = (titre x dye factor x con-
centration x 100) / (aliquot used for estimation x volume
of sample used for estimation).

Statistical analysis

Data in this study represent the results of three independent
replicates. Data processing and statistical analysis were
performed using the Statistical Analysis System (SAS)
statistical software suite (STATISTICA 1999 edition,
StatSoft Co., Tulsa, OK, USA). One-way analysis of
variance was performed and differences between groups
were compared using Duncan’s multiple range method.
Results were considered statistically significant at
P < 0.05.

Result and discussion

Effects of HPP on the inactivation of E. coli
0157:H7 in carambola juice

E. coli O157:H7 was inoculated in carambola juice, and
various high-pressure treatments were performed. HPP for
30, 60, 90, and 120 s reduced the bacterial count by 1.22,
2.15, 3.2, and 4.39 log CFU/mL, respectively (Table 1).
The amount of surviving bacteria decreased with increased
treatment time. The bacterial count was reduced by more
than 5 log CFU/mL with 150 s of processing time or more,
suggesting that a treatment with 600 MPa at 10 °C for at
least 150 s is needed to adequately reduce the bacterial
count in carambola juice. According to the fruit juice
hazard analysis and safety control point specifications from
the US Food and Drug Administration (FDA), the pas-
teurization technology used requires a key control point

where the pasteurization process is able to reduce the
indicator pathogenic bacteria by five log values, to avoid
health and safety concerns (FDA 2001). The Food Safety
and Inspection Service of USDA also recommends that
appropriate food indicator bacteria be selected for high-
pressure pasteurized products. An HPP process that
achieves a 5-log E. coli O157:H7 reduction should be
sufficient for product produced under good manufacturing
practices (USDA 2012). Pathanibul et al. (2009) studied the
kinetics of E. coli and Listeria innocua to achieve a 5D-
reduction in apple and carrot juices. Their results demon-
strated that a 5-log reduction in E. coli could only be
accomplished at pressures greater than 250 MPa and
inactivation of L. innocua required greater than 300 MPa.
Avocado products are pasteurized using HPP and a 5-log
reduction of bacteria in guacamole can be achieved when
pasteurized at a pressure of at least 500-600 MPa for more
than 2 min (Tonello 2011).

Changes of microbial counts in HPP and HTST juice
during storage

Table 2 shows the variation in the total bacterial counts in
carambola juice after cold storage for 40 days after treat-
ment of 600 MPa at 10 °C for 150 s and after HTST
treatment at 110 °C. The initial bacterial count in the fresh
carambola juice was 6.2-6.5 log CFU/mL. After 40 days of
cold storage, the bacterial count increased to 7.1 log CFU/
mL. After 600 MPa pressure treatment, the total bacterial
count was reduced to below 1.0 log CFU/mL. In compar-
ison, HTST processing completely inhibited bacterial
growth after 40 days. The psychrotrophic count was below
the detection limit after both HPP and HTST processing,
and did not increase significantly in the control group
during the 40 days of cold storage, indicating that psy-
chrotrophic growth was completely inhibited by both HPP
and HTST. The E. coli/coliform and Y&M results showed
similar trends to the psychrotrophic bacteria. In untreated
carambola juice, there were 2.1 and 5.3 log CFU/mL of
coliforms and Y&M, respectively. HPP was effective in
reducing coliform and Y&M counts, and maintained

Table 1 Effects of high

pressure processing (600 MPa Processing time (s)

Initial (log CFU/mL) After HPP (log CFU/mL) Reduction levels (log CFU/mL)

at 10 °C) on E. coli O157H7 in 30 8.48 + 0.32

carambola juice ' '
60 834 +0.28
90 8.55 £ 0.21
120 8.58 £+ 0.30
150 8.33 £ 0.25
180 8.11 £ 0.34
210 8.39 £ 0.26

7.12 £ 0.37 1.22 £ 0.28
5.93 £0.29 2,15+ 033
5.11 £ 0.31 320 £0.24
3.89 £ 0.17 4.39 £ 0.21
3.03 £0.22 5.15 £ 0.31
2.26 £ 0.26 591 £0.27
1.10 £ 0.31 7.21 £ 0.31

Data are means of three determinations = SD
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Table 2 Numbers of total aerobic, psychrotrophs, E. coli/Coliforms, and Yeast and Molds counts from control, HHP, and HTST carambola juice

during a 40-day storage at 4 °C

Treatment Storage time (day)
of 0 10 20 30 40
Total aerobic Control 6.21 + 0.42a - 6.59 £ 0.33a 6.92 £ 0.21a 7.02 £ 0.29a 7.13 £ 0.35a
HPP 6.32 £ 0.34a ND ND ND ND 1.33 £ 0.22b
HTST 6.51 + 0.29a ND ND ND ND ND
Psychrotrophs Control 5.13 £0.23a - 536 £ 0.21a 5.52 £0.19a 5.61 £ 0.26a 5.50 £ 0.20a
HPP 4.96 + 0.38a ND ND ND ND ND
HTST 522 +0.28a ND ND ND ND ND
E. coli/Coliforms Control 2.14 £ 0.2a - 225 £ 0.16a 2.33 £ 0.26a 272 £ 0.31a 2.58 £ 0.29a
HPP 233 £ 0.3a ND ND ND ND ND
HTST 2.06 + 0.18a ND ND ND ND ND
Y&M Control 532+ 037a - 5.53 £ 0.42a 591 £+ 0.34a 5.68 £0.22a 5.81 £ 0.25a
HPP 5.55 + 0.30a ND ND ND ND ND
HTST 531 +£023a ND ND ND ND ND

All data were the mean + SD, n = 3. Different lowercase letters in the same column indicate significant statistical differences between
3 - + . .
treatments (P < 0.05). 01, day 0 results before treatment; 0%, day O results after treatment. TAB, total aerobic bacteria; Y&M, yeast and mold. -,

not analysed; ND, not detectable (< 1 CFU/mL)

similar microbial results during the 40-days cold storage
period compared to HTST. Houska et al. (2006) pointed
out that although the compositions of various fruits require
different high-pressure pasteurization conditions, for fruit
juice in general, achieving a reduction in coliforms, yeast,
moulds, Salmonella, and other microorganisms of more
than five log values requires processing for at least
500 MPa for 10 min to maintain optimal quality for
30 days at 4 °C. Varela-Santos et al. (2012) reported that
after 350 MPa processing for 150 s, the total bacterial
count in pomegranate juice was reduced by 4 log values,
and the shelf life at 4 °C was extended to 35 days. In
contrast, the bacterial count in the untreated fruit juice
reached more than 10° after 10 days. Bull et al. (2005) used
pressure-resistant Salmonella as an indicator to determine
the pasteurization conditions for navel orange juice. The
results indicated that to achieve a five log value reduction
in the Salmonella count, the juice required processing at
20 °C under 300, 450, and 600 MPa for 198, 19, and 5 s,
respectively. When the treatment pressure exceeded
400 MPa, Salmonella became sensitive to the acidic
environment and died easily. Pathanibul et al. (2009)
studied the 5-dimensional kinetic parameters of E. coli and
Listeria innocua in apple and carrot juices. For E. coli, a
pressure of at least 250 MPa was needed to achieve a 5 log
value reduction, while for L. innocua, at least 300 MPa was
needed. Avocado is the most common product pasteurized
by HPP, and to achieve a 5 log value reduction in avocado
juice bacterial count, at least 500-600 MPa treatment for
more than 2 min was required (Tonello 2011).

@ Springer

Physicochemical characterizations

Table 3 shows the effects of HPP and HTST treatments on
the pH, titratable acidity, and color of the carambola juice.
The pH of the fresh carambola juice was 3.5, and neither
treatment caused significant changes. During cold storage,
the control samples displayed microorganism growth due
to lack of pasteurization. With increased bacterial count
and metabolic acid production, the pH value was signifi-
cantly (P < 0.05) reduced over time. In contrast, after
40 days of cold storage, carambola juice processed with
HPP and HTST treatments maintained the initial pH value
of fresh carambola juice. There was no significant differ-
ence between the titratable acidities of untreated, HPP-,
and HTST-treated carambola juices. HPP treatment caused
an immediate slight colour change, which was not visually
perceivable. The AE value reached 3.22 after 14 days, and
increased to 3.9 after 28 days. In contrast, the AE value of
the HTST-treated sample reached 3.2 immediately,
changing the color of the carambola juice. After 40 days,
the AE value reached 13.4. Therefore, HPP showed no
significant effects on juice color, while HTST significantly
darkened the carambola juice.

As carambola juice is fermented, its processing involves
the participation of a variety of microorganisms, including
lactic acid bacteria, yeast, acetic acid bacteria, etc. After
fermentation, the juice has a distinct aroma and taste, and
contains higher live bacterial counts than fresh fruit juices.
Therefore, carambola juice must be stored in refrigerated
conditions to inhibit further microbial growth, as the con-
tinuation of fermentation will affect its flavor. Also, to
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Table 3 Physico-chemical properties of carambola juice after HPP or HTST treatment and during 40 days of refrigerated storage
Treatment Storage time (day)
o o 10 20 30 40
pH Control 3.51 £ 0.01a - 3.46 £ 0.01b 3.43 £ 0.01b 3.34 + 0.01b 3.31 &£ 0.01b
HPP 3.52 £ 0.01a 3.53 £ 0.01a 3.51 £0.01a 3.52 £ 0.01a 3.53 £ 0.01a 3.51 £ 0.01a
HTST 3.51 £ 0.01a 3.52 £ 0.0la 3.53 £ 0.01a 3.52 £ 0.01a 3.51 £ 0.01a 3.52 £ 0.01a
TA (%) Control 3.82 £ 0.02a - 3.90 £ 0.01a 3.94 £ 0.02a 4.02 £ 0.03a 4.04 +£0.02a
HPP 3.81 £0.01a 391 £ 0.03a 3.98 £ 0.02a 3.96 + 0.01a 3.94 £ 0.02b 3.98 £ 0.03a
HTST 3.82 £ 0.02a 3.90 £ 0.02a 3.89 £ 0.02b 392 £ 0.01a 3.98 &+ 0.02b 3.97 £ 0.02a
Color(A) Control - - 1.18 £ 0.17b 2.26 £+ 0.28¢ 2.86 £+ 0.31c 3.11 £ 0.24c¢
HPP 0.22 £ 0.08a 0.62 £ 0.14b 1.32 £ 0.13b 3.22 £ 0.23b 3.52 £ 0.25b 3.92 £ 0.18b
HTST 0.19 £ 0.10a 321 £031la 5.52 £0.27a 9.15 £ 0.34a 12.11 £ 0.21a 13.41 £+ 0.39a

All data were the mean 4= SD, n = 3. OT, day O results before treatment; 01, day O results after treatment. Different lowercase letters in the same

column indicate significant statistical differences between treatments (P < 0.05)

maintain the flavor of fermented carambola juice, tradi-
tional heat pasteurization cannot be used. Bhat et al. (2011)
performed UV radiation pasteurization, and found that after
irradiation with ultraviolet radiation for 30 or 60 s, the total
number of bacteria, yeast, and mold was reduced to < 1
log, and the pH, degrees Brix (°Bx), and titratable acidity
were not significantly changed. However, with < 60 s of
irradiation, AE increased to 1.98, and the total phenolic and
flavonol contents and antioxidant capacity increased sig-
nificantly. Consequently, in this study, high-pressure pas-
teurization treatment was performed at 10 °C. This
terminated microbial fermentation, avoiding effects on the
flavor of the juice. Hence, optimal pasteurization quality in
terms of both microbial safety and flavor was achieved.
Peiias et al. (2010) documented the treatment of sauerkraut
using 300 MP HPP, and found that the total bacteria and
lactic acid bacteria in untreated sauerkraut continued to
grow during cold storage, and the quality of the sauerkraut
deteriorated. In contrast, sauerkraut processed by HPP after
cold storage displayed inhibited bacterial growth and
extended shelf life. Yi et al. (2017) found that heat pas-
teurization changed the color of apple juice, with a AE
2 — 8 times higher after HTST compared to HPP, but there
were no significant differences in physicochemical prop-
erties such as titration acidity, pH, and TSS. Xu et al.
(2015) compared the effects of HPP at 550 MPa for 5 min
and HTST at 110 °C for 8.6 s on the quality of a pepper
and orange juice blend. The results showed that both
treatments could ensure biological safety, but changes in
the color, rheological characteristics, cloudiness, stability,
and total phenolic content of the HPP fruit juice were
significantly smaller than those of HTST juice, and more
closely resembled those of fresh juice. Similar results were
observed during clear cucumber juice pasteurization. When
cucumber juice was treated by HTST at 110 °C for 8.6 s,

variations in AE with increased treatment time. After
20 days of cold storage, it reached 3 times that of high-
pressure processed cucumber juice. There were no signif-
icant differences in clarity or in physicochemical properties
including titratable acidity, pH, and TSS (Liu et al. 2016).
Moussa-Ayoub et al. (2017) studied the effects of pulsed
electric fields, high pressure, and heat pasteurization on the
quality of cactus juice, and showed that pulsed electric field
and HPP methods retained higher levels of ascorbic acid,
while heat pasteurization resulted in a 26% reduction. HPP
and heat treatment also increased the juice viscosity.
Koutchma et al. (2016) documented the use of high-pres-
sure pasteurization conditions to reduce the pathogen count
of fruit juice by 5 log values, which did not significantly
affect the color of the fruit juice. Only watermelon and
orange juices had AE values higher than 8 after HPP.

Sugar contents

Table 4 shows the TSS results and the concentrations of
various carbohydrates in carambola juice. In the TSS
analysis, it was found that both HPP and HTST slightly
reduced the TSS content of carambola juice. Fresh
carambola juice had a TSS content of 10.1°Bx, while HPP
reduced it to 9.7 °Bx, and during cold storage it gradually
reduced to 9.1 °Bx. Heat treatment showed the same trend,
reducing TSS content to 9.4 °Bx with further reduction to
9.3 °Bx after 40 days. Different proportions of sugar con-
tents will affect the flavor and taste of carambola juice. In
the unpasteurized juice, the growth of microorganisms,
which require sugar as a nutrient source, continued, and not
surprisingly, the glucose, fructose and total sugar contents
decreased. Immediately after treatment, there were no
significant differences in the concentrations of various
carbohydrates in the three samples. After 40 days, the
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Table 4 Sugar contents of juice after HPP or HTST treatment and during 40 days of refrigerated storage

Treatment Storage time (day)
0 0f 10 20 30 40
TSS (°Brix) Control 10.2 + 0.3a - 10.1 + 0.4a 10.2 + 0.4a 10.3 + 0.3a 10.3 + 0.4a
HPP 10.2 + 0.2a 9.7 + 0.4a 9.6 + 0.3a 9.7 + 0.2b 9.2 + 0.4b 9.1 £ 0.3b
HTST 10.2 £ 0.2 9.4 + 0.3a 9.5 + 0.5a 9.3 + 0.3b 9.4 + 0.3b 9.3 + 0.3b
Sucrose (mg/ml) Control 0.24 £+ 0.03a - 0.21 £ 0.02a 0.21 £ 0.01a 0.21 £ 0.01a 0.20 £+ 0.03a
HPP 0.24 £ 0.02a 0.23 £ 0.02a 0.22 £ 0.01a 0.22 £+ 0.03a 0.22 £+ 0.02a 0.21 £+ 0.02a
HTST 0.24 £ 0.03a 0.24 £ 0.01a 0.24 £ 0.03a 0.24 £ 0.01a 0.22 £ 0.01a 0.22 £ 0.03a
Glucose (mg/ml) Control 0.36 + 0.01a - 0.35 + 0.01a 0.32 + 0.03a 0.30 &+ 0.02a 0.27 + 0.02b
HPP 0.36 + 0.03a 0.36 £ 0.04a 0.36 £ 0.03a 0.35 £ 0.04a 0.35 £ 0.03a 0.33 £ 0.03a
HTST 0.36 + 0.02a 0.36 £ 0.03a 0.35 £ 0.02a 0.35 £ 0.03a 0.33 £ 0.02a 0.32 £ 0.03a
Fructose (mg/ml) Control 0.81 £ 0.02a - 0.77 £ 0.03a 0.75 £ 0.02a 0.74 £ 0.03a 0.70 £ 0.03a
HPP 0.80 + 0.01a 0.80 £ 0.02a 0.80 £ 0.03a 0.78 £ 0.03a 0.77 £ 0.02a 0.75 £ 0.02a
HTST 0.81 + 0.02a 0.80 £+ 0.01a 0.80 £ 0.02a 0.79 £ 0.02a 0.78 £ 0.01a 0.76 £ 0.03a
Total sugars (mg/ml) Control 1.42 £ 0.12a - 1.35 £ 0.09a 1.30 £ 0.10a 125 £ 0.11a 1.17 £ 0.13a
HPP 1.41 £ 0.08a 1.40 £ 0.06a 1.39 + 0.15a 1.35 £ 0.14a 1.34 £ 0.10a 1.33 £ 0.08a
HTST 1.43 £ 0.09a 1.39 + 0.08a 1.38 £ 0.11a 1.38 £ 0.13a 1.35 £+ 0.08a 1.35 £ 0.12a

All data were the mean &= SD, n = 3. OT, day O results before treatment; Oi, day O results after treatment. Different lowercase letters in the same

column indicate significant statistical differences between treatments (P < 0.05)

sucrose, glucose, fructose, and total sugar contents in the
control group were reduced by 16.6, 25, 13.5, and 17%,
respectively, while in the HPP group, these values were
decreased by only 12.5, 8.3, 6.25, and 5.6%, respectively.
The results showed that HPP indirectly maintained the
original carbohydrate content by inhibiting the growth of
microorganisms. There were no significant differences in
the sugar contents of the HTST- and HPP-treated caram-
bola juices. This result consistent with a report by Andrés
et al. (2016), who found that the glucose, fructose, and
lactose concentrations in milk- and soy-smoothies after
45 days of refrigeration did not significantly change after
pasteurization at 450 MPa or more for 3 min. The glucose
and fructose of unpasteurized milk- and soy-smoothies
were significantly reduced, while the HTST-treated milk-
and soy-smoothies were similar to the HPP-treated sam-
ples. Yi et al. (2017) found that after HPP at 600 MPa for
3 min and HTST at 85 °C for five min, there was no sig-
nificant differences in total sugar, sucrose, glucose, and
fructose content between pasteurized and unpasteurized
apple juice samples.

Antioxidant properties

The total phenolic, flavonoid, and ascorbic acid contents of
untreated carambola juice were 45.3 mg GAE/100 mL,
14.3 mg QE/100 mL, and 25.4 mg/100 mL, respectively,
while for the HPP-treated carambola juice, the content was
46.2 mg GAE/100 mL, 14.8 mg QE/100 mL and 25.8 mg/
100 mL, respectively (Fig. 1).

@ Springer

We observed a slight decrease in the ascorbic acid
content of carambola juice with increased storage time;
however, this decrease was clearly observed in the HTST
group on day 40. We also observed an increase in the
flavonoid content of carambola juice treated by HPP with
increase in storage time, which is similar to the trend
shown by the total phenolic content. This indicates a higher
antioxidant content in the HPP carambola juice than in
untreated carambola juice; however, the differences were
not significant. HTST treatment did not affect the total
phenolic and flavonoid contents, but reduced the ascorbic
acid content. During cold storage, the total phenol content
of untreated carambola decreased by 2.6% after 40 days,
but increased by 2.3 and 0.9%, respectively, in the HPP and
HTST samples. The flavonoid content of untreated and
HPP-treated carambola juice also increased slightly during
cold storage, but was reduced by 3.5% in HTST-treated
carambola juice. The ascorbic acid content was decreased
in all samples. After 40 days, the HPP carambola juice had
the highest ascorbic acid content, at 23.625 mg/100 mL,
followed by untreated (22.9 mg/100 mL), and HTST
(19.3 mg/100 mL) carambola juice. Pang et al. (2016)
reported that carambola fruit is rich in vitamin C, oxalic
acid, and phosphorous, and is a good source of antioxidants
and nutrients. The total phenolic and flavonoid contents in
the fruit are 174-293 mg gallic acid/100 g and
104-235 mg catechin/100 g. High-performance liquid
chromatography (HPLC) analysis revealed that L-ascorbic
acid, epicatechin, and gallic acid are the major antioxidants
(Shui and Leong 2004). Similar results were observed in



J Food Sci Technol (May 2018) 55(5):1716-1725

1723

—_
Q
~

[ == control HPP emmm HTST |

2]
o
)

50 -

40 -

30 -

20 +

10 A

Total phenols (mg GAE/100mL)

_
O
N

20 1

15 1

10

Total flavonols (mg QE/100mL)

—_
(2)
~

30 1

25 1

20 -

15

10 -

Ascorbic acid (mg/100mL)

Storage (days)

Fig. 1 the contents of a total phenolics; b total flavonols; ¢ ascrobic
acid in the control, HPP and HTST carambola juice during storage at
4 °C for 40 days. Data are presented as mean = SD (n = 3).
Different lowercase letters above the bars of same concentration
indicate significant differences among treatment means (P < 0.05)

cactus juice, heat pasteurization reduced the vitamin C
content, but there was no significant difference between the
HPP and control groups, while total flavonoid content
showed increases after both HPP and HTST treatment
(Moussa-Ayoub et al. 2017). However, conflicting results
were observed regarding the pasteurization of apple juice.
Nayak et al. (2016) found that HPP increased the total
phenolic content by 22.3%, but decreased the total flavo-
noid content by 35.7%, while having no significant influ-
ence on ascorbic acid content. In contrast, heat
pasteurization under 80 °C for 60 s resulted in decreased
total phenolic, flavonoid, and ascorbic acid content in apple
juice during cold storage. Chen et al. (2015) found that
higher treatment pressure could inhibit the growth of
pathogenic bacteria, but at a pressure of 400 MPa or more
reduced the total phenolic and ascorbic acid contents of
asparagus juice; however, the levels were still higher than
those in heat-pasteurized asparagus juice. High pressure
and heat pasteurization both reduced the antioxidant
capacity.

Aroma

The fruit of carambola were found to have C13- and C15-
norisoprenoid volatile aroma substances, and variety
volatile compounds were identified from fermented
60 days of carambola juice, including tetradecane, isoamyl
alcohol, nonanol, nonanal, ethyl acetate, isoamyl acetate,
ethyl hexanoate, ethyl heptanoate, ethyl octanoate, ethyl
nonanoate, ethyl decanoate, ethyl dodecanoate, B-ionone
(Tseng 2004). The fermented carambola juice has a distinct
aroma, which is an important quality indicator. The aroma
score of the fresh carambola sample was 8.5, but as the
storage time increased, the aroma composition changed due
to the actions of microorganisms. The aroma score grad-
ually decreased to 6.8 after 40 days. HPP inhibits the
growth of microorganisms; therefore, the aroma composi-
tion remained stable during the low temperature storage
period. On day 0, the aroma scores before and after HPP
were not different. Although a gradual decrease was
observed during the cold storage period, after 40 days the
aroma score was better than that of the untreated sample. In
contrast, the aroma score reduced to 6.6 immediately after
HTST treatment, indicating that heat treatment destroys the
aromatic composition of carambola juice. However, during
the cold storage period, the aroma score of heat-treated
carambola juice decreased only slightly. Nayak et al.
(2016) found that HPP apple juice odor during the cold
storage was evaluated to be lower than that of heat-pas-
teurized apple juice. After 60 days of storage, it dropped
from 8.82 to 6.42, while heat-pasteurized apple juice was
still 7.84, suggesting that high-pressure treatment destroyed
the aroma of apple juice. Yi et al. (2017) analysed the
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Table 5 Aroma score of

carambola juice after HPP or Storage time (day)

HTST treatment and during of o* 10 20 30 40

40 days of refrigerated storage
Control 852 £ 0.31la - 832+ 0.24a 751 £02la 7.22£+031b 6.82 £0.21b
HPP 8.49 £ 0.25a 843 £0.33a 840 +0.30a 8321029 8.02+0.2la 7.83 +0.37a
HTST 851 £0.28a 6.63 £0.57b 6.52 £ 029 6.39 £ 0.26b 6.40 + 0.34c 6.24 £+ 041c

All data were the mean £+ SD, n = 20. OT, day O results before treatment; OI, day O results after treatment.
Different lowercase letters in the same column indicate significant statistical differences between treat-

ments (P < 0.05)

aromatic components of apple juice by gas chromatogra-
phy-mass spectrometry (GC-MS), and found that heat
pasteurization caused Maillard and oxidative reactions.
Therefore, after HTST, not only had the colour changed,
but aldehydes, alcohols, ketones, and organosulfur com-
pounds were produced, which were absent with HPP
treatment. Liu et al. (2016) compared variations in the key
aromatics of cucumber juice treated by HPP and HTST.
The results showed that both methods resulted in signifi-
cant increases in the aroma contents, with higher increases
observed with HPP compared to heat treatment. In aroma
tests after O and 20 days of cold storage, the flavour score
of HPP cucumber juice was highest after 0 d. After
20 days, the scores for the HPP and untreated cucumber
juices were both higher than the initial (0 day) score of the
heat-pasteurized cucumber juice, suggesting that heat
pasteurization caused cucumber juice to produce a bad
smell, while HPP maintained a high aroma rating. HPP
treatment of asparagus juice enhanced the contents of
aroma components such as aldehydes, alcohols, ketones,
esters, and organic acids. In a sample treated at 600 MPa
for 20 min, the content was 877.4 ng/L, while in the con-
trol and heat pasteurized groups, the contents were 595.9
and 431.3 pg/L, respectively (Table 5).

Conclusion

Carambola juice has a distinct flavour due to its microbial
fermentation; however, this high microbial count also
makes it difficult to maintain initial quality. In this study, it
was found that 600 MPa treatment for 150 s could reduce
the indicator bacteria in the carambola juice by up to 5 log
values, which meets the microbial safety requirements of
HACCP fruit juice production. In addition, the original
physicochemical characteristics of carambola juice, func-
tional ingredients, sugar content, aroma, and other quality
characteristics were maintained. Therefore, HPP can
replace HTST in carambola juice pasteurization, eliminat-
ing the need for added preservatives, extending its shelf life
during cold chain transport and sale, and preserving the
taste of fresh carambola juice.
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