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High hydrostatic pressure (HHP, 400 MPa/10 min and 500 MPa/8 min) and

thermal processing (TP, 90°C/2 min) were comparatively evaluated by

examining their impacts on microorganisms, physicochemical characteristics

(TSS, pH, color, ascorbic acid, total phenols, total anthocyanins, and particle size

distribution), antioxidant activity, endogenous enzyme activity, and sensory

quality of the anthocyanin-rich fruit puree during 20 days of storage at 4°C.

The count of total aerobic bacteria (TAB) in HHP treated samples was less than

2.02 log10CFU/mL, and yeasts and molds (Y&M) were not detected during

storage. Compared with TP treated samples, the total anthocyanins, total

phenols, ascorbic acid, antioxidant capacity, and color of HHP treated ones

were better maintained. Principal component analysis (PCA) also proved that

the original quality of puree could be better preserved by HHP after treatment

and during storage. However, the activity of polyphenol oxidase (PPO) and

pectin meth esterase (PME) in HHP treated samples were not inactivated totally.

In sum, better quality parameters were observed in HHP treated samples, so

HHP was a potential way to be applied to fruit puree.
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1 Introduction

Anthocyanin is a kind of natural flavonoid compoundmaking the plants show various

colors such as blue, red, and purple. And it mostly exists in the vacuole of plant cells

(Collings, 2019). The antioxidant capacity of anthocyanin is quite strong due to the

multiple phenolic hydroxyls of its structure (Akhbari et al., 2019). Based on current
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research, anthocyanin has varieties of biological activities

including effects of regulating on body health and preventing

on lots of diseases (Mohammadi Pour et al., 2019). Therefore,

anthocyanin has broad application prospects in the field of foods,

cosmetics, and pharmaceuticals.

In recent years, the compound fruit puree containing

anthocyanin is more and more popular among consumers. It

has become an important nutritional supplement for children,

the elderly, patients, or other people. Among the fruits,

strawberry and pitaya are rich in varieties of phenolic

compounds with antioxidant properties, especially

anthocyanin, which has the potential of preventing in cancer,

cardiovascular, and other chronic diseases (Dharmawansa et al.,

2020; Chen et al., 2021). Besides, apple is a good basic material of

puree, it is not only famous for its taste and flavor, but also

famous for its nutrition and pharmacological value as a good

source of selected micronutrients (e.g., iron and vitamins C) and

polyphenols (e.g., procyanidins and phloridzin) (Oyenihi et al.,

2022). Therefore, the combination of the anthocyanin-rich fruit

puree and apple puree is a promising product.

Nowadays, thermal processing (TP) is the main processing

technology of fruit puree. And the quality deterioration such as

nutrition, flavor, and color will be triggered by TP (Huang et al.,

2017; Al-juhaimi et al., 2018). Therefore, the demand for betty

qualities and more nutritious products highlights the need to

develop novel and gentle technologies for fruit puree processing.

High hydrostatic pressure (HHP) is an emerging non-

thermal food processing technology. And HHP can inactivate

pathogenic and spoilage microorganisms without significantly

compromising the nutritional and organoleptic quality of the

food. Recently, HHP technology has been used in different

branches of the food industry. Some studies have already

proved the good quality parameters of HHP treatment, such

as microbiological safety (Chen et al., 2016; Zou et al., 2016; Pei

et al., 2018), a better retention rate of ascorbic acid, total phenols,

total anthocyanins, and antioxidant capacity (He et al., 2018;

Zhang et al., 2021; Wang et al., 2022) and so on. However, the

suitability of HHP for anthocyanin-rich fruit puree remains

systematically investigation due to the complexity caused by

the different proportions of ingredients in the compound fruit

puree.

The objective of this work was to evaluate the effects of HHP

and TP treatments of the anthocyanin-rich fruit puree on

microorganisms, physicochemical characteristics (TSS, pH,

color, ascorbic acid, total phenols, total anthocyanins, and

particle size distribution), antioxidant activity, endogenous

enzyme activity, and sensory quality during 20 days of storage

at 4°C. Namely, whether HHP has potential application in the

processing of anthocyanin-rich fruit puree. This study will

provide technical support for the commercial application of

the HHP technique in fruit industry.

2 Materials and methods

2.1 Preparation of the anthocyanin-rich
fruit puree

In this study, the apple variety “Malus pumila Mill”,

strawberry variety “Kamairuosha”, and pitaya variety

“Hylocereus undulatus Britt” were harvested at commercial

maturity, and obtained from a local market (MerryMart

Chain Commerce) in Beijing (China). Raw materials were

rinsed in tap water, peeled, and sliced into small pieces.

According to the results of pre-experiment, apple, strawberry,

and pitaya were mixed at a mass ratio of 3:2:1. The slices were

pureed with a juice extractor (Joyong JYL- 610, Joyong Electric

Appliance Co., Shandong, China), immediately repacked into a

high-temperature retort pouch of 60 g/bag, and kept the mixture

at 4°C until use.

2.2 HHP and TP treatments of the
anthocyanin-rich fruit puree

The samples were placed into the vessel for HHP

processing. HHP treatment was carried out using a

hydrostatic pressurization unit (CQC30L-600, Suyuan

Zhongtian Co., Ltd., Beijing, China) with a capacity of

30.0 L at ambient temperature (≈18°C). The pressurization

rate was about 120 MPa/min and the depressurization was

immediate (<3 s). Distilled water was used as the pressure-

transmitting fluid. The treatment time reported in this study

did not include the pressure-increase time and pressure-

release time.

A thermocouple was inserted into the center of the

anthocyanin-rich fruit puree and located at the package cold

point. When samples achieved a core temperature of 90°C in a

water bath (S-HH-W21-Cr600, Changan science and

Technology Instrument Factory, China), they were held at this

temperature for 2 min. TP treatment was using the same packing

material as the ones used for HHP.

According to our previous research studies, after HHP

(400 MPa/min, 500 MPa/8 min) and TP (90°C/2 min), yeasts

and molds (Y&M) were not detected, and the counts of total

aerobic bacteria (TAB) were less than 2.00 log10CFU/mL which

met the requirements of Chinese Food Safety Standards-Drinks

GB 7101-2015. Therefore, the anthocyanin-rich fruit puree was

processed by these treatments in this study.

The treated samples were stored at 4 ± 2°C in the dark.

Sample analyses were carried out after 0, 1, 4, 7, 10, 15, and

20 days of storage. Untreated samples were considered as the

control and the experiments were conducted at room

temperature (25 ± 1°C) in independent triplicates (n = 3).
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2.3 Microbial analysis

The total plate count method was used to count viable

microorganisms in the anthocyanin-rich fruit puree. An

untreated or treated sample was serially diluted with sterile

0.85% NaCl solution, and 1.0 ml of each dilution was plated

into duplicate plates of appropriate agar. Nutrient agar (Beijing

Solarbio Science & Technology Co., Ltd., Beijing, China) was

used for counting the viable total aerobic bacteria (TAB) cells

after incubation at 37°C for 48 ± 2 h. Rose bengal agar (Beijing

Solarbio Science & Technology Co., Ltd., Beijing, China) was

used for counting the viable Y&M cells after incubation at 27°C

for 72–120 h. After incubation, the colonies were counted.

2.4 Physicochemical characteristics
analysis

2.4.1 TSS and pH
Samples were controlled at 25°C to measure total soluble

solids (TSS) and pH values by WAY-2Sdigital Abbe

refractometer (Shanghai Precision and Scientific Instrument

Co., Shanghai, China) and Thermo Orion 868 pH meter

(Thermo Fisher Scientific, Inc., MA, United States). The

results of TSS were reported as °Brix.

2.4.2 Color assessment
The color assessment was measured by color measurement

spectrophotometer (HunterLab Color Quest XE,

HunterAssociates Laboratory, Inc., Virginia, United States)

in the reflectance mode at 25°C. The color was expressed in L*,

a*, and b* values. All measurements were made in triplicate

and results were averaged. In addition, the total color

difference (ΔE) was calculated using the following equation,

where L*0, a*0, and b*0 are the control values for untreated

samples.

ΔE � [(Lp − Lp
0)

2 + (ap − ap0)
2 + (bp − bp0)

2]
1 /

2

2.4.3 Determination of ascorbic acid
The method was proposed by Cao et al. (2012) with some

modifications to extract and analyze ascorbic acid. 5 g

anthocyanin-rich fruit puree was mixed with 25 ml

metaphosphoric acid (2.5%) and incubated at 4°C for 2 h,

then the mixture was centrifuged using 17300 g for 10 min at

4°C; the supernatant was collected and filtrated with 0.45 μm

water system membrane. Chemicals were obtained from Beijing

Chemicals Co. (Beijing, China).

Ascorbic acid was separated using liquid

chromatography (LC-20AT) equipped with a UV/Vis

detector (SPD-20AV), an autosampler (SIL-20A), and a

column oven (CTO-20A) from Shimadzu Co., Japan. The

separation was performed on an Alltech Alltima TM C18,

(4.6 × 250 mm i.d, 5 μm particle size) from the waters. The

mobile phase was an isocratic solvent system consisting of

95% monopotassium phosphate (50 mM, pH = 3.0) and 5%

acetonitrile. The flow rate was 1 ml/min and aliquots of 20 μL

were injected. The analyses were conducted at ambient

temperature. The detection was carried out at 245 nm in

absorbance mode. Mobile phase solvent purchased from

Honeywell (Shanghai, China). Results were expressed as

mg of ascorbic acid per 100 g of anthocyanin-rich fruit

puree (mg/100 g).

2.4.4 Quantification of total phenols
The total phenols were determined using the Folin-Ciocalteu

method described by Cao et al. (2011) with some modifications.

10 g anthocyanin-rich fruit puree was mixed with 20 ml

methanol, and then the mixture was kept in the dark for

30 min at 4°C, centrifuged at 17300 g for 20 min at 4°C

(CF16RXⅡ Hitachi, Japan). 0.1 ml extract was diluted to

0.4 ml and mixed with 2 ml Folin-Ciocalteu reagent

(previously diluted 10-fold with distilled water) and set for 1 h

in the dark at room temperature. After that, 1.8 ml sodium

carbonate solution (7.5%) was added to the mixture and

reacted for 15 min, then the mixture was immediately

measured at 765 nm using a spectrophotometer (UV-726,

Shimadzu, Shanghai, China). Chemicals were obtained from

Beijing Chemicals Co. (Beijing, China). Results were expressed

as mg of total phenols per 100 g of anthocyanin-rich fruit puree

(mg/100 g).

2.4.5 Quantification of total anthocyanins
The spectrophotometric pH differential method (Xu et al.,

2010) was used to quantify anthocyanins in the extracts in this

study. 0.025 M potassium chloride buffer (pH = 1) and 0.4 M

sodium acetate buffer (pH = 4.5) were prepared to dilute the

samples, respectively. The absorbance values of the sample

dilutions at 520 and 700 nm were measured by

spectrophotometer (UV-726, Shimadzu, Shanghai, China)

after equilibrating for 15 min. Distilled water in buffer was as

control. Chemicals were obtained from Beijing Chemicals Co.

(Beijing, China). Anthocyanin content was calculated by the

following equation.

Anthocyanin content (mg/100 g)
� (A × Mw × DF × 100)/(ε × L)

where A = ApH1.0−ApH4.5, Mw is the molecular weight of

cyanidin-3-glucoside (449.2 g/mol), DF, the dilution factor, ε,

the molar absorptivity (26, 900 L/cm/mol) and L, the path length

(1 cm). Total anthocyanin content was reported as mg of total

anthocyanins per 100 g of anthocyanin-rich fruit puree (mg/

100 g).
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2.4.6 Particle size distribution
The Hydro LV module of the laser particle size analyzer

(Malvern, Mastersizer 3,000, United Kingdom) was used to

determine the particle size distribution of the samples (Gao

et al., 2015). The refractive index parameter, particle density,

absorbance and refractive index were 1.59, 1.05, 0.00 and

1.33, respectively. The analysis model selected the general

Mile model. The instrument would cycle 5 times

automatically.

2.5 Antioxidant capacity measurements

2.5.1 Antioxidant capacity determined by stable
radical method (DPPH)

Radical scavenging activity of the anthocyanin-rich fruit

puree against stable DPPH was determined according to the

method proposed by Miller et al. (1995) with some

modifications. 100 µL of the extract was added to 4 ml

methanol (Honeywell, Shanghai, China) and 2,2-diphenyl-

1-picrylhydrazyl (DPPH, Sigma Aldrich, St. Louis,

United States) solution (0.14 mM). And the absorbance was

measured at 517 nm after keeping in the dark for 45 min at

room temperature. 100 µL of methanol was added to 4 ml

methanolic DPPH solution as a control. Determinations were

performed using a spectrophotometer (UV-726, Shimadzu,

Shanghai, China). The radical scavenging activity was

calculated from the (±)6-hydroxy-2,5,7,8-

tetramethylchroma-n-2-carboxylic acid (Trolox, Sigma

Aldrich, St. Louis, United States) standard curve, which

was expressed as the μmol of DPPH reduction per 1 g of

anthocyanin-rich fruit puree (μmol/g).

2.5.2 Antioxidant capacity determined by ferric
reducing antioxidant power (FRAP)

The FRAP assays were performed as described by Aljadi

and Kamaruddin (2004) with some modifications. 10 mM

2,4,6-tri-2-pyridyl-1,3,5-triazine (TPTZ, Sigma Aldrich, St.

Louis, United States) were prepared by dissolving in 40 mM

HCl. Freshly prepared FRAP solution contained 25 ml 0.3 M

acetate buffer (pH 3.6), 2.5 ml 10 mM TPTZ, and 2.5 ml

20 mM ferric chloride. 100 μL of the extract was added to

4 ml FRAP solution. And the absorbance was measured at

593 nm after keeping in the dark for 10 min at 37°C. 100 µL of

distilled water was added to 4 ml FRAP solution as a control.

Other chemicals were obtained from Beijing Chemicals Co.

(Beijing, China). Determinations were performed using a

spectrophotometer (UV-726, Shimadzu, Shanghai, China).

The ferric reducing antioxidant power was calculated from

the Trolox standard curve, which was expressed as the μmol

of ferric reduction per 1 g of anthocyanin-rich fruit puree

(μmol/g).

2.6 Enzyme activity assay

2.6.1 PPO activity
The extraction of polyphenol oxidase (PPO) was carried

out according to the procedure described by Liu et al. (2012)

with some modifications. 5 g anthocyanin-rich fruit puree

was mixed with 20 ml of 0.2 M phosphate buffer (pH 6.5) and

4% polyvinylpolypyrrolidone (PVPP), pulped for 2 min and

extracted for 1 h at 4°C. The mixture was centrifuged at

6,155 g for 10 min at 4°C, and the supernatant obtained

was collected and analyzed for enzyme activity. The

reaction mixture for PPO was 0.5 ml of enzyme extract

and 2.5 ml of 0.07 M catechol in 0.2 M sodium phosphate

buffer (pH 6.5) solution. Chemicals were obtained from

Beijing Chemicals Co. (Beijing, China). The mixture was

incubated at 30°C before recording the absorbance with a

UV-1800 UV VIS Spectrophotometer (Unico Co., Ltd.,

Shanghai, China). PPO activity (1/min) was calculated

based on the slope of the linear portion of the reaction

curve of ΔA420.

2.6.2 PME activity
10 g anthocyanin-rich fruit puree was added to 0.2 M Tris-

chloride buffer (pH 7.5) with 0.1 M NaCl for 12 h at 4°C, and

centrifuged at 10,000 g for 10 min. The activity of PME was

measured at pH 7.5 according to the method proposed by Rouse

et al. (1965). The solution was adjusted to pH 7.5 with 0.01M

NaOH. Chemicals were obtained from Beijing Chemicals Co.

(Beijing, China). The PME activity expressed in pectin methyl

esterase units (PMEU) was calculated by the following equation:

A � [NaOH]VNaOH

Vsample′t

where [NaOH] is NaOH concentration, VNaOH is the volume of

NaOH used, Vsample is the volume of sample used, and t′ is the
time (in minutes) needed for pH to return to 7.5 after the

addition of NaOH.

2.6.3 Determination of enzyme residual activity
A first order kinetic model could often describe the

inactivation of enzymes, whereby enzyme activity decreased

linearly as a function of time. Results expressed in residual

enzyme activity A/A0, where A0 is the mean initial activity of the

enzyme, and A the mean residual activity after treatment.

2.7 Sensory analysis

A 4-point scale was used to evaluate: color, organizational

status, aroma, taste, and an overall quality assessment was

conducted using a 9-point hedonic scale (Chandra et al.,

2015). Assessments were made by a trained sensory panel
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(5 women and 5 men). All samples were evaluated independently

in a test room complying with the requirements of ISO 8589:

2007. These sensory qualities were evaluated on the processing

day and at every storage interval until the end of shelf life during

storage at 4°C.

2.8 Statistical analysis

Principal component analysis (PCA) was used to simplify the

complexity of data by transforming it into a few principal

components (Lever et al., 2017). In order to differentiate the

quality of untreated, HHP treated, and TP treated samples, the

raw data of physicochemical characteristics and sensory quality were

subjected to PCA analysis. PCA was supported by MetaboAnalyst,

which was accessible at http://www.metaboanalyst.ca (Xia et al.,

2009). The raw data were summarized into much fewer variables

called scores which are weighted average of the original variables.

The PCA analysis was performed using the prcomp package. The

calculation was based on singular value decomposition. The Rscript

chemometrics. R is required.

Each experiment was carried out in triplicate. Statistical

Program for Social Sciences (SPSS 21.0, Chicago, IL,

United States) for windows statistical software was used for

t test analysis and the Duncan’s multiple range test between

groups, and p < 0.05 indicated significant difference. Graphics

were produced using the Origin Pro 2015 software (OriginLab,

Northampton, MA, United States).

3 Results

3.1 Microbiological analysis

The number of surviving cells of the anthocyanin-rich fruit

puree before or after treatment was determined by monitoring

the TAB and Y&M counts. As shown in Table 1, the initial counts

of TAB and Y&M in untreated samples were 4.13 and

3.25 log10CFU/g, respectively. And the counts of TAB in

anthocyanin-rich fruit puree after treatments were

significantly reduced to 0.70, 1.69, and 1.38 log10CFU/g at

90°C/2 min, 400 MPa/10 min, and 500 MPa/8 min,

respectively. Although the counts of HHP was higher than

that of TP at the beginning, the counts of TP increased

significantly during 20 days of storage until reaching

2.44 log10CFU/g. In contrast, the counts of HHP did not

exceed 2.02 log10CFU/g. It proved the microbiological safety

of HHP treatment. Many studies also observed similar results in

mulberry juice and Hami lemon juice during 28 days of storage

(Zou et al., 2016; Pei et al., 2018).

Moreover, Both TP and HHP treatments resulted in the

inactivation of Y&M to a level below the detection limit, and the

counts of Y&M were not detected in all treated samples during

20 days of storage at 4°C. Therefore, the growth of Y&M could be

effectively inhibited by TP and HHP treatment during storage.

Similar to many studies that Y&M are not detected during

storage after both treatments (Pei et al., 2018; Ates et al., 2021).

3.2 Physicochemical characteristics

3.2.1 TSS, pH, and color assessment
The changes in TSS, pH, and color of samples during storage

were shown in Table 2. TSS and pH of the untreated sample were

10.73°Brix and 3.90, respectively. Their values increased slightly

after TP and HHP treatments on day 0 but decreased

significantly during the storage of 20 days at 4°C.

Color differences between the samples were determined after

processing and during storage by measuring their L*, a*, and b*

values. The L*, a*, and b* values increased after TP and HHP

treatments at day 0, which might be attributed to that the

treatments promoted the dissolution of colored substances in

TABLE 1 Variations of total aerobic bacteria (TAB) and yeasts and molds (Y&M) in anthocyanin-rich fruit puree during 20 days of storage at 4°C.

Storage time (day) Log10CFU/g

Untreated 90°C/2 min 400 MPa/10 min 500 MPa/8 min

TAB 0 4.13 ± 0.01A 0.70 ± 0.56dC 1.69 ± 0.08cB 1.38 ± 0.29cB

4 — 1.43 ± 0.12cB 1.90 ± 0.07aA 1.51 ± 0.15bcB

7 — 1.89 ± 0.09bA 1.80 ± 0.13bAB 1.68 ± 0.09bB

10 — 2.04 ± 0.06bA 1.85 ± 0.11bB 1.71 ± 0.07abB

15 — 2.22 ± 0.03abA 1.89 ± 0.12bB 1.80 ± 0.11abB

20 — 2.44 ± 0.03aA 2.02 ± 0.08aB 1.91 ± 0.08aB

Y&M 0 3.25 ± 0.01 ND ND ND

1–20 — ND ND ND

—, not tested. ND, no detected (detection limit <1 CFU/g). TAB, total aerobic bacteria. Y&M, yeasts and molds. Values with different lower case letters within one column and different

capital letters within one row are significantly different (p < 0.05).
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tissue cells. During the storage of 20 days at 4°C, the L* and b*

values increased significantly (p < 0.05), but the change of the

HHP treated samples was always smaller than that of TP. And the

a* values of TP treated samples were increased with the storage

time, but that of HHP treated ones showed good stability. This

result agreed with that obtained by Chen et al. (2016), the change

of the L*, a*, and b* values of HHP treated samples in cloudy

ginger juice were smaller than that of TP during 40 days storage

at 4°C.

It has been considered that ΔE over three would be a

noticeable visual difference for a number of situations (Hu

et al., 2020). The △E value of the samples after TP and HHP

treatment were 1.46, 1.54 and 1.64 at day 0, respectively,

indicating that TP and HHP treatments would not cause

visual distinguishable changes. But the ΔE values increased in

all treated samples after 20 days of storage, and that of TP treated

samples were much higher than in HHP treated samples. This

result was similar to the studies that HHP treatment could better

TABLE 2 Changes of total soluble solids (TSS), pH, and color parameters in anthocyanin-rich fruit puree during 20 days of storage at 4°C.

Storage time
(day)

Untreated 90°C/2 min 400 MPa/10 min 500 MPa/8 min

TSS 0 10.73 ± 0.12B 10.80 ± 0.01abB 10.80 ± 0.01abB 10.87 ± 0.01aA

4 — 10.87 ± 0.12aA 10.77 ± 0.06abA 10.83 ± 0.05abA

7 — 10.67 ± 0.06bB 10.87 ± 0.06aA 10.80 ± 0.10bA

10 — 10.73 ± 0.06bA 10.80 ± 0.01abA 10.77 ± 0.06bA

15 — 10.53 ± 0.06cA 10.67 ± 0.06cA 10.63 ± 0.05cA

20 — 10.30 ± 0.10dA 10.37 ± 0.06dA 10.43 ± 0.06dA

pH 0 3.90 ± 0.03C 3.99 ± 0.01aA 3.96 ± 0.02aAB 3.96 ± 0.01aB

4 — 3.96 ± 0.01bA 3.96 ± 0.01aA 3.95 ± 0.02aA

7 — 3.98 ± 0.01aA 3.95 ± 0.01aB 3.96 ± 0.02aAB

10 — 3.94 ± 0.01bA 3.92 ± 0.01bA 3.92 ± 0.02bA

15 — 3.91 ± 0.01cA 3.92 ± 0.01bA 3.92 ± 0.02bA

20 — 3.88 ± 0.01dA 3.89 ± 0.02dA 3.87 ± 0.01dA

L* 0 26.68 ± 0.18C 27.88 ± 0.13bA 27.33 ± 0.08bB 27.37 ± 0.15bB

4 — 28.06 ± 0.47bA 27.38 ± 0.25bA 27.68 ± 0.17bA

7 — 28.55 ± 0.34bA 27.52 ± 0.35bB 27.47 ± 0.22bB

10 — 29.10 ± 0.61bA 27.60 ± 0.17abB 27.62 ± 0.13abB

15 — 30.80 ± 0.40abA 27.95 ± 0.10abB 27.91 ± 0.24abB

20 — 31.92 ± 0.11aA 28.07 ± 0.25aB 28.02 ± 0.28aB

a* 0 4.95 ± 0.11B 5.18 ± 0.22cB 6.34 ± 0.13bcA 6.41 ± 0.21bA

4 — 5.18 ± 0.20cB 6.36 ± 0.09bA 6.39 ± 0.17bA

7 — 5.31 ± 0.27cC 6.36 ± 0.13bB 6.64 ± 0.13aA

10 — 5.83 ± 0.29bC 6.45 ± 0.07aB 6.64 ± 0.08aA

15 — 6.03 ± 0.16bA 6.27 ± 0.15cA 6.39 ± 0.24bA

20 — 6.61 ± 0.16aA 6.31 ± 0.24cA 6.49 ± 0.27bA

b* 0 0.44 ± 0.21B 1.52 ± 0.24dA 0.22 ± 0.13cB 0.18 ± 0.10cB

4 — 1.84 ± 0.19bA 0.23 ± 0.16aB 0.29 ± 0.09cB

7 — 1.62 ± 0.23cdA 0.27 ± 0.05cB 0.42 ± 0.20bB

10 — 1.71 ± 0.24cA 0.46 ± 0.16bB 0.46 ± 0.06bB

15 — 1.93 ± 0.20abA 0.66 ± 0.11bB 0.44 ± 0.18bB

20 — 1.98 ± 0.26aA 0.99 ± 0.21aB 0.64 ± 0.36aB

ΔE 0 0 1.46 1.54 1.64

4 — 1.55 1.61 1.75

7 — 2.24 1.65 1.87

10 — 2.87 1.76 1.94

15 — 4.52 1.85 1.90

20 — 5.71 2.02 2.06

—, Not tested. Values with different lower case letters within one column and different capital letters within one row are significantly different (p < 0.05).
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maintain the original color of the pumpkin and BlackBerry puree

during storage (Pei et al., 2018; Hu et al., 2020).

3.2.2 Ascorbic acid, total phenols and
anthocyanins

As shown in Figure 1A, compared with untreated samples,

the ascorbic acid degraded by 63.74% after TP treatment, but

only 11.61% (400 MPa/10 min) and 22.71% (500 MPa/8 min)

after HHP treatment. During 20 days of storage at 4°C, all treated

samples showed a reduction in ascorbic acid, but the content of

ascorbic acid in TP treated samples was significantly lower than

HHP treated ones. Moussa-Ayoub et al. (2017) also reported that

the HHP treatment of 600 MPa for 10 min resulted in better

retention of ascorbic acid than TP treatment of 95°C for 3 min in

cactus juice.

Similarly, the content of total phenols also degraded after TP

treatments, but HHP treated samples showed no significant

reduction at day 0. After 20 days of storage, the contents of

total phenols were decreased from 55.96 to 49.66 mg/100 g in TP

treatment, from 57.86 to 53.84 mg/100 g in 400 MPa/10 min

treatment and from 57.83 to 53.39 mg/100 g in 500 MPa/

8 min treatment, respectively (Figure 1B). It suggested that

HHP treatment cold retain more total phenols. This result

was in accord with that found by Feng et al. (2020) in

strawberry-apple-lemon juice blend, they observed that the

content of total phenols in TP treated samples (86°C/1 min)

were significantly lower than HHP treated ones (500 MPa/

15 min) after 10 days of storage at 4°C (p < 0.05).

Compared with the untreated samples, the content of total

anthocyanins showed no significant change in HHP treated

samples at day 0, but that of TP treatment decreased

significantly. After 20 days of storage, the total

anthocyanins decreased from 7.23 to 7.01 mg/100 g in TP

treatment, from 7.45 to 7.21 mg/100 g in 400 MPa/10 min

treatment and from 7.41 to 7.18 mg/100 g in 500 MPa/

8 min treatment, respectively (Figure 1C). This result

indicated that HHP treatment had less effect on

anthocyanins than TP treatment. Feng et al. (2020) and

Zou et al. (2016) also reported that better maintenance of

total anthocyanins was observed in the HHP treated juice

(500 MPa/15 min and 500 MPa/5 min, respectively) than TP

treatment (86°C/1 min and 110°C/8.6 s, respectively) during

the storage.

3.2.3 Particle size distribution
The particle size distribution of the anthocyanin-rich fruit

puree was shown in Figure 2 and Table 3. It could be seen that

there was no significant difference in particle size distribution

between TP treated and untreated samples, d43 and d32 also

indicated that there was no significant change.

Meanwhile, there was no significant change in particle size

distribution in HHP treated samples during the early storage

period, but the particle size gradually increased during later

storage. Accordingly, it could be observed that d43 and d32
had a significant increase after 20 days (Table 3).

3.3 Antioxidant capacity

As shown in Figure 3, there was no significant difference in

DPPH values among untreated, TP treated and HHP treated

samples at day 0. Compared to untreated samples, FRAP

values decreased in TP treated samples, did not change

significantly in 400 MPa/10 min treated samples, and

increased slightly on day 0 in 500 MPa/8 min treated

samples at day 0.

During storage, the DPPH and FRAP values of all

samples kept decreasing. After 20 days of storage, the

DPPH values decreased by 18–20%, the FRAP values

decreased by 31–33%, respectively. However, the DPPH

and FRAP values in TP treated samples were always lower

than HHP treated ones.

FIGURE 1
Changes of ascorbic acid (A), total phenols (B), and anthocyanins (C) content in the anthocyanin-rich fruit puree during 20 days of storage at
4°C (Untreated samples did not test after day 0 due to a sample rot).
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FIGURE 2
Changes of particle size distribution of the anthocyanin-rich fruit puree during 20 days of storage at 4°C. [Untreated (A), 90°C/2 min (B),
400 MPa/10 min (C) and 500 MPa/8 min (D); Untreated samples did not test after day 0 due to a sample rot].

TABLE 3 Changes of particle size d43 and d32 in anthocyanin-rich fruit puree during 20 days of storage at 4°C.

Storage time
(day)

Untreated 90°C/2 min 400 MPa/10 min 500 MPa/8 min

d43 0 933.5 ± 20.21A 924.11 ± 15.40aA 911.90 ± 11.85cA 928.6 ± 13.23cA

4 — 922.7 ± 10.35aC 982.81 ± 16.78bcA 975.57 ± 32.5bcB

7 — 915.2 ± 15.51dB 978.36 ± 22.89bcA 999.28 ± 24.26bcA

10 — 916.8 ± 7.53cC 1025.55 ± 6.40bB 1061.9 ± 18.44bA

15 — 920.4 ± 9.07bC 1257.30 ± 18.97aA 1157.25 ± 22.56bB

20 — 917.4 ± 7.72cC 1171.07 ± 16.73bB 1232.42 ± 21.82aA

d32 0 819.3 ± 12.56A 815.20 ± 10.40bA 810.01 ± 9.69cA 826.87 ± 9.42cA

4 — 823.4 ± 5.23aB 848.88 ± 9.81cA 851.62 ± 19.83cA

7 — 818.5 ± 2.98bB 882.77 ± 18.48cA 871.27 ± 15.56cA

10 — 809.9 ± 4.64cC 860.48 ± 4.95cB 1052.93 ± 16.34aA

15 — 818.3 ± 15.90bB 1021.74 ± 12.14bA 1007.11 ± 18.35bA

20 — 826 ± 13.24aC 1086.16 ± 17.30aA 1008.93 ± 19.46bB

—, Not tested. Values with different lower case letters within one column and different capital letters within one row are significantly different (p < 0.05).
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3.4 PPO and PME activity

The changes in PPO and PME activity after different

treatments are shown in Figure 4. TP treatment completely

inactivated the PPO activity while HHP treatment partially

reduced the PPO activity. 400 MPa/10 min and 500 MPa/

8 min treatment reduced the PPO activity to 16.6 and

17.4%, respectively, and with the prolongation of the

storage days, the PPO activity decreased to 0 on the

15th day of storage. It showed that HHP treatment could

effectively inactivate the PPO activity. The same

phenomenon was described by Soto-Caballero et al. (2021)

that HHP had a significant effect on PPO inactivation.

Similarly, the PME activity was completely inactivated by TP

treatment but partially inactivated by HHP treatment to 20.7%.

With the prolongation of the storage days, the PME activity of

HHP treated samples continued to decline, but the lowest activity

was still over 12%. Therefore, the residual activity of PME was

related to the change of particle size distribution. Fernandez et al.

(2019) also reported that the PME activity of a fruit and vegetable

smoothie decremented up to 83.9% at 630 MPa/5 min initially,

and showed a tendency to reduce insignificantly during storage.

FIGURE 3
Changes of DPPH (A) and FRAP (B) antioxidant capacity in the anthocyanin-rich fruit puree during 20 days of storage at 4°C (Untreated samples
did not test after day 0 due to a sample rot).

FIGURE 4
Changes of activity of polyphenol oxidase (PPO) (A) and pectinmeth esterase (PME) (B) in anthocyanin-rich fruit puree during 20 days of storage
at 4°C (Untreated samples did not test after day 0 due to a sample rot).
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3.5 Sensory quality

According to Table 4, compared to untreated samples, the

sensory assessment demonstrated the significant change in

sensory quality occurred in the anthocyanin-rich fruit puree

after TP treatment. However, the taste, color, organizational

status, flavor and total score of samples treated with HHP

showed no significant differences compared to untreated

samples at day 0, which suggested that HHP treatment could

better maintain the original sensory of the anthocyanin-rich fruit

puree. This result was similar to Inada et al. (2018) that HHP

treatment had the advantage of preserving the sensory qualities

than TP treatment in jabuticaba juice. During storage, the

sensory qualities became worse and worse in TP treated

samples. However, HHP treated samples still exhibited stable

sensory qualities at day 14, and showed a slight decrease at day

20. Quiroz-Gonzalez et al. (2020) also reported that the sensorial

acceptability of pitaya juice was not affected by HHP treatment

during 60 days of storage.

3.6 Principal component analysis (PCA)

PCA analysis was performed among the untreated, TP and

HHP treatments during 20 days of storage at 4°C based on

physicochemical characteristics and sensory quality to provide

a better and more direct understanding of the difference of

samples. The two principal components [PC1 (73.7%) and

PC2 (13.2%)] explained the variation and cumulatively

accounted for 86.9% of the total variance.

As shown in Figure 5, untreated and HHP treated samples

distributed in the positive direction of the PC1 axis, while TP was

in the negative direction of the PC1 axis away from them. Sun

et al. (2019) also reported that the samples of traditional thermal

method (65°C/3 min) were extremely discriminated from control

and HPP method (500 MPa/3 min) in PCA analysis. Moreover,

the crossover was observed between two HHP treatments.

4 Discussion

4.1 Microbiological safety

As shown in Table 1, some surviving bacteria still existed in

treated samples, while their growth was effectively inhibited by

the low pH 3.9 of puree. With the prolong of the storage, the

counts of TAB in HHP treated samples were significantly lower

than that in TP. In addition, Y&Mwere not detected in all treated

samples during 20 days of storage at 4°C. It was due to the special

cell wall structure and cell morphology, Y&M are more sensitive

than gram-negative bacteria to high pressure and low acidity

(Feng et al., 2016; Shen et al., 2016; Yucui et al., 2019). Therefore,

the environment of low pH could ensure the microbiological

safety of samples during storage. The microbiological safety of

HHP treatment was better than TP.

4.2 Physicochemical characteristics,
antioxidant capacity, and endogenous
enzyme activity

It could be observed that TSS and pH decreased during

storage. TP could promote the decomposition and oxidation of

nutrients such as sugars, and HHP could destroy the cell walls

TABLE 4 Sensory evaluation of anthocyanin-rich fruit puree during 20 days of storage at 4°C.

Storage time (day) Project

Taste Color Organizational status Flavor Total score

Untreated 0 32.20 ± 4.87a 17.10 ± 0.99a 15.40 ± 1.58b 16.60 ± 1.96a 81.30 ± 7.10a

14 — — — — —

20 — — — — —

90°C/2 min 0 23.15 ± 4.34cd 13.65 ± 3.52c 15.49 ± 1.63b 13.92 ± 1.24ab 66.21 ± 10.73bc

14 25.81 ± 5.31c 11.32 ± 1.98d 14.32 ± 1.57bc 10.09 ± 3.58c 61.54 ± 12.44c

20 22.45 ± 1.25d 11.54 ± 3.21ab 12.21 ± 1.48c 9.54 ± 1.05c 55.74 ± 6.99d

400 MPa/10 min 0 32.21 ± 2.42a 15.31 ± 2.21b 16.31 ± 0.97a 15.04 ± 1.25a 78.87 ± 6.85a

14 34.57 ± 2.11a 15.15 ± 1.57b 17.33 ± 1.24a 15.56 ± 1.75a 82.61 ± 6.67a

20 30.48 ± 4.36bc 14.48 ± 0.68bc 16.88 ± 1.87a 13.25 ± 1.75ab 75.09 ± 8.66ab

500 MPa/8 min 0 33.68 ± 1.33a 16.98 ± 1.34a 15.02 ± 2.54b 16.98 ± 0.99a 82.66 ± 6.20a

14 33.44 ± 1.58a 15.90 ± 1.05a 17.10 ± 1.04a 15.39 ± 0.58a 81.83 ± 4.25a

20 30.61 ± 1.25b 12.32 ± 2.57c 14.54 ± 3.24bc 12.58 ± 1.28b 70.05 ± 8.34b

—, Not tested. Values with different letters within one column are significantly different (p < 0.05).
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and cell membranes to release cell contents (Rinaldi et al., 2020).

The reduction in nutrients content caused by TP and HHP

treatments resulted in lower TSS of samples. Meanwhile, the

decrease in pH values was caused by factors including the

pressure may affected the ionization equilibrium of the

aqueous solution, and more acidic substances dissolved from

destroyed cells (Pei et al., 2018).

In addition, the dissolution of colored substances such as

anthocyanins in the TP and HHP treatments resulted in color

differences. During HHP treatment, colored substances such as

anthocyanins were retained to some extent, and there was no

noticeable visual difference in HHP treated samples. In contrast,

the process of TP treatment led to the degradation and oxidation

of colored substances, which resulted in greater color change

(Wibowo et al., 2019).

Besides, higher retention of ascorbic acid, total phenols, and

anthocyanins were observed in HHP treatment. These results

may be attributed to that HHP treatment does not affect the

covalent bonds (Morata and Guamis, 2020), which has limited

effect on ascorbic acid, total phenols and anthocyanins. And TP

treatment causes the degradation and oxidation of them

(Wibowo et al., 2019).

The higher retention of ascorbic acid, total phenols, and

anthocyanins could also account for higher antioxidant capacity

in HHP treated samples than that in TP (Feng et al., 2020).

Similarly, Blaszczak et al. (2021) reported that HHP treatment

(450, 550, or 650 MPa for 5 or 15 min) of kiwi berry fruits

resulted in increases in FRAP values which also be attributed to

the promoted release of polyphenols from the plant tissue by

HHP treatment. These results were also in accord with those

found by Marengo-Orozco et al. (2020) in tropical beverages

processed at 500 MPa/250 s during storage.

Another reason that could explain the high retention was the

good passivation effect of HHP treatment on PPO activity. The

effect was helpful to maintain the quality of total phenols,

anthocyanins and color during storage. Besides, the fact that

FIGURE 5
Principal component analysis (PCA) scores plot of the anthocyanin-rich fruit puree during 20 days of storage at 4°C (Untreated (Pink), 90°C/
2 min (Yellow), 400 MPa/10 min (Blue) and 500 MPa/8 min (Green); Untreated samples did not test after day 0 due to a sample rot).
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the PME activity was not completely inactivated by HHP led to

the formation of large pectin polymer in low pH conditions

(Szczepanska et al., 2021). And the particle size gradually

increased during storage. However, the PME was completely

passivated by TP treatment, and the particle size of TP treated

samples showed little change during storage (Illera et al., 2018).

Overall, these results showed that HHP treated samples

exhibited better physicochemical characteristics stability and

antioxidant capacity than TP treated samples. However, the

PME activity could not be well passivated by HHP treatments,

which requires further research.

4.3 Comparation in samples

The scores plot of the samples in Figure 5 could indicate the

TP treatment differentiated from untreated and HHP treatment.

And the HHP treatment could better retain the original quality of

anthocyanin-rich fruit puree after treatment and during storage.

The crossover of the two HHP treated samples could not be

differentiated well. However, the samples of 400 MPa/10 min

were closer to the untreated samples than that of 500 MPa/8 min,

which was more suitable for the anthocyanin-rich puree.

5 Conclusion

HHP treated samples exhibited a high microbial reduction

after processing and better microbiological stability during

20 days of storage at 4°C, which could promise the

microbiological safety. In addition, less change in color, more

retained ascorbic acid, total anthocyanins and total phenols, as

well as better sensory quality were observed in HHP treated

samples. PCA differentiated TP treatment from untreated and

HHP treatment according to the physicochemical characteristics

and sensory quality during storage. It indicated that HHP

treatment could better maintain the original quality of the

samples.

In summary, HHP may be a good processing technology for

the anthocyanin-rich purees due to its stability on good

physicochemical characteristics and sensory quality, which

could provide a guideline for the fruit industry. However,

PME cannot be well passivated by HHP treatments, which

requires further research.
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