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Abstract: This work aimed to evaluate the effects of N2-assisted high-pressure processing (HPP,
400 MPa/7.5 min and 500 MPa/7.5 min) on the microorganisms and physicochemical, nutritional,
and sensory characteristics of fresh-cut bell peppers (FCBP) during 25 days of storage at 4 ◦C. Yeasts
and molds were not detected, and the counts of total aerobic bacteria were less than 4 log10 CFU/g
during storage at 4 ◦C. The total soluble solids and L* values were maintained in HPP-treated FCBP
during storage. After the HPP treatment, an 18.7–21.9% weight loss ratio and 54–60% loss of hardness
were found, and the polyphenol oxidase (PPO) activity was significantly inactivated (33.87–55.91% of
its original activity). During storage, the weight loss ratio and PPO activity of the samples increased
significantly, but the hardness of 500 MPa/7.5 min for treated FCBP showed no significant change
(9.79–11.54 N). HPP also effectively improved the total phenol content and antioxidant capacity of
FCBP to 106.69–108.79 mg GAE/100 g and 5.76–6.55 mmol Trolox/L; however, a non-negligible
reduction in total phenols, ascorbic acid, and antioxidant capacity was found during storage. Overall,
HPP treatments did not negatively impact the acceptability of all sensory attributes during storage,
especially after the 500 MPa/7.5 min treatment. Therefore, N2-assisted HPP processing is a good
choice for the preservation of FCBP.

Keywords: bell peppers; high-pressure processing; fresh-cut bell peppers; nitrogen-assisted; storage
quality; structural damage

1. Introduction

Bell peppers (or sweet peppers), a cultivar group of the species Capsicum annuum L., are
characterized by their blocky shape, attractive color, and mild taste. Bell peppers contain
extremely high levels of the antioxidants vitamin C and E. Furthermore, they contain
moderate to high amounts of phenolics, flavonoids, and carotenoids, and capsanthin, lutein,
and cryptoflavin have been found in peppers [1,2]. The consumption of these bioactive
compounds provides the human body with protection against oxidative damage, thus
reducing the incidence of degenerative diseases. Currently, the fresh market consumption
of bell peppers is becoming increasingly popular, mainly attributed to their availability in
a wide variety of shapes, sizes, colors, and distinctive flavors [3].

For the convenience of food preparation processes in restaurants and fast-food indus-
tries worldwide and personal consumption, numerous fruits and vegetables are packaged
according to the process of fresh cutting [4]. Compared with fresh vegetables, fresh-cut
vegetables are ready to eat without further treatment and are still in their fresh state, keep-
ing all the advantages of fresh vegetables (e.g., color, shape, and nutrition). The market
demand for fresh-cut vegetables has grown rapidly because of their health benefits and
convenience. However, the short shelf life of fresh-cut vegetables is an undesirable problem,
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which needs to be addressed [5]. Respiration is well known as an important metabolic
process, which causes the deterioration of fruits and vegetables both after harvest and
during food processing, and throughout the storage time. Hence, in order to reduce the
respiration rate and maintain the quality of vegetables, lowing the temperature of storage
(i.e., cold storage and cold-chain) and decreasing the O2 level in packaged vegetables are
recommended [6]. Additionally, N2 is widely used in packaged food processing, thereby
helping to isolate O2 and retard oxidative processes and the growth of aerobic spoilage
microorganisms [7]. Overall, the modification of the gaseous composition in food packag-
ing has been demonstrated to reduce the physical–chemical deterioration and prolong the
shelf life of packaged food.

As a successfully commercialized non-thermal technology, high-pressure processing
(HPP) achieves a remarkably good sterilization effect and ensures that the original flavor
and nutritional value of packaged products are retained [8,9]. Compared with traditional
sterilization, HPP technology is less time-consuming and can maintain the nutritional value
and delicate sensory properties of fruits and vegetables, owing to its restricted effect on the
covalent bonds of low-molecular-mass compounds [10]. When it comes to the applications
of HPP, the improved physiochemical and storage qualities of frozen albacore tuna [11],
broccoli hummus [12], and multi-fruit smoothies [13] were reported. However, similar to
other agricultural produce, bell peppers are highly susceptible to spoilage, especially after
a series of fresh-cutting processes, and their quality tends to deteriorate. [14]. A previous
study found that the storage of peppers under 5 kPa O2 + 5 kPa CO2 greatly reduced the
ion leakage, controlled soft rotting, delayed softening, and maintained a lower metabolic
activity of fresh-cut peppers [15]. Meanwhile, there has been little discussion about the
application of HPP combined with N2 on the shelf-life of fresh-cut bell peppers.

Therefore, this study was conducted to evaluate the impact of the N2-assisted HPP
treatment of fresh-cut bell peppers (FCBP) on the microorganisms, physicochemical prop-
erties, antioxidant capacity, and sensory quality after processing and during storage, to
preserve the quality and enhance the shelf life of FCBP.

2. Materials and Methods
2.1. Chemicals

Folin–Ciocalteu, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-tri-2-pyridyl-1,3,5-triazine
(TPTZ), 7,8-tetramethyl-chroman-2-carboxylicacid (Trolox), and ascorbic acid were pur-
chased from Sigma Aldrich (St. Louis, MO, USA). Guaiacol was supplied by Sinopharm
Chemical Reagent (Shanghai, China). Acetonitrile of HPLC grade was purchased from
Merck(Darmstadt, Germany). N2 (99.999%) gases were purchased from Beijing Beiwen
Gas Co., Ltd. (Beijing, China). Other analytical-grade chemicals were provided by Beijing
Chemicals Co., Ltd. (Beijing, China).

2.2. Preparation of FCBP

Red bell peppers (Capsicum annuum L.) at commercial maturity were purchased from
a local market in Beijing (China) and washed for 3 min in distilled water. The cleaned
peppers had their stems and seeds removed then were sliced into 3 cm × 3 cm with a
ceramic knife and drained off for 3 min. A total of 200 g of pepper was packed in square
plastic boxes (16 cm × 10 cm × 4 cm), covered with polyethylene (PE) film, then filled with
99.999% N2 using an atmosphere packaging machine (Dajiang Mechanical Equipment Co.,
Ltd., Wenzhou, China). The packed samples were temporarily stored at 4 ◦C until they
were treated by HPP within 3 h. In the present study, both the untreated and HPP-treated
samples were packed with N2 and the subsequent discussion will focus on the impact of
different HPP treatments on the qualities of FCBP with the assistance of N2.

2.3. HPP Treatments

High-pressure processing was carried out with HPP equipment (30.0 L, Baotou Kefa
Co., Ltd., Inner Mongolia, Baotou, China) at room temperature (25 ± 2 ◦C). The pressuriza-
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tion rate was about 120 MPa/min and the pressure was immediately released to 0.1 MPa
(<3 s) after treatment. The pressure-transmitting fluid was distilled water. The treatment
time did not include the pressure increase and the releasing time.

According to our pre-experiment, yeasts and molds (Y&M) were not detected in
FCBP treated by 400 MPa/7.5 min (HPP-400) and 500 MPa/7.5 min (HPP-500) and the
counts of total aerobic bacteria (TAB) were less than 3.00 log10 CFU/g, which also had
a better performance in sensory evaluation compared to other HPP processing methods
(300/400/500 MPa with 1/2.5/5/7.5 min, Table 1). Therefore, the samples were processed
by HPP-400 and HPP-500 treatments in this study.

Table 1. Sensory evaluation of fresh-cut peppers by high-pressure processing (HPP) treatment.

HPP Process
Color Flavor Texture Appearance Overall

AcceptabilityPressure (MPa) Holding Time (min)

Untreated - 4.20 ± 0.62a 3.90 ± 0.99a 4.20 ± 0.63d 4.40 ± 0.52d 4.50 ± 0.53c

300

1 3.78 ± 0.67a 4.11 ± 1.17a 3.44 ± 0.73cd 4.33 ± 0.71d 3.67 ± 0.71b
2.5 3.78 ± 0.83a 3.22 ± 1.39 3.78 ± 0.67abc 3.56 ± 1.24abcd 3.22 ± 0.67ab
5 3.44 ± 1.33a 3.00 ± 1.00a 2.56 ± 0.53ab 2.78 ± 1.20a 3.11 ± 0.78ab

7.5 3.78 ± 0.67a 3.44 ± 0.88a 3.78 ± 0.67cd 4.00 ± 1.12bcd 3.50 ± 0.50ab

400

1 3.78 ± 0.83a 3. 33 ± 1.00a 3.22 ±
0.67bcd 4.11 ± 0.78cd 3.50 ± 0.50ab

2.5 3.33 ± 1.12a 3.11 ± 1.17a 2.56 ± 0.53ab 3.11 ± 1.17abc 3.00 ± 0.50ab
5 3.33 ± 1.23a 3.00 ± 1.32a 2.33 ± 0.50a 3.11 ± 1.17abc 2.78 ± 0.97a

7.5 4.22 ± 0.67a 3.44 ± 0.88a 3.78 ± 0.97cd 4.33 ± 0.87d 3.72 ± 0.67b

500

1 4.11 ± 1.05a 3.22 ± 1.20a 3.33 ± 0.71cd 4.33 ± 0.87d 3.67 ± 0.50b
2.5 3.33 ± 1.12a 3.00 ± 1.58a 2.33 ± 0.50a 3.00 ± 1.12ab 3.00 ± 0.71ab
5 3.56 ± 1.10a 2.89 ± 1.05a 2.33 ± 0.87a 2.89 ± 1.17a 2.78 ± 0.67a

7.5 3.44 ± 0.88a 2.89 ± 1.17a 3.00 ± 1.00abc 4.11 ± 0.78cd 2.83 ± 1.00a

All data were the mean ± S.D., n = 3. Values with different letters within one column are significantly different (p < 0.05). -, represents the
pressure holding time of untreated groups was zero.

2.4. Storage Conditions

The untreated and HPP-treated samples were stored at 4 ◦C in the dark. Sample
analyses were carried out at 0, 4, 8, 12, 16, 20, and 25 days of storage. After 8 days, the
untreated samples were badly spoilt and not able to be analyzed for quality parameters.

2.5. Microbiological Analysis

When counting the viable microorganisms in samples, the total plate count method
was applied [16]. A homogenizer bagmixer 400 (Interscience, Mourjou, France) was used
to homogenize 25 g of samples and 225 mL of sterile normal saline (0.85% sodium chloride).
The obtained pepper suspensions were serially diluted in sterile saline solution and plated
in triplicate on nutritional agar for TAB counts at 37 ◦C for 48 ± 2 h and on the rose
bengal medium for Y&M at 28 ◦C for 72 ± 2 h. After proper incubation, all the colonies
were counted.

2.6. Physicochemical Characteristics Analysis

A GT6G7 juice extractor (Zhejiang Light Industry Machinery Co., Ltd., Zhejiang,
China) was used to prepare FCBP pulp for pH, total soluble solids (TSSs), and weight loss
ratio measurements.

The pH value was measured in triplicate at 25 ± 2 ◦C with a Thermo Orion 868 pH
meter (Thermo Fisher Scientific, Inc., Waltham, MA, USA).

An Abbe refractometer (WAY-2S, Shanghai Precision and Scientific Instrument Co.,
Shanghai, China) was used to detect the total soluble solids (TSSs) at 25 ± 2 ◦C. The final
results were reported as ◦Brix [16].
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To analyze the weight loss ratio, the weights of untreated and HPP-treated samples
were measured, respectively [17]. The weight loss ratio was calculated using Equation (1)
as follows:

Weight loss ratio (%) =
m0 − m1

m0
× 100%, (1)

where m0 indicates the weight of untreated FCBP and m1 indicates the weight of HPP-
treated samples during storage.

2.7. Color Assessment

The color assessment was evaluated at 25 ± 2 ◦C using a color measurement spec-
trophotometer (Hunter Lab Color Quest XE, Hunter Associates Laboratory, Inc., Reston,
VA, USA) in the reflectance mode. The standard illuminant source inside the instrument
(type of light source: D65) was used. Samples of crushed FCBP were loaded into a quartz
cuvette (50 mm diameter), carefully removing air bubbles, and placed under the measuring
aperture of the spectrophotometer [18]. The color of FCBP was expressed in L*, a*, and
b* values. The total color difference ∆E is a parameter that describes the overall color
difference of HPP-treated samples compared to the reference sample. It was calculated
using Equation (2) as follows:

∆E = 2

√[
(∆L∗)2 + (∆a∗)2 + (∆b∗)2

]
, (2)

where ∆L* = (L*1 − L*0); ∆a* = (a*1 − a*0); and ∆b* = (b*1 − b*0). Subscript “0” indicates the
color value for the reference sample (untreated FCBP at day 0) and subscript “1” indicates
the color value for the sample being analyzed. All the measurements were conducted ten
times, and the results were averaged.

2.8. Texture Profile Analysis

The texture profile analysis was valued by a texture analyzer (TX-XT Plus, Stable
Micro System, Scarsdale, NY, USA) to evaluate the hardness of FCBP, following the
method of Tangwongchai et al. [19] with some modifications. Each sample was cut into
a 10 mm × 10 mm × 3 mm size for testing and was axially compressed two times to 30%
of the original height with a 38 mm cylinder probe at a pretest speed of 1 mm/s, a test
speed of 1 mm/s, and a post-test speed of 2 mm/s. Ten determinations were performed for
each treatment. From the resulting force–time curves, the hardness (N) parameters were
obtained and the average hardness values were calculated.

2.9. Determination of Total Phenols

The FCBP was ground and filtered, then the pepper pulp was centrifuged (GR21G,
Hitachi Koki Co., Ltd., Tokyo, Japan) at 8000× g for 15 min at 4 ◦C. The supernatant was
gathered and diluted 10 times with distilled water for further analysis.

Total phenols were evaluated according to Ryu and Koh [20] with slight modifications.
A total of 0.1 mL of diluted sample was mixed with 2 mL of the Folin–Ciocalteu reagent
(previously diluted 10-fold with distilled water). After being incubated for 5 min, 1.8 mL
of 7.5% Na2CO3 (m/v) solution was added. After 1 h, the absorbance of the mixture was
measured at 765 nm. (UV-726, Shimadzu, Shanghai, China). The results were expressed as
the milligrams of gallic acid equivalent per 100 g of FCBP (mg GAE/100 g).

2.10. HPLC Analysis of Ascorbic Acid

For the extraction and analysis of ascorbic acid in FCBP, the method was proposed
by Cao et al. [21] with modifications. A total of 2 g of the ground FCBP flesh was mixed
with 4 mL of metaphosphoric acid (2.5%) and diluted to 10 mL using distilled water after
filtration. After passing through a 0.45 µm cellulose nitrate membrane, the FCBP was ready
for testing.
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Ascorbic acid was separated and detected by a liquid chromatograph (LC-20AT)
equipped with a UV-Vis detector (SPD-20AV) from Shimadzu Corporation (Kyoto, Japan).
The separation was performed using Sunfire TM C18 from Waters (Milford, Massachusetts,
USA). The mobile phase was an isocratic solvent system consisting of 95.00% monopotas-
sium phosphate (50 mM, pH = 3.0) and 5.00% acetonitrile. The flow rate was 1.0 mL/min
and aliquots of 20 µm were injected. The detection was performed in absorbance mode at
245 nm. Whole analyses were conducted at room temperature (25 ± 2 ◦C). A calibration
curve was calculated using an external standard and used for quantification. Results were
expressed as milligrams of ascorbic acid per 100 g of FCBP.

2.11. PPO Activity Assay

The polyphenol oxidase activity of the samples was analyzed according to Cao
et al. [12], with some modifications. To extract the crude enzymes, 5 mL of FCBP flesh was
blended with 25 mL of phosphate buffer solution (0.2 M, pH 6.5) and then centrifuged
at 4000× g for 10 min at 4 ◦C. Crude enzymes were obtained from the supernatant after
centrifugation. Subsequently, 0.5 mL of crude enzymes was thoroughly mixed with 3 mL of
1.0% o-methoxyphenol (diluted with 0.2 M, pH 6.5 phosphate buffer solution) and 10 µL of
1.5% hydrogen peroxide. The absorbance of the mixed solution was recorded every 10 s for
5 min at 470 nm (UV-726, Shimadzu, Shanghai, China). The enzyme activity unit (U) was
defined as the change in absorbance of 0.001 units caused by 1 mL of enzyme extraction in
1 min.

2.12. Determination of Antioxidant Capacity

To study the antioxidant activity of FCBP, the free-radical scavenging effect on the
·DPPH radical and ferric reducing/antioxidant power (FRAP) was evaluated, following
the method described by Gao et al. [22].

2.12.1. DPPH Assay

At the beginning of the reaction, 100 µL of 10-fold diluted FCBP flesh was added to
a cuvette containing 4 mL of a methanol solution (0.14 mol/L) of the methanolic ·DPPH
solution. The mixture was kept in the dark for 50 min at room temperature and then
its absorption was measured at 517 nm. Determinations were made using a UV-726
spectrophotometer (Shimadzu, Shanghai, China). Trolox solutions within the range of
100–1000 µM were used for calibration and the baseline was corrected by methanol.

2.12.2. FRAP Assay

Freshly prepared FRAP solution contained 25 mL of 0.3 M acetate buffer (pH 3.6),
2.5 mL of 10 mM TPTZ (dissolved in 40 mM HCl), and 2.5 mL of 20 mM ferric chloride. A
total of 4 mL of FRAP solution was mixed with 10-fold diluted pepper flesh in the dark at
37 ◦C for 10 min. The ferric reducing ability of the samples was measured by detecting the
increase in absorbance at 593 nm with a UV-726 spectrophotometer (Shimadzu, Shanghai,
China). Trolox solutions within the range of 100–1000 µM were used for calibration. The
results were expressed as the radical scavenging activity of ·DPPH and FRAP, and were
calculated by Equation (3) as follows:

Radical scavenging activity =
A1 − A2

A1
× 100, (3)

where A1 is the absorbance of the untreated sample at 517 or 593 nm and A2 is the
absorbance in the presence of FCBP extract.

Antioxidant activity is expressed as millimoles of Trolox equivalents per kilogram
of sample.
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2.13. Sensory Evaluation

Ten volunteers (College of Food Science and Nutritional Engineering at the China Agri-
cultural University, six woman and four man, aged 22–25) participated on the sensory test.
HPP-treated and untreated samples were given to the participants, for a sensory evaluation
on storage days 0, 4, 8, 12, 16, 20, and 25. To understand the characteristics of good-quality
FCBP and the meaning of the different terminologies used in the sensory evaluation, all
10 participants had been trained for a sensory test at least once previously. Samples were
evaluated for their sensory characteristics (taste, flavor, texture, and appearance) and
overall acceptability on a 5-point scale (Table 2).

Table 2. The standard score sheet for the sensory evaluation of the fresh-cut bell pepper.

Score Taste Flavor Texture Appearance Overall
Acceptability

5
Refreshing, juicy and

sweet;
appropriate brittleness

Special pepper aroma;
favorable soft

and comfortable

Complete fruit
tissue; stiff

and springy
Full flesh; no drip loss Excellent

4
Less sweet or juicy; a

certain degree
of brittleness

Special pepper aroma;
relatively soft

and comfortable
Certain springy Full flesh; a little

drip loss Good

3 Lighter sweetness;
general brittleness Special pepper aroma Slightly soft Partly wrinkled; a little

drip loss General

2 No sweetness; tender A little special pepper
aroma Soft Partly wrinkled; serious

drip loss Bad

1 No sweetness;
soft rotten Pungent odor Rotten Sever wrinkled; serious

drip loss Unacceptable

2.14. Statistical Analysis

All the experiments were carried out in triplicate and the average values were reported.
The data were analyzed using statistical software (SPSS 17.0, Chicago, IL, USA). The results
were expressed as mean ± S.D. Data were analyzed with one-way analysis of variance and
Tukey multiple comparison tests (significance level p < 0.05) to verify whether mean values
were significantly different.

3. Results and Discussion
3.1. Microbiological Analysis

The number of surviving cells after HPP treatments was determined by monitoring
the TAB and Y&M counts. As shown in Table 3, the initial counts of TAB and Y&M in the
untreated sample were 4.18 and 2.23 log10 CFU/g, respectively.

Both HPP-400 and HPP-500 treatments resulted in the reduction in Y&M to a level
below the detection limit (10 CFU/g) during 25 days of storage at 4 ◦C. Similarly, several
studies showed that Y&M were not detected immediately after HPP treatments, and
survivors were kept below the detection limit in cupped strawberry [22] and banana
puree [16].

Meanwhile, the counts of TAB in samples were significantly reduced to 2.69 and
2.15 log10 CFU/g after HPP-400 and HPP-500 treatments, respectively. The counts of TAB
increased both in HPP-treated samples and untreated ones during storage. Meanwhile, the
counts of TAB were consistently lower than 4 log10 CFU/g after the HPP-400 and HPP-500
treatments during storage, which showed that there was better microbiological stability
after HPP treatment in comparison with untreated ones. This demonstrated that HPP is
an effective technique for inactivating the microorganisms in FCBP. Similar results were
found in fresh-cut cucumber slices [23] and precut lettuce [24]. With adiabatic compression
and rapid expansion during HPP treatment, structural damage to the cell membranes of
microorganisms occurs, and the inactivation of enzymes and the denaturation of active
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compounds, both of which are lethal to bacteria [10]. Furthermore, the presence of N2 in
packed FCBP could also inhibit the proliferation of microorganisms during storage in the
present study.

Table 3. Changes in microorganisms, pH, total soluble solids (TSSs), weight loss ratio, and hardness of fresh-cut bell peppers
during storage at 4 ◦C.

Treatment
Storage Time (Days)

0 4 8 12 16 20 25

TAB (log10
CFU/g)

Untreated 4.18 ± 0.36Ca 5.21 ± 0.11b 6.91 ± 0.37c — — — —
HPP-400 2.69 ± 0.07Ba 4.05 ± 0.17c 2.84 ± 0.50a 2.79 ± 0.13a 3.64 ± 0.18b 3.85 ± 0.35b 3.92 ± 0.11b
HPP-500 2.15 ± 0.07Aa 2.35 ± 0.12a 3.80 ± 0.28b 1.69 ± 0.21c 2.73 ± 0.15c 3.61 ± 0.20b 3.83 ± 0.13b

Y&M
(log10

CFU/g)

Untreated 2.33 ± 0.14a 2.52 ± 0.13a 3.18 ± 0.22b — — — —
HPP-400 ND ND ND ND ND ND ND
HPP-500 ND ND ND ND ND ND ND

pH
Untreated 5.09 ± 0.01Ba 5.08 ± 0.03b 5.05 ± 0.03b — — — —
HPP-400 4.97 ± 0.02Aa 4.99 ± 0.01a 4.99 ± 0.03a 5.04 ± 0.27b 4.53 ± 0.33c 4.18± 0.03d 4.17± 0.04d
HPP-500 4.99 ± 0.02Aa 4.99 ± 0.01a 4.98 ± 0.01a 5.00 ± 0.01a 5.03 ± 0.02b 4.99 ± 0.02a 4.45 ± 0.02c

TSS (oBrix)
Untreated 6.80 ± 0.17Aa 6.50 ± 0.17a 6.60 ± 0.10a — — — —
HPP-400 7.27 ± 0.12ABab 7.83 ± 0.12c 7.70± 0.10bc 7.73± 0.15bc 7.80 ± 0.26c 7.77 ± 0.25c 7.00 ± 0.17a

HPP-500 7.33 ± 0.12Babc 7.83 ± 0.21c 7.47±
0.12abc 7.73± 0.31bc 7.27 ± 0.15ab 7.60 ± 0.20bc 7.07 ± 0.12a

Weight
loss ratio

(%)

Untreated 0 1.1 4.3 — — — —
HPP-400 21.9 22.7 22.8 25.7 25.9 26.3 27.2
HPP-500 18.7 23.1 23.5 24.4 24.2 24.4 24.5

Hardness
(N)

Untreated 28.92 ± 1.22Ba 28.05 ±
1.28ab 21.31± 1.17b — — — —

HPP-400 13.44 ± 1.45ABa 10.59 ±
0.80bc

11.09 ±
0.37bc

11.76 ±
0.22bc

10.88 ±
0.57bc

10.51 ±
0.33bc 9.65 ± 0.26c

HPP-500 11.54 ± 0.93Aa 10.99 ± 0.45a 10.58 ± 0.78a 11.11 ± 0.28a 9.79 ± 0.24a 10.18 ± 0.29a 10.72 ± 1.95a

—, not tested; ND, not detected (detection limit <10 CFU/g); TAB, total aerobic bacteria; Y&M, yeasts and molds. All data were the mean
± S.D., n = 3. Values with different letters within one row are significantly different (p < 0.05). The capital letters within one column are
significantly different at day 0 (p < 0.05).

3.2. Chemical and Physical Analysis

The changes in the pH, TSS, and weight loss ratio of FCBP during storage at 4 ◦C are
shown in Table 3. There was a significant change in the pH values after both HPP-400
and HPP-500 treatments. This might have been caused by the instantaneous leaching of
acidic components after HPP treatment (e.g., phenolic compounds). Furthermore, the pH
values were reduced generally in all FCBP during the 25-day refrigeration period, which
may be attributed to the formation of organic acids produced by the microbial proliferation
of FCBP.

The increase in TSS in FCBP was found after HPP treatment. Partially due to the textu-
ral damage of FCBP, the ingredients were concentrated relatively. Meanwhile, fluctuating
TSS values were observed in both HPP-400 and HPP-500 treatments, which could have
been caused by the dynamic balance between the loss of water molecules and the leaking
of ruptured FCBP cells after HPP treatment. Whereas, Gallotta et al. [25] found that the TSS
content of fresh-cut nectarines rose during 15-day storage with a reduced sample weight
owning to the fruit ripening and the increasing production of ethylene. However, these
effects may have been suppressed in the present study, as the packages contained 99.99%
N2 and the after-ripening effect of fruit requires oxygen [26].

Due to the textural damage, the weight loss ratio of the FCBP increased substantially
after the HPP treatment. Throughout the storage period, the rates of increase in the weight
loss ratio after HPP-400 and HPP-500 treatments were 0.21% and 0.23%, respectively,
and the weight loss ratio of HPP-500 tended to be stabilized for 12–25 days. There is no
doubt that a series of processing operations, including HPP, could lead to the mechanical
wounding of fresh-cut vegetable tissues [27], providing physical conditions for FCBP to lose
weight after HPP-400 and HPP-500 treatments. Meanwhile, peppers are highly prone to
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lose water and corrupt naturally during long-term storage [28]. Presently, the HPP ensured
the microbiological safety of FCBP, while a higher weight loss ratio was inevitably found
after HPP treatment. Further studies need to focus on this undesirable result of FCBP.

3.3. Hardness Analysis

As shown in Table 3, the hardness of FCBP was 11.54–13.44 N after the HPP treatments,
whereas the hardness of the untreated samples was 28.92 N. The texture loss observed
in FCBP after HPP-400 and HPP-500 treatments could be defined as an instantaneous
pressure softening. The leaching and non-enzymatic depolymerization of cell wall pectin
in FCBP after the HPP application could be another reason for this effect [29,30]. For cherry
tomatoes, Tangwongchai, Ledward, and Ames [19] found that the firmness was reduced
by 90% after 400 MPa/20 min treatment. Similarly, strawberry halves were processed at
400–550 MPa for 0.1–20 min, reaching a maximum loss of 80% in hardness [31]. Moreover,
the hardness of untreated samples decreased rapidly during 0–8 days of storage at 4 ◦C.
However, none of the HPP-treated FCBP experienced a significant reduction in hardness
over 25 days.

3.4. Color Analysis

The color of vegetables has a remarkable impact on consumer appreciation and
acceptance. Processing had a significant effect on the color variables of FCBP in the present
study (Table 4). There was no significant difference in the L* value between the HPP-treated
and untreated samples at day 0. This result was in agreement with previous studies with
fresh-cut peaches [32] and nectarines [33]. It has also been found that, regardless of the
HPP treatment conditions, the chromatic parameters remained almost unaffected [32]. A
lower L* value is an indicator of darkening and enzymatic browning, which is one of the
factors most limiting the shelf life of fresh-cut products. Since HPP treatment could induce
damage to the structure and the breaking of cell walls in fruits, it would facilitate enzyme
(mainly PPO) and substrate contact, thus affecting the color of fruits. Meanwhile, N2-
assisted HPP treatment, a technology that ensures the absence of oxygen inside packaging
and inactivates PPO activity effectively, contributes to the preservation of L* by inhibiting
enzymatic browning for 25 days.

Table 4. Changes in the color parameters of fresh-cut bell pepper during storage at 4 ◦C.

Process Storage (Days) L* a* b* ∆E

Untreated
0 32.90 ± 2.53Aa 28.84 ± 4.47Aa 17.45 ± 3.89Aa 0
4 30.93 ± 3.79a 28.67 ± 3.99a 20.04 ± 3.57ab 3.26
8 31.52 ± 3.65a 33.67 ± 5.41b 26.56 ± 10.93b 10.40

HPP-400

0 31.06 ± 2.31Aa 36.38 ± 4.27Ba 27.94 ± 7.85Ba 13.05
4 29.04 ± 3.13a 35.49 ± 6.52ab 30.30 ± 11.63a 14.97
8 29.68 ± 2.01a 30.10 ± 4.33cd 22.15 ± 5.05ab 5.83
12 32.00 ± 1.90a 27.70 ± 2.15cd 15.26 ± 2.35b 2.63
16 30.01 ± 4.50a 30.50 ± 5.05bc 20.50 ± 6.36ab 4.52
20 30.65 ± 8.613a 31.22 ± 8.79abc 21.78 ± 12.18ab 5.43
25 30.94 ± 2.90a 25.13 ± 3.33d 14.53 ± 3.03ab 5.11

HPP-500

0 33.49 ± 1.37ABa 34.18 ± 6.54Ba 28.31 ± 14.93Bab 12.12
4 30.08 ± 2.53ab 36.31 ± 6.69a 30.89 ± 8.42a 15.63
8 27.83 ± 3.45b 30.75 ± 5.36b 24.16 ± 10.26bc 8.62
12 28.01 ± 6.70b 26.82 ± 3.80b 16.76 ± 2.21c 5.34
16 27.52 ± 3.57b 29.61 ± 4.12b 21.71 ± 5.19bc 6.91
20 27.90 ± 3.76b 26.33 ± 2.06b 17.29 ± 3.85c 5.60
25 31.62 ± 3.52ab 25.91 ± 4.31b 16.91 ± 6.15c 3.24

All the data were the mean ± S.D., n = 3. The capital letters within one column show significant differences at day 0 (p < 0.05). Values with
different letters within one column are significantly different (p < 0.05).
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There were significant (p < 0.05) effects of HPP treatment on the a* and b* values of
FCBP. The HPP-treated samples became redder (higher a* values) and more yellow (higher
b* values) at day 0. This result can probably be attributed to the cell disruption and release
of pigment compounds after HPP treatment. Oliveira et al. [29] found a significant decrease
in the a* and b* values in Peruvian carrot after both 600 MPa/5 min and 600 MPa/30 min.
Meanwhile, significant increases in the a* and b* values of pawpaw pulp were found after
600 MPa/76 s [34]. The disparity between our observations and those reported from other
studies may be attributed to differences in the HPP treatment conditions and the types
of fruit and vegetables used. During storage for 25 days, HPP-treated samples showed a
decrease in their a* and b* values. Thus, a color shift toward negative a* and negative b*
directions indicated less red and less yellow in the samples, which was probably due to the
significant degradation of chromogenic compounds, such as decreases in the amounts of
carotenoids, flavonoids, and anthocyanins during storage.

The ∆E value, which is an indicator of total color difference, also showed that there
were significant differences between untreated and treated samples. It has been considered
that a ∆E of two would be a noticeable visual difference for a number of situations [35].
Thus, in this study noticeable changes were observed in the color of HPP-treated samples in
comparison to that of untreated ones, which was probably due to the significant differences
in the L*, a*, and b* values between the untreated and treated samples. During whole
storage, the decrease in the ∆E of HPP-treated FCBP was related to the gradual degradation
of chromogenic compounds, which diminished the color difference from the untreated
sample. In contrast, the color behaviors of HPP-400-treated FCBP were more stable than
those of HPP-500, as manifested by the lower ∆E and smaller changes in color values.

3.5. PPO Activity

Figure 1 shows the change in the residual PPO activity of FCBP during storage. After
HPP-400 and HPP-500 treatments, the residual PPO activity in the FCBP was 44.09% and
66.13%, indicating that the PPO activity was passivated by the HHP treatment. Similarly,
the application of HPP treatment has also been found to inhibit the PPO activity in fresh-cut
potato [36] and fresh-cut peach [37].
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During the first 8 days, HPP-treated FCBP showed lower PPO activity, whereas
the PPO activity increased significantly after 8 days (p < 0.05). There was no significant
difference in PPO activity between the HPP-400- and HPP-500-treated samples at day 25.
The inactivation of PPO is highly dependent on several factors, especially the acidity of
the medium, so the decrease in pH value in FCBP at the later stage of storage (8–25 days)
was helpful for the recovery of PPO residual activity [38]. To maintain the color stability of
FCBP during storage, additional hurdles should be considered to completely inactivate the
residual activity of PPO in future studies.

3.6. Total Phenols and Ascorbic Acid

Changes in the total phenols and ascorbic acid contents of FCBP after HPP treatment
during storage are shown in Figure 2. Compared to the total phenols content in an untreated
sample (99.09 mg GAE/100 g), the total phenols in FCBP increased to 106.69 mg GAE/100 g
and 108.80 mg GAE/100 g after treatments with HPP-400 and HPP-500, respectively. The
previous study showed that HPP could cause a great compression of fruit microstructure
and disruptions of the cell walls and membranes, leading to an increase in permeability
and the leaking of total phenols in cells [38].

Foods 2021, 10, 508 11 of 16 
 

 

 
Figure 2. Changes in total phenols (A) and ascorbic acid contents (B) of fresh-cut bell pepper during storage at 4 °C. The 
capital letters within one column indicated significant differences at day 0 (p < 0.05). Values with different letters within 
one column are significantly different during storage (p < 0.05). 

All the samples showed a significant reduction in their content of total phenols 
during storage (Figure 2A). After 25 days of storage, the losses of total phenols in the 
HPP-400- and HPP-500-treated FCBP were 19.44% and 27.19%, respectively. The leaching 
of phenolic compounds from flesh to juice was the main reason for this [22]. Although 
there was a high residual PPO activity, which was related to the degradation of phenolic 
compounds during storage [39], the presence of N2 inside the packaging did not provide 
proper conditions for the degradation of total phenols by PPO. 

Figure 2B shows the changes in the ascorbic acid content of FCBP during storage. In 
all samples, the content of ascorbic acid in HPP-treated FCBP was significantly lower 
than that in untreated (p < 0.05). HPP treatment has a good performance in accelerating 
the extraction of ascorbic acid and other soluble compounds [40]. Therefore, in the pre-
sent study due to the freely soluble characteristics of ascorbic acid, the decrease in ascor-
bic acid may be related to the drip loss of FCBP caused by HPP treatments. No difference 
in ascorbic acid content was observed between two HPP-treated samples. 

The content of ascorbic acid decreased significantly in the untreated sample over 8 
days (p < 0.05), yet no significant losses of ascorbic acid were found in the HPP-treated 
ones. At the end of storage, the ascorbic acid content decreased by 21.16% and 13.57% in 
the HPP-400- and HPP-500-treated FCBP, respectively. Drip loss, evidenced by the in-
creasing weight loss ratio during storage, could be the main reason for this decrease. 
Furthermore, although FCBP was completely packaged with N2 instead of oxygen in this 
study, ascorbic acid can degrade anaerobically. Its influence factors include the presence 
or lack of oxygen, the amount of light, the presence of cupric ions, the temperature of 
processing, the storage time, and especially the pH [41]. The maximum degradation rate 
was reported at pH 4.0 and the minimum at pH 2.5–3.0 [42]. Therefore, it was reasonable 
to infer that after 8 days, with the pH decreasing to around 4.0 and the extension of 
storage time, the ascorbic acid degraded gradually in the HPP-treated samples. 

3.7. Antioxidant Capacity Analysis 
The antioxidant capacity in FCBP significantly increased after HPP-500 (p < 0.05), 

regardless of whether the DPPH or FRAP method was used (Figure 3). A similar result 
for antioxidant capacity was also found in pressurized swedes [43] and carrots [44]. 

Figure 2. Changes in total phenols (A) and ascorbic acid contents (B) of fresh-cut bell pepper during storage at 4 ◦C. The
capital letters within one column indicated significant differences at day 0 (p < 0.05). Values with different letters within one
column are significantly different during storage (p < 0.05).

All the samples showed a significant reduction in their content of total phenols during
storage (Figure 2A). After 25 days of storage, the losses of total phenols in the HPP-400-
and HPP-500-treated FCBP were 19.44% and 27.19%, respectively. The leaching of phenolic
compounds from flesh to juice was the main reason for this [22]. Although there was a high
residual PPO activity, which was related to the degradation of phenolic compounds during
storage [39], the presence of N2 inside the packaging did not provide proper conditions for
the degradation of total phenols by PPO.

Figure 2B shows the changes in the ascorbic acid content of FCBP during storage. In
all samples, the content of ascorbic acid in HPP-treated FCBP was significantly lower than
that in untreated (p < 0.05). HPP treatment has a good performance in accelerating the
extraction of ascorbic acid and other soluble compounds [40]. Therefore, in the present
study due to the freely soluble characteristics of ascorbic acid, the decrease in ascorbic
acid may be related to the drip loss of FCBP caused by HPP treatments. No difference in
ascorbic acid content was observed between two HPP-treated samples.
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The content of ascorbic acid decreased significantly in the untreated sample over
8 days (p < 0.05), yet no significant losses of ascorbic acid were found in the HPP-treated
ones. At the end of storage, the ascorbic acid content decreased by 21.16% and 13.57% in the
HPP-400- and HPP-500-treated FCBP, respectively. Drip loss, evidenced by the increasing
weight loss ratio during storage, could be the main reason for this decrease. Furthermore,
although FCBP was completely packaged with N2 instead of oxygen in this study, ascorbic
acid can degrade anaerobically. Its influence factors include the presence or lack of oxygen,
the amount of light, the presence of cupric ions, the temperature of processing, the storage
time, and especially the pH [41]. The maximum degradation rate was reported at pH 4.0
and the minimum at pH 2.5–3.0 [42]. Therefore, it was reasonable to infer that after 8 days,
with the pH decreasing to around 4.0 and the extension of storage time, the ascorbic acid
degraded gradually in the HPP-treated samples.

3.7. Antioxidant Capacity Analysis

The antioxidant capacity in FCBP significantly increased after HPP-500 (p < 0.05),
regardless of whether the DPPH or FRAP method was used (Figure 3). A similar result for
antioxidant capacity was also found in pressurized swedes [43] and carrots [44].

In particular, N2-assisted HPP either increased or maintained the antioxidant capac-
ity compared with untreated samples for 0–8 days, indicating that the N2-assisted HPP
treatment was useful in preserving the antioxidant capacity of FCBP. Furthermore, the
antioxidant capacity in HPP-500-treated samples was higher than that in HPP-400-treated
ones for 0–8 days. However, HPP-400 treatment had a better performance in terms of the
stability and persistence of antioxidant capacity in the second half of the storage period
(12–25 days). After 25 days of storage, the DPPH antioxidant capacity decreased by 30.32%
and 57.35% after treatments with HPP-400 and HPP-500, respectively. The FRAP antioxi-
dant capacity decreased by 10.6% and 58.6% after 25 days, respectively. These results were
probably due to the fact that a higher HPP treatment level (HPP-500) induced more severe
structural damage to FCBP, leading to a better extracting effect of the antioxidant. Antioxi-
dant capacity is closely related to the content of antioxidant substances (e.g., polyphenols
and ascorbic acid) in samples. Therefore, the change in antioxidant capacity during storage
can be explained by the change in antioxidant substances. During storage, the antioxidant
capacity of the samples decreased significantly, which may be due to two reasons. One
is that HPP treatment destroys the texture of the sample and that the weight loss ratio
increases with the extension of storage time, resulting in the loss of polyphenols and other
antioxidant substances; the other is that the rupture of the cells in samples allows the
polyphenols to contact PPO, causing an enzymatic reaction, thus the polyphenols of the
sample are consumed.

3.8. Sensory Evaluation

A sensory evaluation of the FCBP was carried out during 25 days of storage. The
sensory scores were given by trained panelists (N = 10) according to a standard score sheet
(Table 2) and they are shown in Table 5. The results showed that the sensory attributes of
taste in the HPP-400-treated samples were similar to those for the untreated ones at day 0.
Compared to HPP-400 treatment, the FCBP processed by HPP-500 received a higher score
for the attributes of texture and appearance, probably because a better brightness (L* value)
and lower weight loss ratio were found. Interestingly, a higher score for the attributes
of taste and flavor were also found in the HPP-500-treated FCBP. Obviously, the HPP-
500-treated samples had higher consumer acceptability. These results demonstrated that
although there were significant changes in color, hardness, and other quality parameters,
HPP processing did not negatively affect the sensory quality of FCBP.
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Figure 3. Changes in the antioxidant capacity (DPPH (A) and FRAP (B)) of fresh-cut bell pepper
during storage at 4 ◦C. The capital letters within one column show significant differences at day 0
(p < 0.05). Values with different letters within one column are significantly different during storage
(p < 0.05).

The sensory scores of HPP-treated samples also decreased during storage, but the rate
of decline was lower than in untreated ones, and it was not until day 25 that the samples
began to corrupt. FCBP treated by HPP-500 performed better in terms of sensory quality
than those treated by HPP-400 in the whole storage. The conclusion can be drawn that
the sensory qualities of FCBP can be guaranteed after the application of N2-assisted HPP
treatment. Furthermore, different processing conditions affected the sensory qualities of
FCBP, both in terms of the storage stability and consumer acceptance of all sensory qualities.
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Table 5. Variations in the sensory scores of fresh-cut bell pepper during storage at 4 ◦C.

Process Storage (Days) Taste Flavor Texture Appearance Overall Acceptability

Untreated 0 3.78 ± 0.67Aa 4.33 ± 0.86Aa 3.44 ± 0.73Aa 4.33 ± 0.50Aa 3.67 ± 0.61Aa
4 3.78 ± 0.83a 3.67 ± 1.22a 3.33 ± 0.56a 3.55 ± 1.24a 3.22 ± 0.64ab
8 2.00 ± 0.71b 1.67 ± 0.71b 3.40 ± 0.73a 3.44 ± 0.72a 2.78 ± 0.76b

HPP-400 0 3.75 ± 0.89Aa 3.50 ± 1.20BCa 2.75 ± 0.70Bab 3.88 ± 0.83Ba 3.38 ± 0.52Ba
4 3.67 ± 1.12ab 3.22 ± 0.83a 3.03 ± 0.86ab 3.33 ± 0.70a 3.11 ± 0.78a
8 3.78 ± 0.67a 3.44 ± 0.88a 2.77 ± 0.66a 4.00 ± 1.11a 3.50 ± 0.56a
12 3.33 ± 1.12ab 3.11 ± 1.17a 2.55 ± 0.53ab 3.11 ± 1.17a 3.00 ± 0.51a
16 2.78 ± 0.97ab 2.44 ± 0.73a 2.30 ± 0.50a 3.10 ± 1.17a 2.78 ± 0.97a
20 2.78 ± 0.67ab 2.33 ± 0.50a 2.33 ± 0.50a 3.00 ± 1.12a 3.00 ± 0.71a
25 2.33 ± 1.00b 2.44 ± 0.73a 2.33 ± 0.50a 3.11 ± 1.17a 2.78 ± 0.91a

HPP-500 0 4.20 ± 0.63Ba 3.90 ± 0.99ABa 3.40 ± 0.97Aab 4.40 ± 0.51Aa 3.50 ± 0.53Aab
4 4.22 ± 0.83a 3.22 ± 1.20a 3.30 ± 0.70ab 4.33 ± 0.85a 3.67 ± 0.40ab
8 4.22 ± 0.67a 3.40 ± 0.88a 3.70 ± 0.90a 4.33 ± 0.87a 3.72 ± 0.70ab
12 3.56 ± 0.73abc 3.33 ± 1.00a 3.22 ± 0.67abc 4.11 ± 0.78ab 3.50 ± 0.50bc
16 3.78 ± 0.67ab 3.22 ± 0.97a 3.50 ± 0.52ab 4.00 ± 1.12ab 3.50 ± 0.53bc
20 2.78 ± 0.83bc 2.56 ± 0.88a 2.56 ± 0.50bc 3.00 ± 1.00b 3.11 ± 0.78bc
25 2.63 ± 0.74c 2.50 ± 0.93a 2.25 ± 0.88c 3.00 ± 1.20b 2.75 ± 0.71c

All the data were the mean ± S.D., n = 3. The capital letters within one column show significant differences at day 0 (p < 0.05). Values with
different letters within one column are significantly different (p < 0.05).

4. Conclusions

N2-assisted HPP FCBP exhibited a high microbial reduction after processing and a
better microbiological stability during storage. Color changes were noticeable between the
untreated and treated samples after processing, and the ∆E values significantly decreased
during storage. HPP effectively improved the total phenols content and antioxidant capac-
ity of FCBP and significantly inactivated the PPO activity when compared to untreated
samples. Besides this, HPP processing did not negatively impact the acceptability of all
sensory attributes in contrast to untreated samples. However, due to the instantaneous
pressure, softening was found in FCBP after HPP treatment, and significant weight loss
ratios and losses of hardness were also found.

Therefore, N2-assisted HPP processing may be a good choice for the preservation
of FCBP. Moreover, to further improve the quality and prolong the shelf-life of fresh-cut
vegetables and decrease the damage to the natural structure after HPP, further research
is required.

Author Contributions: Conceptualization, Y.W. and X.L.; methodology, J.C. and L.Z.; writing—
original draft preparation, F.Z.; writing—review and editing, Y.W.; visualization, F.Z.; supervision,
X.L. All authors have read and agreed to the published version of the manuscript.

Funding: This study was financially supported by Project No. 2016YFD0400700 and 2016YFD0400704
of the National Key Research and Development Program of China.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bae, H.; Jayaprakasha, G.K.; Jifon, J.; Patil, B.S. Variation of antioxidant activity and the levels of bioactive compounds in lipophilic

and hydrophilic extracts from hot pepper (Capsicum spp.) cultivars. Food Chem. 2012, 134, 1912–1918. [CrossRef]
2. Hallmann, E.; Marszalek, K.; Lipowski, J.; Jasinska, U.; Kazimierczak, R.; Srednicka-Tober, D.; Rembialkowska, E. Polyphenols

and carotenoids in pickled bell pepper from organic and conventional production. Food Chem. 2019, 278, 254–260. [CrossRef]
3. Devgan, K.; Kaur, P.; Kumar, N.; Kaur, A. Active modified atmosphere packaging of yellow bell pepper for retention of

physico-chemical quality attributes. J. Food Sci. Technol. Mys. 2019, 56, 878–888. [CrossRef] [PubMed]
4. Bahram-Parvar, M.; Lim, L.T. Fresh-Cut Onion: A Review on Processing, Health Benefits, and Shelf-Life. Compr. Rev. Food Sci.

2018, 17, 290–308. [CrossRef]
5. Yousuf, B.; Qadri, O.S.; Srivastava, A.K. Recent developments in shelf-life extension of fresh-cut fruits and vegetables by

application of different edible coatings: A review. LWT Food Sci. Technol. 2018, 89, 198–209. [CrossRef]

http://doi.org/10.1016/j.foodchem.2012.03.108
http://doi.org/10.1016/j.foodchem.2018.11.052
http://doi.org/10.1007/s13197-018-3548-5
http://www.ncbi.nlm.nih.gov/pubmed/30906045
http://doi.org/10.1111/1541-4337.12331
http://doi.org/10.1016/j.lwt.2017.10.051


Foods 2021, 10, 508 14 of 15

6. Saenmuang, S.; Al-Haq, M.I.; Samarakoon, H.C.; Makino, Y.; Kawagoe, Y.; Oshita, S. Evaluation of Models for Spinach Respiratory
Metabolism Under Low Oxygen Atmospheres. Food Bioprocess Technol. 2012, 5, 1950–1962. [CrossRef]

7. Caleb, O.J.; Mahajan, P.V.; Al-Said, F.A.-J.; Opara, U.L. Modified Atmosphere Packaging Technology of Fresh and Fresh-cut
Produce and the Microbial Consequences—A Review. Food Bioprocess Technol. 2013, 6, 303–329. [CrossRef] [PubMed]

8. Aaby, K.; Grimsbo, I.H.; Hovda, M.B.; Rode, T.M. Effect of high pressure and thermal processing on shelf life and quality of
strawberry purée and juice. Food Chem. 2018, 260, 115–123. [CrossRef]

9. Pega, J.; Denoya, G.I.; Castells, M.L.; Sarquis, S.; Aranibar, G.F.; Vaudagna, S.R.; Nanni, M. Effect of High-Pressure Processing
on Quality and Microbiological Properties of a Fermented Beverage Manufactured from Sweet Whey Throughout Refrigerated
Storage. Food Bioprocess Technol. 2018, 11, 1101–1110. [CrossRef]

10. Bhattacharjee, C.; Saxena, V.K.; Dutta, S. Novel thermal and non-thermal processing of watermelon juice. Trends Food Sci. Technol.
2019, 93, 234–243. [CrossRef]

11. Cartagena, L.; Puertolas, E.; Martinez de Maranon, I. Application of High Pressure Processing After Freezing (Before Frozen
Storage) or Before Thawing in Frozen Albacore Tuna (Thunnus alalunga). Food Bioprocess Technol. 2020, 13, 1791–1800. [CrossRef]

12. Venzke Klug, T.; Benito Martinez-Hernandez, G.; Collado, E.; Artes, F.; Artes-Hernandez, F. Effect of Microwave and High-
Pressure Processing on Quality of an Innovative Broccoli Hummus. Food Bioprocess Technol. 2018, 11, 1464–1477. [CrossRef]

13. Picouet, P.A.; Hurtado, A.; Jofre, A.; Banon, S.; Ros, J.-M.; Dolors Guardia, M. Effects of Thermal and High-pressure Treatments
on the Microbiological, Nutritional and Sensory Quality of a Multi-fruit Smoothie. Food Bioprocess Technol. 2016, 9, 1219–1232.
[CrossRef]

14. Kabir MS, N.; Chowdhury, M.; Lee, W.-H.; Hwang, Y.-S.; Cho, S.-I.; Chung, S.-O. Influence of delayed cooling on quality of bell
pepper (Capsicum annuum L.) stored in a controlled chamber. Emir. J. Food. Agric. 2019, 31, 271–280.

15. Rodoni, L.; Vicente, A.; Azevedo, S.; Concellon, A.; Cunha, L.M. Quality retention of fresh-cut pepper as affected by atmosphere
gas composition and ripening stage. LWT Food Sci. Technol. 2015, 60, 109–114. [CrossRef]

16. Xu, Z.; Wang, Y.; Ren, P.; Ni, Y.; Liao, X. Quality of Banana Puree During Storage: A Comparison of High Pressure Processing and
Thermal Pasteurization Methods. Food Bioprocess Technol. 2016, 9, 407–420. [CrossRef]

17. Wang, J.; Yang, X.H.; Mujumdar, A.S.; Wang, D.; Zhao, J.H.; Fang, X.M.; Zhang, Q.; Xie, L.; Gao, Z.J.; Xiao, H.W. Effects of various
blanching methods on weight loss, enzymes inactivation, phytochemical contents, antioxidant capacity, ultrastructure and drying
kinetics of red bell pepper (Capsicum annuum L.). LWT Food Sci. Technol. 2017, 77, 337–347. [CrossRef]

18. Patras, A.; Brunton, N.; Da Pieve, S.; Butler, F.; Downey, G. Effect of thermal and high pressure processing on antioxidant activity
and instrumental colour of tomato and carrot purees. Innov. Food Sci. Emerg. 2009, 10, 16–22. [CrossRef]

19. Tangwongchai, R.; Ledward, D.A.; Ames, J.M. Effect of high-pressure treatment on the texture of cherry tomato. J. Agric. Food
Chem. 2000, 48, 1434–1441. [CrossRef] [PubMed]

20. Ryu, D.; Koh, E. Application of response surface methodology to acidified water extraction of black soybeans for improving
anthocyanin content, total phenols content and antioxidant activity. Food Chem. 2018, 261, 260–266. [CrossRef]

21. Cao, X.; Bi, X.; Huang, W.; Wu, J.; Hu, X.; Liao, X. Changes of quality of high hydrostatic pressure processed cloudy and clear
strawberry juices during storage. Innov. Food Sci. Emerg. 2012, 16, 181–190. [CrossRef]

22. Gao, G.; Ren, P.; Cao, X.; Yan, B.; Liao, X.; Sun, Z.; Wang, Y. Comparing quality changes of cupped strawberry treated by high
hydrostatic pressure and thermal processing during storage. Food Bioprocess Technol. 2016, 100, 221–229. [CrossRef]

23. Guo, Y.; Li, M.; Han, H.; Cai, J. Salmonella enterica serovar Choleraesuis on fresh-cut cucumber slices after reduction treatments.
Food Control 2016, 70, 20–25. [CrossRef]

24. Ou, Y.; Liu, Q.; Zhou, B.; Hu, X.; Zhang, Y. Influence of gas and High Hydrostatic Pressure on quality of prefabricated lettuce
during shelf life. Food Res. Dev. 2017, 38, 203–207.

25. Gallotta, A.; Allegra, A.; Inglese, P.; Sortino, G. Fresh-cut storage of fruit and fresh-cuts affects the behaviour of minimally
processed Big Bang nectarines (Prunus persica L. Batsch) during shelf life. Food Packag. Shelf. 2017, 15, 62–68. [CrossRef]

26. Arpaia, M.L.; Collin, S.; Sievert, J.; Obenland, D. Influence of cold storage prior to and after ripening on quality factors and
sensory attributes of ‘Hass’ avocados. Postharvest Biol. Tec. 2015, 110, 149–157. [CrossRef]

27. Liu, C.; Chen, C.; Jiang, A.; Sun, X.; Guan, Q.; Hu, W. Effects of plasma-activated water on microbial growth and storage quality
of fresh-cut apple. Innov. Food Sci. Emerg. 2020, 59, 102256. [CrossRef]

28. Gil, M.I.; Tudela, J.A. Fresh and fresh-cut fruit vegetables: Peppers. In D and Modified Atmospheres for Fresh and Fresh-Cut Produce;
Gil, M.I., Beaudry, R., Eds.; Elsevier Inc.: Amsterdam, The Netherlands, 2020; pp. 521–525.

29. De Oliveira, M.M.; Tribst, A.A.L.; Leite, B.R.D.; de Oliveira, R.A.; Cristianini, M. Effects of high pressure processing on cocoyam,
Peruvian carrot, and sweet potato: Changes in microstructure, physical characteristics, starch, and drying rate. Innov. Food Sci.
Emerg. 2015, 31, 45–53. [CrossRef]

30. Sila, D.N.; Doungla, E.; Smout, C.; Van, L.A.; Hendrickx, M. Pectin fraction interconversions: Insight into understanding texture
evolution of thermally processed carrots. J. Agric. Food Chem. 2006, 54, 8471–8479. [CrossRef] [PubMed]

31. Duvetter, T.; Fraeye, I.; Hoang, T.V.; Buggenhout, S.V.; Verlent, I.; Smout, C.; Loey, A.V.; Hendrickx, M. Effect of Pectin-
methylesterase Infusion Methods and Processing Techniques on Strawberry Firmness. J. Food Sci. 2005, 70, s383–s388. [CrossRef]

32. Denoya, G.I.; Polenta, G.A.; Apóstolo, N.M.; Budde, C.O.; Sancho, A.M.; Vaudagna, S.R. Optimization of high hydrostatic
pressure processing for the preservation of minimally processed peach pieces. Innov. Food Sci. Emerg. 2016, 33, 84–93. [CrossRef]

http://doi.org/10.1007/s11947-010-0503-5
http://doi.org/10.1007/s11947-012-0932-4
http://www.ncbi.nlm.nih.gov/pubmed/32215166
http://doi.org/10.1016/j.foodchem.2018.03.100
http://doi.org/10.1007/s11947-018-2078-5
http://doi.org/10.1016/j.tifs.2019.09.015
http://doi.org/10.1007/s11947-020-02523-9
http://doi.org/10.1007/s11947-018-2111-8
http://doi.org/10.1007/s11947-016-1705-2
http://doi.org/10.1016/j.lwt.2014.08.023
http://doi.org/10.1007/s11947-015-1635-4
http://doi.org/10.1016/j.lwt.2016.11.070
http://doi.org/10.1016/j.ifset.2008.09.008
http://doi.org/10.1021/jf990796p
http://www.ncbi.nlm.nih.gov/pubmed/10820039
http://doi.org/10.1016/j.foodchem.2018.04.061
http://doi.org/10.1016/j.ifset.2012.05.008
http://doi.org/10.1016/j.fbp.2016.06.017
http://doi.org/10.1016/j.foodcont.2016.05.030
http://doi.org/10.1016/j.fpsl.2017.11.004
http://doi.org/10.1016/j.postharvbio.2015.07.016
http://doi.org/10.1016/j.ifset.2019.102256
http://doi.org/10.1016/j.ifset.2015.07.004
http://doi.org/10.1021/jf0613379
http://www.ncbi.nlm.nih.gov/pubmed/17061823
http://doi.org/10.1111/j.1365-2621.2005.tb11460.x
http://doi.org/10.1016/j.ifset.2015.11.014


Foods 2021, 10, 508 15 of 15

33. Miguel-Pintado, C.; Nogales, S.; Fernández-León, A.M.; Delgado-Adámez, J.; Hernández, T.; Lozano, M.; Cañada-Cañada, F.;
Ramírez, R. Effect of hydrostatic high pressure processing on nectarine halves pretreated with ascorbic acid and calcium during
refrigerated storage. LWT Food Sci. Technol. 2013, 54, 278–284. [CrossRef]

34. Zhang, L.; Dai, S.; Brannan, R.G. Effect of high pressure processing, browning treatments, and refrigerated storage on sensory
analysis, color, and polyphenol oxidase activity in pawpaw (Asimina triloba L.) pulp. LWT Food Sci. Technol. 2017, 86, 49–54.
[CrossRef]

35. Francis, F.J.; Clydesdale, F.M. Food Colorimetry: Theory and Applications; The AVI Publishing Co., Inc.: Westport, CT, USA, 1975; pp.
477–478.

36. Amaral, R.D.A.; Benedetti, B.C.; Pujola, M.; Achaerandio, I.; Bachelli, M.L.B. Effect of Ultrasound on Quality of Fresh-Cut Potatoes
During Refrigerated Storage. Food Eng. Rev. 2015, 7, 176–184. [CrossRef]

37. Chang, Y.H.; Wu, S.J.; Chen, B.Y.; Huang, H.W.; Wang, C.Y. Effect of high pressure processing and thermal pasteurization on
overall quality parameters of white grape juice. J. Sci. Food Agric. 2017, 97, 3166–3172. [CrossRef]

38. Denoya, G.I.; Vaudagna, S.R.; Polenta, G. Effect of high pressure processing and vacuum packaging on the preservation of
fresh-cut peaches. LWT Food Sci. Technol. 2015, 62, 801–806. [CrossRef]

39. Isabel, O.S.; Robert, S.F.; Teresa, H.; Olga, M. Carotenoid and phenolic profile of tomato juices processed by high intensity pulsed
electric fields compared with conventional thermal treatments. Food Chem. 2009, 112, 258–266.

40. Vega-Gálvez, A.; López, J.; Galotto, M.J.; Puente-Díaz, L.; Quispe-Fuentes, I.; Scala, K.D. High hydrostatic pressure effect on
chemical composition, color, phenolic acids and antioxidant capacity of Cape gooseberry pulp (Physalis peruviana L.). LWT Food
Sci. Technol. 2014, 58, 519–526. [CrossRef]

41. Tewari, S.; Sehrawat, R.; Nema, P.K.; Kaur, B.P. Preservation effect of high pressure processing on ascorbic acid of fruits and
vegetables: A review. J. Food Biochem. 2017, 41, e12319. [CrossRef]

42. Moura, T.; Gaudy, D.; Jacob, M.; Cassanas, G. PH influence on the stability of ascorbic acid spray-drying solutions. Pharm. Acta
Helv. 1994, 69, 77–80. [CrossRef]

43. Clariana, M.; Valverde, J.; Wijngaard, H.; Mullen, A.M.; Marcos, B. High pressure processing of swede (Brassica napus): Impact on
quality properties. Innov. Food Sci. Emerg. 2011, 12, 85–92. [CrossRef]

44. Evrendilek, G.A.; Ozdemir, P. Effect of various forms of non-thermal treatment of the quality and safety in carrots. LWT Food Sci.
Technol. 2019, 105, 344–354. [CrossRef]

http://doi.org/10.1016/j.lwt.2013.05.026
http://doi.org/10.1016/j.lwt.2017.07.023
http://doi.org/10.1007/s12393-014-9091-x
http://doi.org/10.1002/jsfa.8160
http://doi.org/10.1016/j.lwt.2014.09.036
http://doi.org/10.1016/j.lwt.2014.04.010
http://doi.org/10.1111/jfbc.12319
http://doi.org/10.1016/0031-6865(94)90004-3
http://doi.org/10.1016/j.ifset.2011.01.011
http://doi.org/10.1016/j.lwt.2019.02.031

	Introduction 
	Materials and Methods 
	Chemicals 
	Preparation of FCBP 
	HPP Treatments 
	Storage Conditions 
	Microbiological Analysis 
	Physicochemical Characteristics Analysis 
	Color Assessment 
	Texture Profile Analysis 
	Determination of Total Phenols 
	HPLC Analysis of Ascorbic Acid 
	PPO Activity Assay 
	Determination of Antioxidant Capacity 
	DPPH Assay 
	FRAP Assay 

	Sensory Evaluation 
	Statistical Analysis 

	Results and Discussion 
	Microbiological Analysis 
	Chemical and Physical Analysis 
	Hardness Analysis 
	Color Analysis 
	PPO Activity 
	Total Phenols and Ascorbic Acid 
	Antioxidant Capacity Analysis 
	Sensory Evaluation 

	Conclusions 
	References

